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Abstract Mg-Cu-Fe oxide systems, obtained from
hydrotalcite-like precursors, were tested as catalysts for the
selective catalytic oxidation (SCO) of ammonia. Copper
containing catalysts were active in low-temperature SCO
processes; however, their selectivity to nitrogen signifi-
cantly decreased at higher temperatures. The optimum
composition of the catalyst to guarantee high activity and
selectivity to N, was proposed. Temperature-programmed
experiments, SCO catalytic tests performed with various
contact times and additional tests on the samples in the
selective catalytic reduction of NO with ammonia showed
that the SCO process over the studied calcined hydrotal-
cites proceeds according to the internal SCR mechanism
and oxidation of ammonia to NO is a rate-determining step
in the low-temperature range.

Keywords Hydrotalcite-like materials - Selective
catalytic oxidation of ammonia - Reaction mechanism

1 Introduction

The increasing problem of atmospheric pollution by vari-
ous N-containing compounds, such as NO, N,O, NO,, and
NHjs;, has resulted in stricter regulations on their emissions.
Many chemical processes have ammonia as a reactant or
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produce ammonia as a by-product (e.g., nitric acid and
nitrogen fertilizer production, urea manufacturing, hydro-
denitrification process, DeNOx process). The selective
catalytic oxidation (SCO) of ammonia by oxygen to
nitrogen and water vapour, according to the reaction given
below, is one of the most promising methods for the
removal of NH; from oxygen containing waste gases.

4 NH; +3 0, =2 N, + 6 H,0

N,O and NO are the main by-products of this process.
Therefore, the effective SCO catalysts should operate at a
relatively low-temperature range and additionally should
result in the production of nitrogen and water vapour.

Various transition metal oxides including CuO, Fe,03,
Co304, MnO, MoOs;, V5,05 (e.g., [1-6]) were tested as
catalysts for the SCO process. Among them the catalysts
containing copper and/or iron were found to be some of the
most interesting systems.

Recently, there have been a number of published studies
on the use of Cu-containing catalysts for the SCO process.
Copper oxide deposited on alumina, titania, and zeolites
exchanged with copper were found to be active and
selective catalysts for the low-temperature SCO process,
however, their catalytic performance was significantly
decreased by the presence of water vapour in the reaction
mixture [7-10]. Hung [11] has shown high activity of a
CuO/La,0; oxide system obtained by the co-precipitation
method, while Cui et al. [6] reported high activity and
selectivity to nitrogen of the mesoporous CuO/RuO, cat-
alysts obtained by a co-nano casting-replication method.
On the other hand, saponite intercalated with silica pillars
and modified with copper and iron were found to be active
and selective catalysts for selective ammonia oxidation
[12]. However, the Cu-modified clays were active at lower
temperatures than the samples doped with iron.

@ Springer


https://core.ac.uk/display/190384169?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1346

L. Chmielarz et al.

Our previous studies have shown that hydrotalcite-like
materials are very interesting precursors of the catalysts for
the SCO process [13]. Hydrotalcites, also called layered
double hydroxides (LDHs), show the brucite-like network
[Mg(OH),], where the octahedra of Mg2+, six-coordinated
to OH ™, form parallel layers. Some of the Mg cations are
replaced by trivalent ones (e.g., AI’") which result in an
increase of the positive charge density of the layer. This net
positive charge is compensated by anions (e.g., CO5*",
NO; ™) which together with water molecules are located in
the interlayer space. Furthermore, some of the Mg®" as
well as AI’" ions can be replaced, respectively, by other di-
(e.g., Cu?") and/or tri-valent (e.g., Fe®™) cations. Calci-
nation of the hydrotalcite precursors results in their
decomposition and the formation of thermally stable mixed
metal oxides characterized by a relatively high surface area
and homogenous distribution of metal cations. Taking into
account the properties mentioned above and additionally a
large number of various metals, which can be incorporated
into brucite-like layers, hydrotalcites are very promising
materials for possible applications in catalysis. Our previ-
ous studies [13-15] have shown that catalysts obtained
from Cu-Mg-Al hydrotalcites were active in the low-
temperature range, but their selectivity to N, drastically
decreased with an increase in the reaction temperature. On
the other hand calcined Mg—Fe—Al hydrotalcite was less
active but presented much higher selectivity to nitrogen.
Therefore, a series of Cu—Mg-Fe hydrotalcite-like mate-
rials with the various ratio of Cu/Fe were synthesized and
tested as catalysts for the SCO process. Another goal of the
studies was the recognition of the reaction mechanism over
the hydrotalcite derived catalysts.

2 Experimental
2.1 Catalysts Preparation

A series of Mg(II)Cu(II)Fe(III) hydrotalcite-like materials
was prepared by the co-precipitation method using aqueous
solutions of the following metal nitrates: Mg(NO3),-6H,0O
(Sigma), Cu(NO3),-3H,O (Merck) and Fe(NOs5);-9H,0
(POCh). A solution of NaOH (POCh) was used as a pre-
cipitating agent. The mixture of metal nitrate solutions was
slowly added to a vigorously stirred aqueous solution
containing a slight excess of Na,CO3 (POCh). The pH was
maintained constant at 11.0 & 0.2 by dropwise addition of
NaOH solution. Precipitates were aged in a suspension at
60 °C for 30 min under vigorous stirring. In the next step
the suspension was filtered, washed with distilled water and
dried overnight at 100 °C. Finally, the prepared hydrotal-
cite-like materials were calcined at 600 °C for 12 h in an
air atmosphere. The catalysts with the Mg:Cu:Fe molar
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ratios of 2:1:1, 2:0.75:1, 2:0.5:1, 2:0.25:1, and 2:0:1 were
prepared. The samples were kept in a desiccator in order to
avoid the reconstruction of the hydroxide structure.

2.2 Catalysts Characterization

The X-ray diffraction (XRD) patterns of as-synthesized and
calcined hydrotalcite-like materials were recorded with a
Philips X’Pert APD diffractometer using CuK, radiation
(/. = 1.54056 A).

The surface areas of the calcined hydrotalcites were
determined by the BET method using a Quantasorb Junior
sorptometer (Ankersmit). Prior to nitrogen adsorption at
—196 °C the samples were outgassed in a nitrogen atmo-
sphere at 250 °C for 2 h.

The TPRed (temperature-programmed reduction) of the
samples (30 mg) was carried out from room temperature to
1,100 °C with a linear heating rate of 5 °C/min. Mea-
surements were performed in a fixed-bed flow micro
reactor (i.d., 4.0 mm; bed height, 3 mm). Prior to the
TPRed experiment, the samples were calcined at 600 °C
for 12 h. The TPRed runs were carried out in a flow of
10 vol% of H, diluted in Ar (Messer) with a total flow rate
of gas mixture of 6 mL/min. Evolving water was removed
from effluent gas by means of a cold trap. The evolution of
hydrogen was detected by micro volume TCD (Valco).

2.3 Catalytic Tests

The catalytic performance of calcined hydrotalcites in the
selective catalytic oxidation of ammonia (SCO) has been
studied under atmospheric pressure in a fixed-bed flow
reactor (i.d., 7 mm; L, 240 mm). The reactant concentra-
tions were continuously measured using a quadruple mass
spectrometer (VG QUARTZ) connected to the reactor via a
heated line. Prior to the reaction, each sample of the cat-
alyst (100 mg) was outgassed in a flow of pure helium at
600 °C for 1 h. The composition of the gas mixture at the
reactor inlet was [NH3] = 0.5 vol%, [O,] = 2.5 vol% and
optionally [H,O] = 3.4 vol%. Helium (grade 5) was used
as balance gas. The total flow rate of the reaction mixture
was 40 mL/min, while the space velocity was about
15,400 h™'. Water vapour was introduced by passing the
helium flow through a water saturator at elevated temper-
ature. The reaction was studied at temperatures ranging
from 50 to 450 °C. The intensities of the mass lines cor-
responding to all reactants and possible products were
measured at a given temperature for at least 30 min after
the reaction had reached a steady-state. The signal of the
helium line served as the internal standard to compensate
small fluctuations of the operating pressure. The sensitivity
factors of analyzed lines were calibrated using commercial
mixtures of gases. The possible changes in the molar flow
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caused by NHj conversion were negligible in the diluted
reaction mixtures. The differences between the reactor inlet
and outlet molar flows of the reactants were used to
determine conversion of the reactants.

Apart from the studies of the SCO process, calcined
hydrotalcites were tested in the role of catalyst for the
process of selective catalytic reduction of NO (NO-SCR).
The catalytic experiments were performed in a fixed-bed
flow reactor system, which was described above. The
reactant concentrations were continuously measured using
a quadruple mass spectrometer (VG QUARTZ) connected
directly to the reactor outlet. Prior to the reaction, each
sample (100 mg) of the catalyst was outgassed in a flow of
pure helium at 600 °C for 30 min. The following compo-
sition of the gas mixture was used: [NO] = [NH;] =
0.25 vol%, [O;] = 2.5 vol%. Helium was used as a bal-
ancing gas at a total flow rate of 40 mL/min.

2.4 Studies on the Reaction Mechanism

2.4.1 Temperature-Programmed Desorption (NH3;~TPD)
and Temperature-Programmed Surface Reaction

(NH;-TPSR)

The interaction of the catalysts with ammonia was studied
by temperature-programmed desorption of ammonia
(NH5-TPD) and temperature-programmed surface reaction
(NH;-TPSR). The measurements were performed in a flow
micro reactor system equipped with a QMS detector (VG
Quartz). Prior to the ammonia sorption the sample
(100 mg) was outgassed in a flow of pure helium at 600 °C
for 1 h. Subsequently, the micro reactor was cooled down
to 70 °C and the sample was saturated in a flow (20 mL/
min) of gas mixture containing 1 vol% of NHj diluted in
helium for about 75 min. Then, the sample was purged in a
flow of pure helium until a constant baseline level was
attained (about 2 h). In the next step the temperature of the
reactor was raised in the range of 70-600 °C with a linear
heating rate of 10 °C/min in a flow of pure helium (NH;—
TPD) or in a flow of gas mixture containing 5 vol% of O,
diluted in helium (NH;-TPSR). The total flow rate in each
case was 20 mL/min.

2.4.2 SCO Catalytic Tests Performed with Various
Space Velocities

Catalytic tests were preformed using the experimental
system described above. Prior to the reaction each sample
of the catalyst was outgassed in a flow of pure helium at
600 °C for 1 h. Experiments were done for various
amounts of catalyst (25, 50, and 100 mg) in the range of
100-450 °C. The composition of the gas mixture at the
reactor inlet was [NH3z] = 0.5 vol%, [O,] = 2.5 vol% and

[He] = 97 vol%. Total flow rate of the reaction mixture
was 40 mL/min, while space velocities were about 15,400;
30,800; and 61,600 h™"'.

3 Results and Discussion

The sample codes as well as their cationic ratios and BET
surface areas are presented in Table 1, while the X-ray
diffractograms of the dried and calcined hydrotalcites are
presented in Fig. 1.

All precursors exhibit the typical crystalline hydrotal-
cite-like structure belonging to the space group R3 m [16].
Cell parameters were calculated using a position of 110
reflection: a = 2(d;;09) and positions of basal reflections:
¢ = [3(doos) + 6(dpoe)]/2. The parameter a corresponds to
the cation—cation distance within the brucite-like layer,
while the parameter c is related to the thickness of the
brucite-like layer and the interlayer distance [16]. Addi-
tionally, crystal sizes were calculated from the Scherrer
equation D = 0.89 A/f cos0, where D is the crystallite size,
A—the X-ray wavelength, f—the line broadening and 6—
the Bragg angle. Calculated values were shown in Table 2.

The cell parameter a for the Mg,CugFe, sample is
typical for a mixed magnesium-iron layered double
hydroxide with MYM™ ratio close to two [17] and in
which trivalent cation positions are occupied by Fe’™.
Intermetallic distance increases slightly for the series of the
copper-doped hydrotalcite-like samples. The result is due
to the bigger radius of Cu”" cations (0.069 nm) than Mg*"
(0.065 nm) and Fe’* (0.064 nm) introduced into the layers.
However, for Cu-rich phases no further increase of
parameter a was observed and in the case of Mg,Cu,Fe,
sample small additional reflections were detected, probably
corresponding to tenorite, CuO. It is well known that for
octahedral coordinated cations such as Ni*™ or Cu®" a
strong Jahn-Teller effect may take place. Distortions
caused by incorporation of high amounts of Cu cations
cannot be accommodated by a crystalline lattice. The for-
mation of additional Cu-phases is observed, i.e., Cu(OH),
which transforms into CuO upon aging treatment. A similar

Table 1 Composition and BET surface area of calcined hydrotalcites

Codes of the Codes of the Mg/Cu/Fe  BET

samples before  calcined samples molar surface
calcination ratio area (mzlg)
Mg,Cu,Fe, HT-600-Mg,Cu, Fe, 2/1/1 43

Mg,Cug 75Fe; HT-600-Mg,Cug7sFe;  2/0.75/1 37

Mg,Cug sFe,; HT-600-Mg,Cug sFe, 2/0.5/1 50
Mg,Cug»sFe; HT-600-Mg,Cug,sFe;  2/0.25/1 54
Mg,CugFe, HT-600-Mg,CugFe, 2/0/1 56

@ Springer



1348

L. Chmielarz et al.

S|, ’\
£ MgZCuOJSFeI
2
2 Mg,Cu, Fe,
2 N \. \ AN ~ N
£
Mgzouostew
Mg,Cu Fe,
T T T T T T T
0 10 20 30 40 50 60 70
°26
b 2 3
2 534
54 5 5/\a 2 PR 2
HT-600-Mg ,Cu.Fe,
El
S, HT-600-Mg Cu, _.Fe,
2 ‘—_/vj\\/\__j\_‘____,dd\‘
‘@
C
2
i HT-600-Mg Cu, Fe,
4 3,  HT600-Mg,Cu,Fe, 3
4 4
HT-600-Mg ,Cu Fe,
T T T T T T T T T T T T T

25 30 35 40 45 50 55 60 65
°20

Fig. 1 X-ray diffraction patterns for hydrotalcite-like catalysts’
precursors (a) and mixed metal oxide catalysts (b); /—hydrotalcite,
2—tenorite, CuO, 3—periclase, MgO, 4—magnesioferrite, MgFe,0y,
S5—-cuprite, Cu,O

Table 2 Structural parameters of hydrotalcite-like catalyts’
precursors

Codes of the Cell Crystallite  Cell Crystallite
samples before parameter size Da parameter  size Dc
calcination a (nm) (nm) ¢ (nm) (nm)
Mg,Cu,Fe, 0.3110 28 2318 17
Mg,Cug7sFe;  0.3110 31 2317 15
Mg,Cug sFe; 0.3115 25 2.357 16
MgZCu0_25Fel 0.3110 33 2.333 16
Mg,CugFe, 0.3105 35 2.335 23

effect of Cu doping was also reported for a Co—Cu-Fe
hydrotalcite series [18].

It was reported before that the interlayer distance is also
affected by the introduction of copper [18, 19]. Basal
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spacing depends on the interlayer water content, the
amount, size, orientation, and charge of the anion located
between the brucite-like layers [17]. The values obtained in
the study of about 2.3 nm are typical for hydrotalcites
containing carbonate as the interlayer anion; however,
parameter ¢ increases for small Cu-concentrations
(Mg,Cug sFey). This result can be attributed to a decrease
in the electrostatic interactions between the layer and the
interlayer network when another divalent cation is intro-
duced into the structure. Further introduction of Cu results
in contraction of basal spacings. Possible phase segrega-
tion, as described above, may again cause an increase of
the charge density in the layers and a subsequent increase
in the attractive electrostatic force. Introduction of Cu®"
and distortions within the hydrotalcite structure resulted in
broadening of the reflections in all Cu-doped samples.
Consequently, crystallinity of those materials is lower in
comparison to Mg/Fe hydrotalcite.

The layered structure of the calcined samples was
destroyed upon heating. The mixture of oxide and spinel
phases was identified in all samples. The calcined Mg—Fe
hydrotalcite-like sample (HT-600-Mg,CugFe;) consisted of
poor-crystalline periclase (MgO) and magnesioferrite
(MgFeIQHO4) [20, 21], however, another spinel phase
(FeHF612”04) [20, 22] also cannot be excluded. Incorpora-
tion of increasing amounts of Cu resulted in the formation
of at least four different phases in Mg—Cu—Fe oxide cata-
lysts. Also crystallinity increases gradually with Cu-con-
centration. The reflections at 36.4, 42.3, 61.3, and 29.6°20
observed in all the Cu-doped catalysts can be attributed to
cuprite (Cu,0) [20, 23]. Formation of tenorite (CuO), on
the other hand, depends on high copper concentration.
Sharp reflections, partially overlapped by the other phases,
were observed at 35.6, 38.7, 48.8, and 61.6°26. This result
can be attributed to the temperature-induced reduction
which occurs easily for highly dispersed CuO. Besides
periclase and magnesioferrite, the presence of other iron
oxides is also possible. However, no traces of cuprospinel
(CuH, Mg)FeIZHO4 or CuHFelznO4 were found [24].

TPRed profiles of the calcined hydrotalcite samples are
presented in Fig. 2. Sharp peaks at about 190-195 °C and
200-205° (marked in Fig. 2 as o and ) were found for the
copper containing samples. The o peak is related to the
reduction of highly dispersed copper oxide species, which
include isolated copper ions and small two- and three-
dimensional clusters [25-28]. The f§ peak is associated with
reduction of bulk-like CuO phases that include large
clusters and bulk CuO. Therefore, it is not surprising that
the intensity of the f§ peak increased with an increase in the
copper content. The TPRed peaks related to reduction of
iron species appeared at temperatures 460—480 °C (peak y)
and 540-620 °C (peak J). XRD studies have shown that
iron could be present in the form of MgFeIZHO4 and/or
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Fig. 2 Temperature-programmed reduction (TPRed) of mixed metal
oxide catalysts. Conditions: 30 mg catalyst, 10% H, diluted in Ar,
flow rate of 6 mL/min, linear heating rate of 5 °C/min

Fel'Fel'0,, however, distinction between these two spinel
oxides was not possible by the XRD method due to very
similar diffraction patterns. More information concerning
the contribution of both these spinel phases in the catalysts
can be obtained from TPRed experiments. Assuming that
both spinel oxides are reduced by hydrogen in two steps
[28, 29] the processes could be presented in the form of the
following equations:

MgFel'04 — MgO + 2 FeO — MgO + 2 Fe

Fe“FeI2uO4 — 3 FeO — 3 Fe

Therefore for the reduction of iron in MgFeIZHO4 the ratio
of hydrogen consumption in the first and second step is 1:2,
while for the reduction of Fe"Fel'O, it is 1:3. Analysis of
the TPRed results showed that the hydrogen consumption
ratio for both steps was 1:2.12 and 1:2.14 for the samples
with the lower Cu-content (HT-600-Mg,Cug,sFe; and
HT-600-Mg,Cu, sFe,, respectively) and 1:2.64 and 1:2.27
for the samples with the higher Cu-content (HT-600-
Mg,Cug 75Fe; and HT-600-Mg,Cu,Fe,, respectively), while
the ratio of 1:2.42 was found for the sample without copper
(HT-600-Mg,CugFe,) Therefore, it could be concluded that
both spinel phases are present in the samples but their
contribution is varied.

Calcined hydrotalcites were tested as catalysts for the
selective oxidation of ammonia. Nitrogen and water vapour
are desired products of this process, while nitrogen oxides
are undesired by-products. Results of activity studies are
presented in Fig. 3. Oxidation of ammonia started at
225-250 °C, while temperatures 425-450 °C were neces-
sary for the complete ammonia conversion in the reaction
mixture. An exception was the catalyst without copper
(HT-600-Mg,CugFe,), which was found to be significantly

100
HT-600-Mg ,Cu,Fe,

80

60

—u—N, selectivity
40 4 —e— NO selectivity
—4—N,0 selectivity
20 | —v—NH, conversion

Conversion/Selectivity [%]

0 St A

100 1hT600-Mg ,Cu,.Fe,

80

60
—u— N, selectivity
40 4 —e— NO selectivity
—4—N,0 selectivity
P NH, conversion

Conversion/Selectivity [%]

100 -
HT-600-Mg ,Cu, Fe,

80 4

60 1
—u—N, selectivity

40 | —®— NO selectivity
—4—N,0 selectivity

—v—NH, conversion
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Conversion/Selectivity [%]

100
HT-600-Mg Cu, ,.Fe,
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T T T
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20 4 =v— NH3 conversion
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0 - PY s o —4
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Temperature [OC]
Fig. 3 Selective catalytic oxidation of ammonia over hydrotalcite

derived catalysts. Conditions: 100 mg catalyst, [NH;3] = 0.5%,
[0,] = 2.5%, [He] = 97%, total flow rate = 40 mL/min
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less active. For this catalyst, ammonia oxidation started at
325 °C and its complete removal from the reaction mixture
was not obtained in the studied temperature range. There-
fore, it could be concluded that the presence of copper
activated catalysts for the low-temperature ammonia oxi-
dation is essential. On the other hand, the copper content in
the samples only slightly differentiated their catalytic
activity. N,, NO, and N,O were the only detected N-con-
taining reaction products. For all the catalysts, nitrogen was
the dominating product in the studied temperature range;
however, its concentration decreased with rising reaction
temperature. An opposite effect was observed for the
evolution of NO. Selectivity to N,O was rather low and did
not exceed 12% in the studied temperature range. Catalysts
composition strongly influenced their selectivity to
N-containing products. For the catalysts with the highest
Cu-loading (HT-600-Mg,Cu,Fe;) an increase in NO
selectivity and decrease in N, selectivity at higher tem-
peratures was more significant in comparison to the other
Cu-containing samples. Taking into account both high
activity and selectivity to nitrogen the best results were
presented by the HT-600-Mg,Cu, sFe; catalyst, which was
able to completely oxidise ammonia in the reaction mixture
at 400 °C with a selectivity to nitrogen of about 88%.
For the HT-600-Mg,Cu,sFe; catalyst additional cata-
lytic tests with a gas mixture containing water vapour were
done (Fig. 4). The temperature of complete ammonia
conversion increased by about 25 °C after the introduction
of water vapour into the reaction mixture (Fig. 4a). Also an
increase in NO selectivity and decrease in N, selectivity
was observed for the process performed in the presence of
wet reaction mixture. Figure 4b presents stability tests
performed for the HT-600-Mg,Cug sFe, catalyst in a flow
of dry and wet reaction mixture. The introduction of water
vapour into the reaction mixture only slightly decreased
ammonia conversion and selectivity to nitrogen. However,
switching from wet to dry reaction mixture resulted in an
increase of these parameters to the former level. Therefore,
it could be concluded that introduction of water vapour into

Fig. 4 Selective catalytic
oxidation of ammonia over 100

Q

the reaction mixture did not result in the permanent deac-
tivation of the catalyst. It should be also noted that any
significant depletion in conversion and selectivity was not
observed within the period of prolonged activity tests with
wet nor dry reaction mixture (Fig. 4b). Comparing the
obtained results with that reported in the scientific literature
it could be concluded the studied catalyst is significantly
less sensitive to the presence of water vapour than
other active Cu-doped catalysts of the SCO process (e.g.,
Cu/TiO, [8], Cu/Al,O3, CuY [9, 10]).

The interaction of ammonia molecules with the cata-
lysts’ surface was studied by temperature-programmed
methods. The results of temperature-programmed desorp-
tion of ammonia (NH;-TPD) are shown in Fig. 5. For all
the samples, apart from ammonia desorption, also the
evolution of N, and N,O was detected. Nitrogen was
formed at temperatures below 400 °C and its evolution is
represented by desorption curves with different shapes. For
HT-600-Mg,Cu, sFe; the evolution of nitrogen proceeded
in one stage, while in the case of the other catalysts at least
two peaks of nitrogen evolution were detected. For the
Cu-containing catalysts the evolution of N,O was observed
in the temperature range of 150-400 °C, while the for-
mation of nitrous oxide over HT-600-Mg,CuyFe, was
detected at higher temperatures and proceeded in two
stages 260-375 °C and 415-510 °C. This effect is proba-
bly related to the presence of strongly chemisorbed
ammonia on the surface of the HT-600-Mg,CuyFe, sample.

The evolution of N, and N,O that assisted ammonia
desorption is related to the partial oxidation of ammonia by
lattice oxygen of the catalysts. Therefore, lattice oxygen
seems to be able to directly oxidize ammonia.

Figure 6 presents the results of NH;—-TPSR measure-
ments. Apart from ammonia, evolution of N, N>O, and
NO was also detected. A significant amount of desorbed
ammonia suggests that the majority of chemisorbed NH3
molecules are not involved in the low-temperature oxida-
tion. The evolution of nitrogen and nitrous oxide for all the
copper containing catalysts occurred at temperatures below

b
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HT-600-Mg Cu Fe <« Fig. 5 Results of temperature-programmed desorption of NH3 (NH;—
1 R TPD) obtained for hydrotalcite derived catalysts. Conditions: 100 mg
catalyst, adsorption: 70 °C, 1% NH; diluted in He, flow rate =
20 mL/min, desorption: flow of pure He = 20 mL/min, linear heating
NH rate of 10 °C/min

Intensity [a.u.]
F

NO 400 °C. The evolution of N,O from the HT-600-
Mg,CugFe, sample, similarly to NH;—TPD, was detected at
higher temperatures and proceeded in two, well resolved
stages. The evolution of NO was the main difference
HT-600-Mg .Cu,..Fe, between the results of NH;~TPD and NH;-TPSR. Nitric
oxide was produced for all the samples in the temperature
range of 350-500 °C.

NH, Three major reaction mechanisms have been proposed
N for the SCO process over various types of catalysts. The
first mechanism, which is often called the imide mecha-
nism, was proposed by Zawadzki [30]. In the first step
ammonia is oxidized with the formation of imide (NH),
then the imide species react with molecular oxygen (O) to
form the nitrosyl (HNO) intermediate, which in the next
step reacts with imide resulting in the formation of N, and
H,0. N0 is formed by the reaction of two nitrosyl species,
while the reaction between NH and O, leads to NO.
According to this mechanism, dissociation of O, and for-
mation of active atomic oxygen species (O) is the key
reaction step.

On the other hand, in our studies the oxidation of
ammonia into N, and N,O took place at a similar tem-
perature range in the presence (NH;—TPSR) or absence
(NH;-TPD) of gaseous oxygen (O,). Therefore, it seems
that the formation of active atomic oxygen species (O) by
dissociation of O, did not occur over the studied catalysts
and the evolution of N, and N,O involved the reaction of
ammonia with the lattice oxygen.

The second mechanism, called the hydrazine mecha-
nism (e.g., [31, 32]), involves oxidation of ammonia to
amide (NH,) species by atomic oxygen (O), and subse-
quently the formation of hydrazine-type intermediates
(N,Hy). In the next step NoH, is oxidised by O, to N, and/
or N,O. It should be noted that also in this case active
oxygen species play an important role in the reaction
mechanism.

The third mechanism, also called “internal” selective

Intensity [a.u.]

Intensity [a.u.]

Intensity [a.u.]

E, catalytic reduction (iSCR) (e.g., [13, 33, 34]) consists of

% m two main steps. In the first step ammonia is oxidised to NO:
C 2

£ 4 NH; + 5 0, — 4 NO + 6 H,0 (1)
- NO

i While, N, and N,O are formed in the subsequent

.o reactions between NO and ammonia, which were not

100 200 300 400 500 consumed in the process 1:
Temperature [°C] 4 NO +4 NH; + 0O, — 4 N, + 6 H,O (221)
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<« Fig. 6 Results of temperature-programmed surface reaction (NHz;—
TPSR) obtained for hydrotalcite derived -catalysts. Conditions:
100 mg catalyst, adsorption: 70 °C, 1% NHj diluted in He, flow rate
= 20 mL/min, desorption: 5% O, diluted in He, flow rate = 20 mL/
min, linear heating rate of 10 °C/min

4NO+4 NH; +3 0, — 4 N,O + 6 H,0 (2b)

If the process of ammonia oxidation proceeds according
to the iISCR mechanism, the studied catalysts should also be
active in the selective catalytic reduction of NO with
ammonia (NO-SCR). Results of the studies of NO-SCR
reaction are presented in Fig. 7. All the Cu-containing
samples were catalytically active in the low-temperature
range, however, at temperatures above 300 °C intensive
ammonia oxidation drastically decreased the effectiveness
of NO reduction. The HT-600-Mg,CugFe; catalyst (without
copper) was active at temperatures above 350 °C. It should
be noted that ammonia oxidation in the SCO process over
the copper containing catalysts started at about 225 °C
(Fig. 2), while conversion of NO on the NO-SCR process
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Fig. 7 Selective catalytic reduction of NO with ammonia over
hydrotalcite derived catalysts. Conditions: 100 mg catalyst,
[NH;] = 0.25%, [NO] = 0.25%, [0O;] = 2.5%, [He] = 97%, total
flow rate = 40 mL/min
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Fig. 8 Effect of space velocity (SV) on activity and selectivity of
HT-600-Mg,Cuy sFe, catalyst in the SCO process. Conditions: 25, 50
or 100 mg catalyst, [NH;] = 0.5%, [O,] = 2.5%, He = balance,
total flow rate = 40 mL/min

(Fig. 7) was observed at temperatures lower by about
75 °C. If we assume the iSCR mechanism of the SCO
process is correct, it seems that oxidation of ammonia into
NO (reaction 1) is a rate-determining step in the low-
temperature range.

If the process of ammonia oxidation proceeds according
to the sequence of the reactions presented above (iSCR
mechanism) the distribution of products should depend on
the space velocity (SV) of the process. For the experiment
performed with lower SV (longer contact time) the
increased selectivity to N, and N,O is expected, while an

increase in SV (shorter contact time) should promote the
higher selectivity to NO. Figure 8 presents the results of
the catalytic tests performed for the various space veloci-
ties. An increase in SV shifted the ammonia conversion
curves into higher temperatures as well as decreased
selectivity to nitrogen and increased selectivity to nitric
oxide. Selectivity to nitrous oxide was rather low and only
slightly affected by the changes in space velocity. The
obtained results prove that the process of ammonia oxi-
dation proceeds according to the sequence of the reac-
tions 1, 2a, or 2b. This hypothesis is also supported by the
results of NH3;-TPSR experiments. The evolution of NO
was observed only in the high temperature range (Fig. 6),
in which there was no chemisorbed ammonia able to
convert nitric oxide to N, or N,O.

4 Conclusions

Calcined Mg—Cu—Fe hydrotalcites were found to be active
catalysts for the selective oxidation of ammonia. Activity
of these catalysts depended on their chemical composition.
The Cu-containing catalysts were active at lower temper-
atures and were less selective to nitrogen than the sample
without copper (HT-600-Mg,CugFe;). Optimum composi-
tion of the catalysts guaranteeing high activity and selec-
tivity to N, was proposed. The studies of the reaction
mechanism showed that the process of ammonia oxidation
over the hydrotalcite derived catalysts proceeds according
to the internal selective catalytic reduction mechanism
(iSCR).
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