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Abstract Selective catalytic reduction of NOx with

hydrogen (H2-SCR) in excess oxygen over Pd and Ir based

catalysts with various silica supports was studied. The Pd/

V2O5/TiO2/SBA-15 and Ir/SBA-15 catalysts showed the

highest activities. The effects of noble metal, various silica

supports, CO and SO2 on H2-SCR over these catalysts were

also studied and compared, and possible underlying

mechanisms discussed. A comparison of 1 % Ir-doped on

silicas with a wide range of pore sizes showed that the peak

temperature (where the NO conversion maximum was

located) was directly related to the pore size: larger pores

of the support resulted in higher peak temperatures. This

result indicates that pore diffusion limitation played a role

in determining the peak temperature. In addition, a non-

noble metal catalyst, Nb2O5/SiO2, was found to have

considerable activity.

Graphical Abstract Larger pores of the support resulted

in higher peak temperatures, which indicated that pore

diffusion limitation played a direct role.
Keywords H2-SCR � NOx reduction � Noble metal based

catalysts � Silica supports � Carbon monoxide effect on H2-

SCR

1 Introduction

Nitric oxides (NOx) are major sources of atmospheric

pollutants, which are emitted from combustion of fossil

fuels in power and chemical processing plants and mobile

sources. Removal of NOx from combustion gases is still a

significant challenge which has been extensively studied in

the last four decades. The selective catalytic reduction

(SCR) of NOx is one of the most effective methods. The

commercial removal of NOx in power plants is SCR using

ammonia as the reducing agent [1–15]. However, some

problems remain in the application of NH3-SCR
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technology, such as ammonia slip, SO2 oxidation (by

vanadia catalysts), and air heater and equipment fouling by

the formation of a ‘‘white powder’’ (i.e., ammonium

compounds such as bisulfate, sulfate and nitrate….) as well

as SO3.

Recently, SCR of NOx by H2 (H2-SCR) has attracted

attention for NOx removal [16–35]. In H2-SCR, hydrogen

is used as the reducing agent, by which NOx can be reduced

effectively at lower temperatures (T\ 300 �C) as com-

pared with ammonia-SCR which operates at near 350 �C.
The products of H2-SCR are without other hazardous gas

formation which makes it more environmentally friendly.

Hydrogen is present in (engine) exhaust and it is formed

mainly by the water–gas shift reaction with CO. Indeed,

H2-SCR is one of the reactions taking place in the three-

way converters (TWC) over noble metal catalysts [36].

Also present in the exhaust gas is CO which may also

participate in the SCR of NO, or, CO-SCR. Thus, the

effects (or role) of CO in H2-SCR have been of interest,

and it has been shown that the presence of CO has a sig-

nificant influence on H2-SCR [23, 31–35]. The presence of

CO has a significant promoting influence for some catalysts

(e.g., Pd and Ir) while negative effects for others (such as

Pt).

In this work, catalysts with Pd, Ir and Nb2O5 doped on

different supports were tested for their catalytic activities

for H2-SCR. More specifically, they were tested for NO

reduction in combustion gases from the combustion of

methane (or natural gas). Thus, a simulated methane

combustion gas containing 50 ppm NO was used in all

tests. The effects of CO on H2-SCR were also studied. The

effects of noble metal, different supports, CO and SO2 on

the catalytic activities over these catalysts were investi-

gated for possible practical applications. More specifically,

this was a catalyst screening study for applications in the

temperature window of 200–250 �C.

2 Experimental

Mesoporous silicas with various pore sizes and pore vol-

umes were used as the support. A large-pore silica, SBA-

15, was synthesized, while three commercial silica gels

with a wide range of pore sizes were included: 28 Å (from

BASF), 67 Å (from Aldrich) and 154 Å (from Grace,

designated as Grade 59 silica). The SBA-15 was synthe-

sized by following the procedure in the literature [37].

Briefly, Pluronic P123 was used as the template and was

dissolved in water and HCl solution while stirring at room

temperature, then 1, 3, 5-trimethylbenzene was added.

Then tetraethyl orthosilicate (TEOS) was added into above

solution. After being aged overnight, the resultant precip-

itates were filtered, washed, dried and calcined. The

Barrett–Joyner–Halenda (BJH) average pore size of the

resulting SBA-15 was 200 Å.

2.1 Catalysts Preparation

2.1.1 1 %Pd/Silica Catalyst

1 %Pd/silica(Grace) was prepared via incipient wetness

impregnation of silica from Grace in an aqueous solution of

tetraamminepalladium(II) chloride monohydrate

(Pd(NH3)4Cl2�H2O, 99.99 ? %, Aldrich). The impregnated

sample was dried at 60 �C for 24 h to evaporate part of the

water, then transferred to an oven at 100 �C and heated for

24 h. Finally, it was calcined in air at 500 �C for 6 h [38].

2.1.2 Pd/V2O5/TiO2/SBA-15

First, the 20 %TiO2/SBA-15 (all percentages are wt%) was

prepared by hydrolysis of a solution of titanium(IV)

n-butoxide (Ti[O(CH2)3CH3]4, 98 ? %, Strem Chemicals)

in the presence of SBA-15. Then the 5 %V2O5/20 %TiO2/

SBA-15 was prepared by impregnation of the above TiO2/

SBA-15 with a solution of ammonium metavanadate

(NH4VO3, 99 %, Sigma-Aldrich) in oxalic acid. Finally,

1 % palladium was impregnated on 5 %V2O5/20 %TiO2/

SBA-15 using a Pd(NH3)4Cl2 solution. The catalyst was

then dried at 120 �C overnight and calcined in air at

500 �C for 6 h.

2.1.3 Ir/Silica Catalyst

The mixture of iridium(III) chloride hydrate (IrCl3�xH2O,

Aldrich) aqueous solution and a silica gel (from Grace,

Aldrich or BASF) was stirred for 24 h. The mixture was

then transferred to an oven at 60 �C and heated for 24 h to

evaporate most of the moisture, and then transferred to an

oven and heated at 100 �C for 24 h. Finally, the sample

was calcined at 600 �C in air flow for 8 h [39].

2.1.4 Nb2O5/Silica and 1 % Ru/Nb2O5/Silica Catalysts

The 10 %Nb2O5/silica(Grace) was prepared via incipient

wetness impregnation of silica from Grace with an aqueous

solution of ammonium niobate(V) oxalate hydrate (C4H4-

NNbO9�xH2O, 99.99 %, Aldrich). The impregnated sample

was dried at 60 �C for 24 h, then transferred to an oven and

heated at 100 �C for 24 h, and finally calcined in air at

400 �C for 6 h. Subsequently 1 % ruthenium was

impregnated on 10 %Nb2O5/silica(Grace) using a ruthe-

nium(III) nitrosyl nitrate (RuNO(NO3)3, Aldrich) solution.

The catalyst was dried at 100 �C overnight and calcined at

400 �C for 6 h in air. A bimetallic Ir-Ru catalyst with

0.5 % iridium and 0.5 % ruthenium was also prepared by
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impregnating on 10 %Nb2O5/silica(Grace) using IrCl3
solution and ruthenium nitrosyl nitrate solution. The cata-

lyst was also dried at 100 �C overnight and calcined in air

at 400 �C for 6 h. Calcination temperature of 400 �C for

Nb2O5 was due to obtain strong Brønsted acidity of Nb2O5.

However, higher temperature will destroy the acidity of

Nb2O5 [40].

2.2 Characterization and Catalytic Activity Tests

Micromeritics ASAP 2020 sorptometer was used to mea-

sure the N2 adsorption isotherms of the samples at liquid

N2 temperature (-196 �C). The specific surface area was

determined from the linear portion of the BET plot. Prior to

the surface area and pore size distribution measurements,

the samples were degassed in vacuo at 350 �C for 12 h.

The surface areas were calculated by using the Brunauer–

Emmett–Teller (BET) method based on the adsorption

data. The pore size distribution or the average pore size

was calculated by using the BJH method.

Transmission electron microscopy (TEM) images of the

samples were obtained on a JEOL 3011 electron micro-

scope which was operated at 300 kV.

The catalytic activity measurement was carried out in a

fixed-bed quartz reactor. The reactant gas was a simulated

flue gas from natural gas combustion with the following

composition: 50 ppm NO, 1.5 % O2, 17.5 % H2O, and

balance He. It also contained 2000 ppm H2, added as the

reductant. 200 mg of sample was used in each run. The

total flow rate was either 100 or 200 mL/min (measured

under ambient conditions). The NO and NO2 concentra-

tions were continually monitored by a NO/NOx analyzer

(Thermo Environmental Instruments, Inc.). At each reac-

tion temperature, the NOx conversion and product analysis

were measured after 1–2 h (for reaching a steady state)

depending on the reaction. The product N2 selectivity was

analyzed by using a Shimadzu gas chromatograph with a

13X molecular sieve column (for N2) and a Porapak Q

column (for N2O).

3 Results and Discussion

3.1 NOx Reduction over Different Catalysts

The performance of all the catalysts for NOx reduction with

H2 in the presence of excess oxygen (1.5 % O2) were

tested. Although 17.5 % H2O was also added, it has been

shown that its addition led to only very slight decreases in

the SCR activities during 5-hour runs for a number of

catalysts [33]. The peak activities (i.e., peak activities on

the conversion vs. temperature profiles) of these catalysts

are shown in Table 1. The NOx conversion of these

catalysts increased with temperature and reached their peak

activities around 200–250 �C, subsequently NO conversion

decreased with temperature when the temperature was

further increased to 300 �C. (The phenomenon of having

two temperature peaks for Pd was first observed and

explained by Ueda et al. [17]). The NOx conversion over

Pd/V2O5/TiO2/SBA-15 was 95 % at 200 �C and the N2

selectivity over Pd/V2O5/TiO2/SBA-15 was 85 %.

For Pd based catalysts exposed to temperatures higher

than the maximum peak temperature (e.g., at 250 �C), the
NO conversion decreased by two mechanisms [17]. (1) The

consumption of H2 by excess O2 became dominant, which

caused NOx conversion to begin to decrease. (2) The sec-

ond mechanism is related to thermodynamics. It is well

established that NO2 is considerably more active than NO

in the ammonia-SCR reaction, as shown, for example, by

Long and Yang [41]. The reaction NO ? 1/2O2 = NO2

favors lower temperature and becomes the limiting step at

higher temperatures because less NO2 is formed [41]. It has

also been shown that, like the ammonia-SCR reaction, the

H2-SCR reaction is also limited by the thermodynamic

equilibrium of NO oxidation at higher temperatures.

Details of the peaking phenomenon has been studied by

Ueda et al. [17].

The kinetics of the H2-SCR reaction on a similar Pd-

supported catalyst, Pd/V2O5/TiO2/Al2O3, was studied with

a differential reactor by Qi et al. [24]. Under excess O2

(2 %), the rate of NO conversion was 0.92th-order with

respect to NO concentration, i.e., approximately first-order.

Thus, the SCR activity can be represented quantitatively by

the apparent first-order rate constant (k). By assuming plug

flow reactor (in a fixed bed of catalyst) and free of diffusion

limitation, the apparent rate constant can be calculated

from the NO conversion (X) by

k ¼ � F0

½NO]0W
� lnð1� XÞ; ð1Þ

where F0 is the molar NO feed rate, [NO]0 is the molar NO

concentration in the feed at the reaction temperature and W

is the catalyst amount (g). From the NO conversions and

reaction conditions, the first-order rate constants could be

calculated. For example, the k value for the Pd/V2O5/TiO2/

SBA-15 catalyst was 79.25 cm3/g/s at 200 �C, which is the

highest k value of these catalysts and hence the most

active.

The Pd/V2O5/TiO2/SBA-15 catalyst was very similar to

the Pd/V2O5/TiO2/Al2O3 catalyst that we have studied

previously [24], with the only difference being in the

support (silica vs. Al2O3). The activities were also similar.

The mechanism was studied by in situ FTIR which showed

ammonium ions (NH4
?, formed on the Brønsted acid sites

of V2O5) as the key intermediate that underwent fast

reactions with NO/O2 to form N2 [24]. Apparently the
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same mechanism operated for the Pd/V2O5/TiO2/SBA-15

catalyst.

The N2 product selectivity refers to the fraction of the

NO conversion that leads to N2 formation, while the other

reaction product is N2O. The Pd/V2O5/TiO2/SBA-15 cat-

alyst also showed high N2 selectivity values (80–85 %) in

the temperature range of 150–250 �C, which is a wide

temperature window of operation in the presence of excess

oxygen (1.5 % O2). The N2 selectivity was 85 % at 200 �C
when the maximum NOx conversion of 95 % was reached.

The high N2 selectivity was possibly related to the acidic

property of the V2O5/TiO2/SBA-15 supports. The com-

patible acidic supports may provide a higher N2 selectivity

for the H2-SCR [21]. Further discussion on N2 selectivity

will follow.

3.2 Comparisons of Different Noble Metals

and Different Supports

Figure 1 shows the conversions of NOx over the 1 %Ir/

silica(Grace) and 1 %Pd/silica(Grace) catalysts. Both

samples showed some activity. As discussed in the litera-

ture, Pd showed two temperature peaks while Ir showed a

single temperature peak [27, 42]. Silica was used for this

comparison because it was shown to yield the highest H2-

SCR activity for Ir supported catalysts on various supports

(TiO2, Al2O3, ZSM-5 and silica) [27].

At 225 �C, the maximum NO conversion over 1 %Ir/

silica(Grace) was 70 % and the conversion over 1 % Pd/

silica(Grace) was *50 %. However, at the lower temper-

atures, the Pd-doped catalyst showed higher activities than

Ir doped catalyst [27], e.g., 63 % at 150 �C.
For Ir doped catalysts, Hamada and coworkers estab-

lished that SiO2 was the best support compared with other

supports (Al2O3, TiO2 and H-ZSM-5) [27, 43]. A

commercial silica gel with BET surface area 300 m2/g was

used as the support in their work. In this work, we com-

pared 1 % Ir/SiO2 using four silica samples with a wide

range of pore sizes and surface areas. The results showed

different activities and more interestingly, different NO

conversion—temperature profiles. After calcination, the

four silica samples are still very stable [37].

The BET surface areas, pore sizes and pore volumes of

the four silicas are listed in Table 2. The BET surface areas

of the metal doped catalysts were nearly the same as that of

the supports, apparently due to the small amounts of doped

metals (i.e., 1 wt%). The NO conversions at various tem-

peratures are shown in Fig. 2. Both peak temperature and

the NO conversion at the peak temperature are different for

Table 1 Catalytic performance of various catalysts

Catalyst Peak T (�C) NO conv. (%) First-order rate constant (k)a (cm3/g/s)

1 %Pd/silica(Grace) 150 63 11.76

Pd/V2O5/TiO2/SBA-15
b 200 95 79.25

1 %Ir/SBA-15 250 72 37.23

1 %Ir/silica(Grace) 225 69 16.31

1 %Ir/silica(Aldrich) 200 68 15.07

1 %Ir/silica (BASF) 200 41 6.98

10 %Nb2O5/silica(Grace) 250 56 11.88

1 %Ru/Nb2O5/silica(Grace) 225 60 12.76

0.5 %Ir–0.5 %Ru/Nb2O5/silica(Grace) 225 63 13.85

a Reaction conditions: 200 mg catalyst. 50 ppm NO, 2000 ppm H2, 1.5 % O2, 17.5 % H2O and balance He. The total flow rate was 100 mL/min
a First-order rate constant, defined by Eq. (1)
b The flow rate was 200 mL/min
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Fig. 1 NOx conversions over 1 %Pd/silica(Grace) (open square) and

1 %Ir/silica(Grace) (open circle). Reaction conditions: 50 ppm NO,

2000 ppm H2, 1.5 % O2, 17.5 % H2O and balance helium, 200 mg

catalyst, flow rate 100 mL/min
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these four Ir-doped samples. The peak temperature is

shifted towards a higher temperature as the pore size was

larger, i.e., Ir/SBA-15 with the largest pore size (20 nm)

showed the highest peak temperature, while it decreased as

the pore size was smaller. This result may be interpreted

based on two aspects: metal dispersion and pore diffusion

limitation.

XRD analysis of the four Ir-doped samples showed no

peak at 2h = 41�, i.e. Ir(111) diffraction (as seen by

Haneda et al. for 1 % Ir/SiO2 on low-dispersion samples

with dispersion\46 % [44] ). Clearly the Ir nanoparticle

sizes were limited by the sizes of the pores of the silica

support in which Ir was impregnated (i.e., the pore sizes of

all three commercial silica gels were less than 15.4 nm, as

shown in Table 2). The SBA-15 silica had the largest pore

size, 20 nm and had possibly the largest Ir particle sizes.

TEM images showed that the Ir nanoparticles supported on

SBA-15 had sizes of approximately 15–20 nm (Fig. 3a).

The Ir sizes were limited by the sizes of the pores of the

other 3 silica gels: 15.4 nm for Grace SiO2, 6.7 nm for

Aldrich SiO2 and 2.8 nm for BASF SiO2. TEM images also

showed that the Ir nanoparticles supported on different

silica support had different Ir sizes. The Ir nanoparticles

supported on Grace SiO2 had sizes of approximately 15 nm

(Fig. 3b), supported on Aldrich SiO2 had sizes of approx-

imately 6 nm (Fig. 3c) and supported on BASF SiO2 had

sizes of approximately 2.5 nm (Fig. 3d). The BJH pore size

decreased slightly upon doping of 1 wt% Ir. On the silica

gel with the smallest pores, the BASF silica, the BET

surface area, average pore size and pore volume were,

respectively, 743 m2/g, 28 Å, and 0.25 cm3/g. After dop-

ing 1 % Ir, these values were 589 m2/g, 27 Å and

0.19 cm3/g. Thus, the slight decreases in these values

confirmed that doping 1 wt% Ir resulted in only slight pore

plugging even for the silica with the smallest pore sizes.

The temperature dependence of the overall rates of the

catalyzed reactions taking place inside porous structures

has been well understood [45]. In the low temperature

range, the overall rate is limited by the surface reaction

inside the pores, and the temperature dependence follows

the Arrhenius law. At higher temperatures, the pore dif-

fusion rate becomes involved and the rate-controlling step:

this is because pore diffusion has a weaker (and different)

temperature dependence [45, 46] than that of the Arrhenius

Law, hence the overall rate enters the pore-diffusion-con-

trol regime.

As discussed above, two reasons (H2 combustion and

thermodynamic limit for NO2 formation) contribute to the

decline in the NO conversion beyond the peak temperature.

Our result on the dependence of the peak temperature on

the pore size indicates a third contributing step: pore dif-

fusion limitation. This result indicates that the onset tem-

perature for the pore-diffusion-limitation regime also

played a role in determining the peak temperature for NO

conversion. The silica support with the smallest pore sizes

(BASF, 2.8 nm before doping, or 2.7 nm after 1 %Ir

doping), in which diffusion (of the molecules of the reac-

tants and products) was the slowest compared with the

other silica samples, entered the pore-diffusion-limitation

regime at the lowest temperature, and showed the lowest

peak temperature for NO conversion. For the other silica

samples with larger pores, pore diffusion was faster, so the

Table 2 Textural parameters of

various supports
Support BET surface area (m2/g)a Pore size (Å)b Pore volume (cm3/g)c

SBA-15 560 200 1.58

Silica (Grace) 280 154 1.11

Silica (Aldrich) 361 67 0.78

Silica (BASF) 743 28 0.25

a Calculated from the linear part of the BET plot
b BJH adsorption average pore width
c BJH adsorption cumulative volume of pores
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Fig. 2 NOx conversions over 1 %Ir/SBA-15 (open square), 1 %Ir/

silica(Grace) (open circle), 1 %Ir/silica(Aldrich) (open triangle up)

and 1 %Ir/silica(BASF) (open triangle down). Reaction conditions:

50 ppm NO, 2000 ppm H2, 1.5 % O2, 17.5 % H2O and balance

helium, 200 mg catalyst, flow rate 100 mL/min
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onset temperature for entering the pore-diffusion-control

regime was higher. The other two factors, as mentioned,

caused the decline in NO conversion beyond the peak

temperature. For more in-depth discussions on the interplay

of reaction–diffusion in catalyzed reactions taking place in

porous catalysts, please see, for example, Refs. [45, 46].

At temperatures below the peak temperature, i.e., in the

kinetic-control regime, metal dispersion contributed to the

differences in NO conversion. At 100 �C, the NO con-

version was inversely related to the pore size: BASF silica

(2.8 nm pore size) showed the highest NO conversion,

followed by Aldrich silica (6.7 nm)[Grace silica

(15.4 nm)[SBA-15 (20 nm). This result indicates that

higher metal dispersion contributed towards higher NO

conversion.

As mentioned above, the N2 product selectivity has been

studied. N2 selectivity depends on the metal, temperature,

support and gas composition (e.g., the presence of SO2,

CO….). Between the most studied metals (i.e., Pt and Pd),

the N2 selectivities on Pd are generally higher than that on

Pt. On supported Pt, the N2 selectivities were generally

below 60 % [17, 27] while that on supported Pd were

above 80 % [24, 27, 33]. However, 0.1 % Pt/MgO–CeO2

showed *90 % N2 selectivity and it depended on H2/NO

ratio in the reactant gas [47]. In our work, the N2 selectivity

on 0.3 %Ir–2 %Ru/silica(Grace) was 79.3 % at 225 �C,
which was typical for supported Ir catalysts [27].

3.3 Nb2O5

Nb2O5 has been reported to be an effective promoter for

NH3-SCR of NO because of its strong Brønsted acidity as

well as redox capability [13, 48, 49]. The Nb2O5 doped on

silica(Grace) was tested for its activity for H2-SCR, with-

out any noble metal. Likewise, it was also tested for its

activity as a promoter for Ir and Ru.

Figure 4 shows the conversion of NOx over the fol-

lowing catalysts: 10 %Nb2O5/silica, 1 %Ru/Nb2O5/silica

and 0.5 %Ir–0.5 %Ru/Nb2O5/silica (all three SiO2 were

from Grace). It is interesting to note that the doped Nb2O5

had considerable activity, particularly at 250–300 �C. We

have previously shown Zn-ZSM-5 as a non-noble metal

catalyst for H2-SCR. Nb2O5 is yet another non-noble metal

catalyst. At lower temperatures, the doped Ir and Ru both

Fig. 3 TEM images of iridium supported on different silica support, a 1 %Ir/SBA-15, b 1 %Ir/silica(Grace), c 1 %Ir/silica(Aldrich) and

d 1 %Ir/silica(BASF). Scale bar 200 nm for a, 50 nm for b–d
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showed higher activities than Nb2O5/silica. The conversion

over 0.5 %Ir–0.5 %Ru/Nb2O5/silica(Grace) was 63 % at

225 �C, and that over 10 % Nb2O5/silica(Grace) was 56 %

at 250 �C. The mechanism for H2-SCR on the Nb2O5/silica

catalyst is subject of further study.

3.4 Effects of CO

Selective catalytic reduction of NOx in excess O2 using CO

as the reductant (i.e., CO-SCR) has also been studied. In

fact, CO-SCR takes place in the three-way catalytic con-

verter [36]. For H2-SCR, the effect of CO is a complex one,

depending on the noble metal. CO could have a strong

poisoning effect (e.g., on Pt) while it could have a signif-

icant promoting effect (e.g., on Pd). The promoting effects

of CO on Pd-doped catalysts, in particular, have been

studied by several groups [23, 34, 35]. Macleod and

Lambert [34] attributed the effect by the formation of

HNCO intermediate which was formed on Pd in a mixture

of H2/CO/NO [50].

To study the effect of CO on H2-SCR over the Ir/SiO2

catalysts, CO with 1000 ppm was added to the reactant gas.

The SCR reaction temperature was set to the respective

peak temperature. As shown in Fig. 5, the NOx conversion

increased in the presence of CO over these 1 %Ir/SiO2

catalysts. The NOx conversion-temperature profiles for the

1 %Ir/SiO2 (SBA-15) are shown in Fig. 6. The enhance-

ments in NOx conversion by CO were seen at all

temperatures.

Interestingly, enhancement in NO conversion for H2-

SCR by added CO was observed only for Pd/Al2O3, not for

Pd/SiO2 [34]. The intermediate HNCO undergoes hydrol-

ysis (to form NH3) only on Al2O3 (as observed by

Dumplemann et al. [51]). Upon formation of NH3, the SCR

reaction switched to the NH3-SCR route, which is faster

than H2-SCR. Thus, our results cannot be explained by the

formation of HNCO.

The extensive studies of Hamada et al. [27] on CO-SCR

showed that Ir and Rh doped catalysts were the most

active, and that, again, the SiO2 supported Ir and Rh yiel-

ded the highest conversion. Thus, the results shown in
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Fig. 5 CO effect on NOx conversion over 1 %Ir/SBA–15, 1 %Ir/

silica(Grace), 1 %Ir/silica(Aldrich) and 1 %Ir/silica(BASF). Reaction

conditions: 50 ppm NO, 2000 ppm H2, 1.5 % O2, 17.5 % H2O,
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Fig. 6 NOx conversions over 1 %Ir/SBA-15, no CO (open square)

and with 1000 ppm CO (open circle), Reaction conditions: 50 ppm

NO, 2000 ppm H2, 1.5 % O2, 17.5 % H2O and balance helium,

200 mg catalyst, flow rate 100 mL/min
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Figs. 5 and 6 could be attributed to combined H2-SCR and

CO-SCR. Possible interplays between these two reactions

merit further investigation.

3.5 Effects of SO2

Effect of SO2 is of practical importance, thus it is studied

for selected catalysts. The effects of SO2 on NOx conver-

sion over 1 %Ir/SBA-15 at 250 and 300 �C are shown in

Fig. 7. The positive effect of SO2 was also observed for

H2-SCR over Ir/SiO2 catalyst by Hamada et al. [27]. Our

earlier work also showed enhancements of the NH3-SCR

activity by SO2 on V2O5/TiO2 catalyst [52]. Based on

molecular orbital calculation results, the enhancement was

attributed to the increased Brønsted acidity on the V2O5

surface by the adsorption of SO2 [52]. The enhancement in

the H2-SCR activity by the adsorbed SO2 on Ir/SiO2 could

possibly be attributed to the increased Brønsted acidity.

However, a deactivation effect of SO2 was observed for

H2-SCR for the Pd/V2O5/TiO2/SBA-15 catalyst, as shown

in Fig. 8. At 250 �C, when SO2 was added to the reactant

gas, the NOx conversion over Pd/V2O5/TiO2/SBA-15

decreased steadily from 82 to 56 % in 4 h. The deactiva-

tion was reversible as also shown in Fig. 8.

4 Conclusions

Selective catalytic reduction of nitric oxide with H2 in the

presence of excess oxygen was studied over Ir or Pd doped

catalysts using various silica supports. A simulated flue gas

from combustion of methane was used as the reactant gas.

The Pd/V2O5/TiO2/SBA-15 and Ir/SBA-15 catalysts

showed the highest H2-SCR activities. Pd doped silica

showed higher activity than Ir doped silica at low tem-

peratures (\170 �C) while Ir showed higher activities at

higher temperatures ([200 �C). A non-noble metal cata-

lyst, Nb2O5/SiO2, was found to have considerable activity.

A comparison of 1 % Ir-doped on silicas with a wide range

of pore sizes showed that the peak temperature (where the

NO conversion maximum was located) was directly related

to the pore size: larger pores of the support resulted in

higher peak temperatures. This result indicates that pore

diffusion limitation played a direct role in determining the

peak temperature. The addition of CO in the reactant gas

showed a strong enhancement in the NO conversion for all

Ir doped catalysts, a clear indication that CO-SCR also

took place. The addition of SO2 increased the activities for

the Ir-doped catalyst while had a deactivation effect on the

Pd-doped catalyst.
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