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1. INTRODUCTION

In order to meet strict emission regulations, removal
of 

 

NO

 

x

 

 from stationary polluting sources, such as
power plants, industrial boilers and furnaces, gas tur-
bines, biomass incinerators, and gasifiers is required
[1]. The SCR of 

 

NO

 

x

 

 with the use of ammonia (NH

 

3

 

–
SCR) was first introduced in the early 1970s [1], and
since then it has become a widely practiced 

 

NO

 

x

 

 control
technology in many industrial combustion facilities [2].
However, many problems are encountered in the use of
NH

 

3

 

–SCR technology [2, 3], namely NH

 

3

 

-slip (emis-
sions of unreacted toxic NH

 

3

 

), catalyst deterioration,
ash odor, fouling of air heaters, and a high running cost.

Selective catalytic reduction of 

 

NO

 

x

 

 by hydrocar-
bons (HC-SCR) under strongly oxidizing conditions
has been extensively studied and reported as recently
reviewed [4–6]. However, the latter technology exhibits
several problems such as catalyst deactivation in the
presence of H

 

2

 

O and SO

 

2

 

 and low N

 

2

 

-selectivities at

 

T

 

 < 200

 

°

 

C [7]. Moreover, in the case of external addi-
tion of HC for 

 

NO

 

x

 

 control of stationary polluting
sources, the excess of HC required results in polluting
the environment with HC or CO

 

2

 

, if the former is burnt

 

1
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[8]. These drawbacks could be considered as the main
reasons for the HC-SCR technology not yet being able
to become commercially available.

The today’s emerging needs for the development
and use of green technologies that lead to reduced emis-
sions of CO

 

2

 

 and 

 

NO

 

x

 

 demand that suitable non-car-
bon-containing reducing agents for the catalytic elimi-
nation of 

 

NO

 

x

 

 from industrial flue gas streams, prefera-
bly at low temperatures (

 

T

 

 < 200

 

°

 

C), be found. In this
direction we have focused our efforts over the past few
years on the development of novel catalytic systems for
the selective catalytic reduction of 

 

NO

 

x

 

 by hydrogen
(H

 

2

 

-SCR) [9–14]. Until full transition to a hydrogen
economy and zero emissions of greenhouse gases are
achieved, the H

 

2

 

-SCR can be considered as a break-
through 

 

NO

 

x

 

 control technology in favor of the present
NH

 

3

 

-SCR.

In the present work, important kinetic and mecha-
nistic aspects of the H

 

2

 

-SCR of NO towards N

 

2

 

 have
been investigated over the novel 0.1 wt % Pt/MgO–
CeO

 

2

 

 catalyst [12–14] by SSITKA experiments (use of

 

15

 

NO

 

) coupled with Mass Spectrometry and DRIFTS.
In particular, the chemical structure of adsorbed 

 

active

 

and 

 

inactive

 

 (spectators) 

 

NO

 

x

 

 species and the surface
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Abstract

 

—Steady State Isotopic Transient Kinetic Analysis (SSITKA) experiments using on-line Mass Spec-
trometry (MS) and in situ Diffuse Reflectance Infrared Fourier-Transform Spectroscopy (DRIFTS) have been
performed to study essential mechanistic aspects of the Selective Catalytic Reduction of NO by H

 

2

 

 under
strongly oxidizing conditions (H

 

2

 

-SCR) in the 120–300

 

°

 

C range over a novel 0.1 wt % Pt/MgO–CeO

 

2

 

 catalyst.
The N-path of reaction from NO to the N

 

2

 

 gas product was probed by following the 

 

14

 

NO/H

 

2

 

/O

 

2

 

 

 

15

 

NO/H

 

2

 

/O

 

2

 

 switch (SSITKA-MS and SSITKA-DRIFTS) at 1 bar total pressure. It was found that the N-path-
way of reaction involves the formation of two active 

 

NO

 

x

 

 species different in structure, one present on MgO
and the other one on the CeO

 

2

 

 support surface. Inactive adsorbed 

 

NO

 

x

 

 species were also found on both the
MgO–CeO

 

2

 

 support and the Pt metal surfaces. The concentration (mol/g cat) of active NO

 

x

 

 leading to N

 

2

 

 was
found to change only slightly with reaction temperature in the 120–300

 

°

 

C range. This leads to the conclusion
that other intrinsic kinetic reasons are responsible for the volcano-type conversion of NO versus the reaction
temperature profile observed.
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concentration of 

 

active

 

 

 

NO

 

x

 

 under H

 

2

 

-SCR working
conditions in the 120–300

 

°

 

C range were determined.

2. EXPERIMENTAL SECTION

 

2.1. Catalyst Preparation and Characterization

 

The catalyst support consisting of MgO and CeO

 

2

 

was prepared via the sol-gel method according to the
experimental procedures reported elsewhere [15].
Mg(EtO)

 

2

 

 (Aldrich) and Ce(NO

 

3

 

)

 

3

 

 · H

 

2

 

O (Aldrich)
were used as metal precursors of Mg and Ce, respec-
tively, so as to yield 50 : 50 (w/w) MgO : CeO

 

2

 

. The
supported-Pt catalyst (0.1 wt % Pt/MgO–CeO

 

2

 

) was
prepared by the incipient wetness impregnation method
using the H

 

2

 

Pt(IV)Cl

 

6

 

 (Aldrich) metal precursor. After
water evaporation and drying overnight at 120

 

°

 

C, the
solid residue was ground and calcined in air at 600

 

°

 

C
for 2 h. Prior to any experiment, the catalyst sample was

calcined in 5%O

 

2

 

/He at 600

 

°

 

C for 2 h and then reduced
in 10%H

 

2

 

/He at 300

 

°

 

C for 2 h.

 

2.2. Transient Mass Spectrometry Studies

 

Steady State Isotopic Transient Kinetic Analysis
(SSITKA) experiments following the switch

 

14

 

NO/H

 

2

 

/O

 

2

 

/Ar/He (30 min, 

 

T

 

)  

 

15

 

NO/H

 

2

 

/O

 

2

 

/He
(

 

t

 

, 

 

T

 

) were conducted in a specially designed transient
gas-flow system and a quartz microreactor [16, 17]. The
amount of catalyst used was 0.15 g, and the total flow
rate was 30 NmL/min. An on-line quadrupole mass
spectrometer (MS) (Omnistar, Balzers) was used for
the chemical analysis of the gas effluent stream from
the reactor. Standard gas mixtures were used for cali-
brating the signals obtained by MS. The H

 

2

 

-SCR feed
gas mixture consisted of 0.25 vol% NO, 1 vol % H

 

2

 

,
and 5 vol % O

 

2

 

 and He as the balance gas.

 

2.3. Transient DRIFTS Studies

 

In situ DRIFTS spectra were obtained using a Per-
kin-Elmer GX FTIR spectrophotometer (resolution of
2 cm

 

–1

 

) coupled with high temperature/high pressure
temperature controllable DRIFTS cell (Harrick Scien-
tific) equipped with ZnSe IR windows. We used 30 mg
of solid catalyst in powder form, and the total flow rate
of feed gas was 50 NmL/min. For FTIR single-beam
background subtraction, the IR spectrum of the solid
was recorded in Ar flow. DRIFTS spectra were col-
lected at the rate of 1 scan/s in the 3000–800 cm

 

–1

 

 range
and then analyzed using the instrument’s Spectrum for
Windows software. IR absorption bands due to
adsorbed 

 

NO

 

x

 

 were assigned based on well-docu-
mented literature [18–20, 22].

3. RESULTS AND DISCUSSION

 

3.1. SSITKA–DRIFTS Studies

 

The chemical structure of the active

 

 

 

NO

 

x

 

 species
participating in the nitrogen reaction path of the H

 

2

 

-
SCR of NO was determined by SSITKA–DRIFTS
experiments. Initially, DRIFTS spectra were recorded
after 30 min of reaction in 

 

14

 

NO/H

 

2

 

/O

 

2

 

. The feed stream
was then switched to the equivalent isotopic

 

15

 

NO/H

 

2

 

/O2 gas mixture, and DRIFTS spectra were
recorded after 30 min of reaction. Figure 1 shows
DRIFTS spectra recorded over the 0.1 wt % Pt/MgO–
CeO2 catalyst at 120°C in the 2000–1150 cm–1 range as
explained above. The IR bands that shifted to lower
wave numbers after the isotopic switch correspond to
active adsorbed intermediate NOx species formed dur-
ing the NO/H2/O2 reaction that eventually lead to N2
and N2O [20]. After appropriate deconvolution and
curve fitting of the range of the spectrum (see Fig. 1a,
vertical dotted lines) where an isotopic shift was
noticed [20], it was found that two IR bands shifted
from 1560 to 1540 cm–1 and from 1250 to 1210 cm–1
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Fig. 1. (a) SSITKA–DRIFTS spectra recorded over the
0.1 wt % Pt/MgO–CeO2 catalyst after 30 min of
14NO/H2/O2/Ar (—) and 15NO/H2/O2/Ar (- - -) reaction at
120°C; (b) Deconvolution of the SSITKA–DRIFTS spectra
recorded in the 1400–1150 cm–1 range. 



KINETICS AND CATALYSIS      Vol. 49      No. 5      2008

THE MECHANISM OF REDUCTION OF NO WITH H2 745

(see Fig. 1b). These IR bands correspond to the asym-
metric and symmetric vibrational modes, respectively,
of bidentate nitrates ( ) formed on MgO [20], after
performing similar SSITKA–DRIFTS studies on
0.1 wt % Pt/MgO and 0.1 wt % Pt/CeO2 catalysts. In
Fig. 1b the spectrum obtained under 14NO/H2/O2 reac-
tion conditions was best deconvoluted by two IR bands
centered at 1370 and 1310 cm–1, and two IR bands cen-
tered at 1250 cm–1. The former two bands correspond to
nitrito and/or chelating nitrite ( ) species [18–20,
22] which are considered as inactive NOx intermediates
since no red isotopic shift was observed. One of the two
IR bands centered at 1250 cm–1 corresponds to an active
bidentate nitrate species (dotted curve) as discussed
above, whereas the second IR band (solid curve) corre-
sponds to an inactive species but the same in structure

NO3
–

NO2
–

(different location on the support). The latter assign-
ment is based on recent transient DRIFTS-H2 reaction
experiments to be reported elsewhere [21]. It was found
that not all bidentate nitrates (1250 cm–1 IR band) were
able to be reduced by hydrogen (no further change in
the band integral intensity was observed after 10 min in
H2/Ar mixture). This result was explained as due to the
limited distance of H diffusion on the MgO support sur-
face [21]. As the reaction temperature increased above
200°C, the chemical structure of the active NOx formed
on MgO was that of chelating nitrite ( ) [20, 21].

Figure 2 presents the IR spectrum obtained in the
2450–2000 cm–1 range over the 0.1 wt % Pt/MgO–
CeO2 catalyst under the 14NO/H2/O2 feed gas mixture
and its deconvolution into three IR bands. The IR band
centered at 2220 cm–1, which corresponds to one of the
three IR bands obtained after deconvolution, was the
only one shifted to 2180 cm–1 at the isotopic switch
(Fig. 2). This band corresponds to an active nitrosyl
NO+ species coadsorbed with nitrate ( ) species on
adjacent cerium cation–oxygen anion sites on the ceria
support [20]. The same result was also obtained at
higher reaction temperatures (up to 300°C). The other
two IR bands obtained after deconvolution, which do
not give the isotopic shift, about 2360 and 2120 cm–1,
correspond to the asymmetric vibrational mode of
adsorbed  and NO+, respectively on MgO and/or
CeO2 support surface [19, 20, 22]. The latter species
appear, therefore, to be considered as inactive reaction
intermediates of the H2-SCR of NO.

3.2. SSITKA–Mass Spectrometry Studies

The surface concentration of the active NOx reaction
intermediates of the H2-SCR in the 120–300°C range
were determined by SSITKA–MS experiments. Figure 3
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Fig. 2. Deconvolution of the SSITKA–DRIFTS spectra
recorded in the 2450–2000 cm–1 range over the 0.1 wt %
Pt/MgO–CeO2 catalyst for the H2-SCR at 120°C. Thick

solid line: 14NO/H2/O2; dashed line: 15NO/H2/O2.
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Fig. 3. Transient response curves of 14N2, 14N15N, and Ar obtained following the isotopic switch 14NO/H2/O2 (T, 30 min) 
15NO/H2/O2 (T, t) at 120°C (a) and 300°C (b) over the 0.1 wt % Pt/MgO–CeO2 catalyst.
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presents transient isotopic response curves of N2

obtained after the switch 14NO/H2/O2 (30 min) 
15NO/H2/O2 (t) at 120°C (Fig. 3a) and 300°C (Fig. 3b).
The results are expressed in terms of the dimensionless
concentration Z, which corresponds to the fraction of
the ultimate change (giving Z = 0) as a function of time.
Thus, Z is defined by

(1)

The subscripts 0 and ∞ refer to the values of y (mole
fraction) at the time of isotopic switch (t = 0) and long
after that (t = ∞). The decay of Ar gas concentration
(Fig. 3) was used to monitor the gas phase holdup of the
system [20]. As seen in Fig. 3, the 14N-containing iso-
topic product is mainly 14N15N (very little 14N2 was pro-
duced by the catalyst after comparing 14N2 and Ar
responses). As the reaction temperature increases, two
peaks in the 14N15N response curve are seen clearly
(Fig. 3b). This result reflects the different reduction
kinetics of the two active NOx species, the nature of
which depends on the reaction temperature (see
Section 3.1). The concentration of active NOx that truly
participates in the nitrogen reaction path to form N2 gas
was calculated by integrating the transient response
curves of 14N15N, and that of 14N2 with respect to the
Ar curve. The results obtained in terms of mol/g and
surface coverage (θ) as a function of reaction tempera-
ture are shown in Fig. 4. The surface coverage θ is
referred to the exposed surface Pt atoms (mol Pts/g).
Values of θ greater than unity indicate that at least part
of the active NOx cannot reside on Pt. Figure 4 shows
that in the whole temperature range of 120–300°C, θ
takes values significantly larger than unity. On the other
hand, only a slight change in the concentration of active
NOx with reaction temperature is noticed. Thus, the

Z t( )
y t( ) y∞–
y0 y∞–

---------------------.=

volcano-type of activity versus reaction temperature
profile reported in previous works [11, 13, 14] cannot
be explained by the results of Fig. 4. It is suggested that
the significant combustion of H2 at temperatures higher
than 150°C [13, 14] and the partial oxidation of Pt crys-
tallites are the main reasons for this behavior.

4. CONCLUSIONS

The following conclusions related to the H2-SCR of
NO over the Pt/MgO–CeO2 catalyst can be derived
from the results of the present work:

(a) The active NOx intermediate species were found
to be formed on the MgO and CeO2 support, whereas
their chemical structure was found to depend on reac-
tion temperature (120–300°C).

(b) The concentration (mol/g) of the active NOx
intermediate species that lead to N2 formation was
found to be practically independent of the reaction tem-
perature (120–300°C) and significantly larger than one
equivalent monolayer of surface Pt. The former result
cannot explain the volcano-type behavior of the cata-
lytic activity versus the reaction temperature observed
[13, 14, 21].

REFERENCES

1. Ertl, G., Knozinger, H., and Weitkamp, J., Handbook of
Heterogeneous Catalysis, Weinheim: VCH, 1997,
p. 1633.

2. Nakajima, F. and Hamada, I., Catal. Today, 1996,
vol. 29, p. 109.

3. Gutberlet, H. and Schallert, B., Catal. Today, 1993,
vol. 16, p. 207.

4. Fritz, A. and Pitchon, V., Appl. Catal., B, 1997, vol. 13,
p. 1.

5. Parvulesku, V.I., Grange, P., and Delmon, B., Catal.
Today, 1998, vol. 46, p. 233.

6. Busca, G., Lietti, L., Ramis, G., and Berti, F., Appl.
Catal., B, 1998, vol. 18, p. 1.

7. Burch, R., Breen, J.P., and Meunier, F.C., Appl. Catal.,
B, 2002, vol. 39, p. 283.

8. Armor, J.N., Catal. Today, 1997, vol. 38, p. 163.

9. Costa, C.N., Savva, P.G., Andronikou, C., Lambrou, P.,
Polychronopoulou, K., Belessi, V.C., Stathopoulos, V.N.,
Pomonis, P.J., and Efstathiou, A.M., J. Catal., 2002,
vol. 209, p. 456.

10. Costa, C.N., Stathopoulos, V.N., Belessi, V.C., and
Efstathiou, A.M., J. Catal., 2001, vol. 197, p. 350.

11. Costa, C.N. and Efstathiou, A.M., Environ. Chem. Lett.,
2004, vol. 2, p. 55.

5

150
T, °C

10

200 250 300
0

15

1

2

0

3

1

2

[NOx], µmol/g θPt

Fig. 4. Concentration (µmol/g, curve 2) and surface cover-
age (θ, curve 1) of active NOx that lead to N2 as calculated
from SSITKA–MS experiments.



KINETICS AND CATALYSIS      Vol. 49      No. 5      2008

THE MECHANISM OF REDUCTION OF NO WITH H2 747

12. Efstathiou, A.M., Costa, C.N., and Fierro, J.L.G., US
Patent 7105137 B2, 2006; Eur. Patent 1475149 B1,
2008.

13. Costa, C.N. and Efstathiou, A.M., Appl. Catal., B, 2007,
vol. 72, p. 240.

14. Costa, C.N., Savva, P.G., Fierro, J.L.G., and
Efstathiou, A.M., Appl. Catal., B, 2007, vol. 75,
p. 147.

15. Balakrishnan, K. and Gonzalez, R.D., J. Catal., 1993,
vol. 144, p. 395.

16. Costa, C.N., Anastasiadou, T., and Efstathiou, A.M.,
J. Catal., 2000, vol. 194, p. 250.

17. Costa, C.N., Christou, S.Y., Georgiou, G., and
Efstathiou, A.M., J. Catal., 2003, vol. 219, p. 259.

18. Klingenberg, B. and Vannice, M.A., Appl. Catal., B,
1999, vol. 21, p. 19.

19. Hadjiivanov, K.I., Catal. Rev. Sci. Eng., 2000, vol. 42,
p. 71.

20. Costa, C.N. and Efstathiou, A.M., J. Phys. Chem. C,
2007, vol. 111, p. 3010.

21. Savva, P.G. and Efstathiou, A.M., J. Catal., 2008,
vol. 257, p. 324.

22. Hadjiivanov, K., Bushev, V., Kantcheva, M., and Klissur-
ski, D., Langmuir, 1994, vol. 10, p. 464.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


