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Abstract Iron-containing zeolites are known to be

promising catalysts for the NH3-SCR reaction. Here, we

will investigate the catalytic activity of iron-based BEA

catalysts, which was found to exhibit improved activities

compared to previously described iron-containing zeolite

catalysts, such as ZSM-5 and ZSM-12. Series of Fe-BEA

zeolite catalysts were prepared using a range of different

preparation methods. Furthermore, we found that an iron

concentration around 3 wt% on BEA showed a small

optimum in SCR activity compared to the other iron

loadings studied.
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1 Introduction

Nitrogen oxides, NOx, are formed during combustion of

nitrogen-containing fuels in stationary as well as automotive

applications. The transportation sector is one of the major

source of NOx formation and it contributes to 20% of the

total global emission of NOx [1, 2]. Legislation is steadily

leading to lowering of the acceptable NOx concentrations in

the exhaust of vehicles in EU-countries, US, and Japan. This

makes it necessary to improve and develop methods to

remove NOx efficiently from the exhaust gases in automo-

tives. The most efficient way to remove NOx is by the

selective catalytic reduction process using ammonia as the

reductant and it seems to be the most efficient technique to

meet future NOx emission standards for mobile applications.

The method has already been used extensively in stationary

applications since the 1970s. Accordingly, the reaction will

be considered in more detail here. In the NH3-SCR process,

ammonia or urea is injected into the exhaust gas prior to the

catalyst [3]. The over-all catalytic reaction, which takes

place is [5]:

4NOþ 4NH3 þ O2 ! 4N2 þ 6H2O: ð1Þ

However, if equimolar amounts of NO and NO2 are

present in the exhaust gas, the process can be accelerated in

a reaction known as fast SCR [4],

2NOþ 2NO2 þ 4NH3 ! 4N2 þ 6H2O: ð2Þ

In automotive applications, vanadium-based catalysts

are often used as catalysts for the NH3-SCR reaction [5, 6].

However, catalysts containing vanadium have several

drawbacks when used for this application. Poisonous

vanadium can be lost during the process and released

into the environment, the catalyst exhibits low activity at

low temperatures, and a low selectivity is observed at high

temperatures due to competitive ammonia oxidation.

Furthermore, the vanadium catalysts are active in the

oxidation of SO2 to SO3. Due to these problems, it is

desirable to develop other types of NH3-SCR catalysts.

During the last 20 years, much research has been carried

out concerning zeolite catalysts for the NH3-SCR reaction.

Different zeolite materials, such as MOR, MFI, Y, BEA,

FER loaded with various metals, i.e. Cu, Co, Fe and Pt,

have been investigated [7–10].
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Especially, copper-based zeolites have been examined

thoroughly because these materials were the first metal

zeolites found to be active in SCR. Cu-zeolites are found to

be active both when using HC and NH3 as reducing agents

[4, 11]. As an example, it can be mentioned that a 2.4 wt%

Cu-ZSM-5 was claimed to be more active than a conven-

tionally prepared V2O5/TiO2 catalyst in the SCR of NOx

with NH3 [12]. Though these catalysts originally seemed

promising, Cu-based catalysts are not very attractive for

automotive applications due to their limited hydrothermal

stability—the presence of water in the exit gas can quickly

poison the catalyst severely [13]. This means that other

possibilities must be considered and among all the metal-

zeolite catalyst systems tested to this point iron catalysts

seem to be the most promising. So far, it is Fe-ZSM-5

catalysts that have been the most studied SCR catalyst in

terms of preparation, characterization and catalytic per-

formance among the Fe-zeolite systems [14–16].

An interesting and promising system is the Fe-BEA

catalyst system. Early SCR studies of the zeolite beta

system have been performed by Delahay et al., especially

on the reduction of N2O by NH3-SCR [7], but the authors

have not investigated the performance of Fe-BEA in the

SCR of NO.

In this work, we have compared Fe-BEA to Fe-ZSM-5

and Fe-ZSM-12. We found, that Fe-BEA indeed was

superior in NO reduction to the other zeolite catalysts in a

very broad temperature interval. The Fe-BEA catalysts

exhibit even higher activity than a typical vanadium

anatase catalyst. Based on these results we have prepared

iron-containing BEA zeolites in different ways, and

thereby studied the influence of the preparation method on

the NO reduction in the NH3-SCR reaction. Furthermore,

we have determined the optimal iron content in these

samples.

2 Experimental Section

2.1 Catalysts Preparation

Several series of iron containing catalysts using different

zeolite materials were prepared. Here, we will focus on the

preparation of the Fe-BEA catalysts. Information regarding

preparation of iron-containing ZSM-5 and ZSM-12 zeolites

is described elsewhere [17].

Two series of catalysts were prepared first by synthe-

sizing the H-BEA zeolite followed by a second step in

which the introduction of the iron took place by either

incipient wetness impregnation (IWI) or by ion exchange

(IE) techniques. Another series of catalysts were prepared

by isomorphous substitution (IS) of iron into the zeolite

framework during the zeolite synthesis.

2.1.1 Zeolite Preparation

2.1.1.1 Na-BEA To produce approximately 10 g of a

conventional Na-BEA zeolite, the following recipe was

applied:

About 3.5 g of NaAlO2 was dissolved in 25 mL of water

and added dropwise to 1.5 g of NaOH dissolved in 10 mL

of water while stirring. The stirring was continued for

10 min. About 30 g of SiO2 (Sigma-Aldrich Silica Gel,

grade 62, 60–200 mesh, 150 Å) was then added slowly

under stirring followed by addition of 92 g of a 40 wt%

tetraethylammonium hydroxide (TEAOH) solution, and the

suspension was stirred for additional 2 h. The resulting gel

was transferred to an autoclave, sealed and heated to 140

�C for 120 h. After the crystallization period the autoclave

was quenched in cold water. The product was filtered and

washed thoroughly with water until pH = 8 were reached

in the filtrate (approximately 2 L of water). The sample

was dried at room temperature overnight, followed by

30 min of drying at 110 �C. In order to remove the tem-

plate, the sample was calcined at 550 �C (*2 �C/min) for

18 h in air, resulting in a white powder.

2.1.1.2 NH4-BEA To obtain the corresponding NH4-BEA

zeolite, the Na-BEA zeolite was treated with 1 M NH4NO3

(1:30 g/g) for 4 h at 80 �C during stirring. The zeolite was

filtered and washed with 2 L water and dried. The fol-

lowing day the ammonium nitrate treatment, filtration,

washing and drying steps were repeated.

2.1.1.3 H-BEA The H-BEA zeolite was obtained by

heating the NH4-BEA to 450 �C (3.5 �C/min) for 4 h. All

samples were pressed into tablets under a pressure of 5 tons

(Ø = 13 mm), crushed and sieved to obtain a particle size

of 180–355 lm. After that, the zeolite fraction was ready

for the introduction of iron.

2.1.2 Introducing Iron to the Samples

2.1.2.1 Incipient Wetness Impregnation (IWI) The zeolite

was impregnated with a solution of Fe(NO3)3 � 9H2O in

water, containing the amount of iron needed to obtain the

desired iron content in the samples. Samples containing 1.0,

2.0, 2.7, 3.0, 3.5, and 5.0 wt% iron were prepared. After

impregnation, the samples were left for 1 h in a closed

container in order to get the metal ions evenly distributed in

the zeolite. Then, the samples were dried overnight at room

temperature. The drying procedure was followed by a cal-

cination step, in which the samples were heated in air from

room temperature to 450 �C (3.5 �C/min) for 4 h.

2.1.2.2 Conventional Ion Exchange (IE) About 1.25 g of

H-BEA was added to 0.5 L of a 2 mM iron (III) nitrate
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solution and stirred for 48 h. The suspension was filtered

and the product was washed three times with 0.5 L of water

followed by drying at 80 �C for 2 h. The samples were then

calcined at 450 �C (5 �C/min) for 4 h.

2.1.2.3 Isomorphous Substitution (IS) The main differ-

ence from this synthesis and the zeolite synthesis described

above is that the iron is introduced directly into the gel

during the synthesis of the IS sample. This was done by

substituting aluminium partly or fully by iron in the recipe.

Samples with two different iron contents were prepared.

One where 50% of the aluminium was substituted by iron

(described below) and one where all aluminium was

substituted by iron (prepared analogously but with twice as

much iron added and without aluminium).

Two solutions were prepared to synthesize a sample

where 50% of aluminium was substituted by iron.

A: 0.28 g of NaOH was dissolved in 3.5 mL of water

and mixed with a solution containing 0.79 g of NaAlO2 in

5 mL of water. Finally 11.90 g of a 40 wt% TEAOH

solution was added.

B: A solution of 0.45 g Fe(NO3)3 � 9H2O in 5 mL water

was poured into 11.90 g of a TEAOH solution.

Solutions A and B were then simultaneously poured

onto 7.5 g of SiO2 during vigorous stirring and the stirring

was continued until a red homogenous gel was obtained.

The gel was transferred to a stainless steel autoclave,

sealed and heated to 120 �C, and left there for 140 h. The

autoclave was then cooled to room temperature, opened,

filtered and the product was washed three times with water

until the washing water was neutral, followed by drying for

1 h at 120 �C. After the drying procedure the sample was

calcined in air at 550 �C (*2 �C/min) for 18 h. The

resulting zeolite was converted to the NH4-form by mixing

the sample with 1 M NH4NO3 (1:30 g/g) and stirring for

3 h at 80 �C. Thus, the sample was thoroughly washed with

water and dried over night at room temperature. The ion-

exchange and washing steps were repeated the following

day and the sample was calcined at 450 �C (5 �C/min) for

4 h to obtain the zeolite in the H-form.

2.2 Catalytic Activity Tests

The activity tests were in all cases performed with 50 mg

catalyst, fractionated to 180–355 lm, in an isothermal

fixed bed quartz reactor, with a diameter of 3.8 mm,

operated under plug-flow conditions. The catalyst was

pretreated at 200 �C for 15 h followed by 2 h of activation

in the reactant gas consisting of 1000 ppm NO, 1100 ppm

NH3, 2.3% H2O and 3.5% O2 balanced with N2 to a total

flow of 300 mL/min (ambient conditions). After pretreat-

ment, the reactor was cooled to room temperature. The

activity was then measured multiple times at selected

temperatures from 200 to 550 �C using a Thermo Elec-

tron’s Model 10A chemiluminiscent NO-NOx Gas

Analyzer to measure exit gas compositions.

2.3 Characterization Techniques

XRD patterns of all samples were recorded using a

Bruker powder diffractometer with Cu-Ka1 radiation (k =

1.54051 Å) in the 2h interval of 1–60� in steps of 0.02�.

ICP-MS in SemiQuant Mode was used to determine the

iron content in the samples. A calibration curve was

obtained from a Merck ICP multi element standard

solution.

N2 adsorption measurements were performed at liquid

nitrogen temperature on a Micromeritics ASAP2020 ana-

lyzer. In all cases, the samples were evacuated at 200 �C

for 1 h prior to the measurement. Based on these mea-

surements, the micropore volume and the surface areas

were determined by the t-plot method [18] and the BET

methods [19], respectively.

Temperature programmed desorption (TPD) of ammo-

nia were performed in the following way: 100 mg of

catalyst sample was loaded into a quartz tube reactor where

it was saturated with 100 mL/min of 1% NH3/He for 1 h at

room temperature. Prior to TPD, the physisorbed NH3 was

removed from the sample by purging with a 100 mL/min

flow of N2 at 100 �C. Following this step, the sample was

cooled down to 50 �C, and starting from this point, the

temperature was ramped to 650 �C with 5 �C/min in

100 mL/min N2 flow. The desorption of the chemisorbed

ammonia was monitored with a computer-interfaced Jasco

V-570 UV/VIS/NIR spectrometer using the characteristic

NH3 band at 201 nm. The ammonia concentration was then

calculated on the basis of the intensity of the characteristic

band using a calibration curve. The area under the TPD

curve was used for calculation of the total amount of

desorbed NH3.

IR spectra of the samples were measured with a Perkin–

Elmer 1710, Fourier Transform Infrared Spectrometer at

room temperature. The spectra were recorded ex situ on

pellets prepared by mixing 0.5 mg of the sample with

100 mg KBr.

EPR spectra of the samples were recorded ex situ with a

Bruker EMX-EPR spectrometer, operating in the X-band

(Bruker ER 041 XGG Microwave Bridge) with microwave

frequencies around 9.35 GHz. The measurements were

performed at room temperature on samples, which were

kept dry by storing them in an excicator using silica as

drying agent immediately after the calcination. Data

treatment was performed with WIN-EPR software pro-

vided by Bruker.
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3 Results and Discussion

3.1 Characterization

XRD was recorded for all the BEA zeolite catalysts as

depicted in Fig. 1 where representative examples are

shown in form of the diffractogram of a H-BEA zeolite and

an IS sample. The patterns clearly reveal that crystalline

BEA-structured material was formed in all cases, and the

XRD patterns are comparable with those reported in the

literature [20–22].

The XRD patterns are characterized by sharp and broad

reflections as expected for samples where an intergrowth of

different BEA polymorphs has taken place [21, 22]. The

diffraction patterns are similar for all the prepared zeolites

including the case where iron has been introduced by iso-

morphous substitution.

The iron contents found by ICP-MS in the samples

prepared by IWI were generally in accordance with the

expected concentrations. The iron contents in the IE-sam-

ple and the IS-sample were found to be 2.3 and 1.2 wt%,

respectively.

N2 desorption and adsorption experiments were per-

formed to investigate the porosity of the calcined BEA

zeolites, and the effect on the porosity when introducing

iron into the framework. Results are given in Table 1. The

surface areas for all the synthesized zeolites without iron

are in the range between 490 and 570 m2/g, which is

expected for standard BEA zeolites [23]. When iron is

added by IWI or IE methods the surface areas decrease

about 10%. In the zeolites, where iron is introduced by the

IS method, the surface area is significantly lower. The

decrease of the area observed for the iron containing

samples might be explained by some pore blocking of the

zeolite micropores by iron oxide particles. The micropore

volumes are 0.205 cm3/g for an H-BEA zeolite and

0.132 cm3/g for an IS sample. The pore size is approxi-

mately the same, around 20–21 Å.

The N2 adsorption and desorption isotherms are dis-

played in Fig. 2 for a H-BEA zeolite as well as for an

isomorphous substituted sample. It is seen that the Fe-BEA

catalysts exhibit a type I isotherm, which was observed for

all prepared Fe-BEA samples and is typical for micropo-

rous materials such as zeolites.

The surface acidity profiles of the surfaces of the cata-

lysts were determined by NH3-TPD. A typical TPD profile

is shown in Fig. 3, where a sample prepared by IS has been

chosen as an example.

The NH3 desorption show at least two peaks, located at

200 and 300 �C for the samples prepared with IS and

around 250 and 400 �C for IWI samples. The peak at low

temperature can be assigned to physisorbed NH3 while the

peak at higher temperature can be related to surface acid

sites [24, 25]. The IS sample has the lowest acid content
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Fig. 1 XRD patterns of iron-containing BEA zeolites

Table 1 Nitrogen adsorption/desorption data for the BEA zeolite

prepared conventionally or via isomorphous substitution

BET area

(m2/g)

Micropore

volume (cm3/g)

Pore size

(Å)

Conv. H-BEA 562 0.205 21.5

IS 340 0.132 20.0
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Fig. 2 Isoterms of BEA zeolites prepared by isomorphous substitu-

tion or by the conventional incipient wetness impregnation method
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among the samples prepared, namely around 1,250 lmol/g,

and the physical adsorption of NH3 seem to be highest on

these samples. The surface acidity for the IWI samples are

somewhat higher, around 1,550–1,659 lmol/g. This is in

accordance with observations on Fe-ZSM-5, where it was

concluded that incipient wetness impregnation followed by

calcination mainly leads to the formation of iron oxide

species, and that the degree of ion-exchange is somewhat

limited [16].

FTIR spectroscopy was employed for monitoring the

hydroxyl stretching and framework vibrations in the zeo-

lites. Hydroxyl stretches are observed at 4,000–3,200 cm-1

in form of a broad band with some fine structure. Several

bands are expected in this area, e.g. for H-bonded silanols,

iron-hydroxide stretching vibrations as well as aluminium

hydroxyls. Bands originating from the framework of BEA

zeolites are found between 1,250 and 450 cm-1 in accor-

dance with the literature [26–28]. Traces of water were

observed as well, which is expected for ambient studies of

zeolite systems. Based on this, all bands can be accounted

for as being Fe-BEA related, except for a few weak shoul-

ders. Further details are thus not reported in this study.

The EPR spectra recorded at room temperature are

depicted in Fig. 4. X-band EPR spectra of Fe3?-containing

zeolites usually consist of three major signals, one signal

observed at approximately g0 = 4.3, a broad signal at

g0 = 2.0–2.3, and a sharp signal at g0 = 2.0 [29]. The

commonly accepted assignments of the three signals is:

framework iron (tetrahedral lattice Fe3? ions), iron in

interstitial oxide or hydroxide phases, and iron in cation-

exchange sites (isolated Fe3? ions, dimers or FeOx oligo-

mers), respectively. A fourth signal might be observed at

g0 = 6 and can be assigned to isolated Fe3? ions in higher

coordination [29, 30]. Figure 4 shows EPR spectra of

samples prepared by IS and IWI. The differences between

Fe3? species in samples prepared by IWI and IS are clearly

seen in the EPR spectra.

The IWI sample with 2.7 wt% Fe is dominated by the

low field signals at g0 = 6 and 4.3, as well as the broad

2.0–2.3 signal attributed to oxide or clustered species with

antiferromagnetic interactions between the Fe-ions [31].

This suggests a distribution of Fe-species by IWI impreg-

nated samples, such that a significant amount is dispersed

as isolated Fe3? in both octahedral and tetrahedral coor-

dination, while the rest is present as oxide, hydroxide or

clustered species.

The IS-prepared sample exhibits relatively little absor-

bance at low field, and it is dominated by a rather

symmetric and more narrow (DHp-p = 200 Gauss) band at

g0 = 2.0. This is attributed to isolated Fe3? ions, dimers or

small clusters. Furthermore a peak at g0 = 4.3 originating

from tetrahedral framework Fe3? is observed. Since the

other bands are less dominant or not even seen for the IS

sample, it must be assumed to contain less oxides and

higher coordinated iron compared to the IWI samples.

3.2 Catalytic Activity

The catalytic conversion of NO over Fe-BEA zeolites were

measured in the temperature range 25–550 �C, and com-

pared to the activity of a synthesized 3 wt% V2O5/TiO2

catalyst. In Fig. 5, the SCR activities of iron-based zeolites

with different iron-introduction methods are shown: IWI,

IE and IS.

For all the presented SCR activities, it is seen that

very high conversions are obtained at temperatures above
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Fig. 3 Ammonia TPD profile of BEA zeolite prepared by isomor-
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Fig. 4 Room temperature EPR spectra of selected samples
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*350 �C. This makes the determination of the maximum

activity uncertain. However, due to a small decrease in

activity of the iron-loaded zeolites at[525 �C, the maximum

can be estimated to be around 450 �C, whereas the maximum

for the V2O5/TiO2 catalyst is at ca. 400 �C as observed pre-

viously [17] for this catalyst. Although the relative catalyst

activities displayed in Fig. 5 cannot be ranked in the tem-

perature range 350–400 �C, due to the observed high

conversion, it can be done especially below 300–350 �C.

Thus, the two zeolite catalysts prepared via IE and IWI

exhibit low-temperature SCR activity, almost a factor of

two higher activity at 250 �C than the reference vanadium

catalyst. The overall activity of the IS prepared sample is

lower than the reference catalyst, and thereby the two other

BEA catalysts, although higher NOx conversion is obtained

at temperatures above 450 �C, demonstrating the high-

temperature activity and stability of the Fe-BEA type cat-

alysts. It should be noted that the IS prepared sample has a

lower content of iron, 1.2 wt%, whereas the catalysts pre-

pared via IE and IWI contain 2.3 and 2.7 wt% iron,

respectively.

The influence of the iron content on the SCR activity

was investigated for samples prepared by IWI. In Fig. 6

this is displayed by plotting the SCR activity at 275 �C

versus the iron content in the BEA zeolite. The most active

catalysts prepared by IWI seem to be those containing

about 3 wt% iron, although the difference in SCR activities

is rather small. This is in good agreement with the EPR

spectra (see ‘‘Supplement Material’’), where the intensities

of the peaks are of comparable dimensions indicating only

small differences between the samples. However, a trend is

seen between the activity and the intensities of the EPR

signals. The intensities of the signals at low field (g0 = 4.3

and g0 = 2.0–2.2) follow the SCR activity of the sam-

ples—the higher catalytic activity the more intense the

EPR signal. For the band at g0 = 4.3 the difference in

intensity is less pronounced and the signal from 2.7 wt%

Fe-BEA is found to be similar to that of 3.5 wt% Fe-BEA,

except from this, the trend is the same as for the other

bands.

The fact that the activity is not highly influenced by the

iron-content, suggests that the difference in metal loading

cannot account for the notable difference in SCR activity

between the IWI samples compared to the IS samples. The

lower activity of the IS samples might be explained by a

non-optimal iron distribution, which the EPR spectra (see

Fig. 4) suggests as well. The type of iron species present is

clearly different for this IS sample than for the other

samples. Thus, the IS preparation method described above

does not lead to the iron species required for high SCR

activity.

Alternatively the somewhat lover SCR activity can be

due to the lower surface acidity of the IS prepared samples

compared to the IWI sample. The surface acidity plays an

essential role in the absorption of ammonia and is thus

imperative for a high SCR activity [5].

The difference in micropore volume for the IS prepared

catalysts compared to the BEA zeolite (cf. Table 1) have

previously been shown in literature not to effect the zeo-

lites activity in the SCR reaction significantly [15]. The

contrast in microporosity of the impregnated BEA and the

IS prepared catalysts can thus not explain the activity

difference between the IS and IWI prepared samples dis-

played Fig. 5.

By comparing the SCR activity of the Fe-BEA catalysts

with Fe-ZSM-5 and Fe-ZSM-12 [17], as illustrated in Fig. 7,

it is evident that BEA is more promising as zeolite
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component for iron-based SCR catalysts than the ZSM-5 and

especially ZSM-12 systems. The reason for this is likely to be

found in the difference in the zeolite structures. ZSM-12 has

only straight channels in one dimension (5.6 9 6.0 Å) while

ZSM-5 has both straight (5.3 9 5.6 Å) and sinusoidal

(5.1 9 5.5 Å) channels. Thus ZSM-5 has smaller pores than

ZSM-12, but a more open structure. BEA on the other hand

has, with its three dimensional pore system and large chan-

nels, a more open structure than both of the ZSM zeolites.

BEA has straight channels (6.6 9 6.7 Å) as well as sinu-

soidal (5.6 9 5.6 Å) channels. The open structure of BEA is

expected to improve the diffusion through the zeolite and

thereby increasing the SCR activity, as observed experi-

mentally. It should be mentioned that all three zeolites have

been prepared with the same Si/Al ratio of 50, and that they

all contains approximately 3 wt% iron, introduced to the

zeolites by IWI, in order to compare them in a fair manner.

The above presented activity data gives reason to believe that

the BEA system can play a considerable role in the future

development of the SCR catalyst system.

4 Conclusion

A series of iron-containing BEA-zeolites have been prepared

and compared with analogous iron containing ZSM-5 and

ZSM-12. We have found that Fe-BEA catalysts in general

are promising catalysts for the NH3-SCR reaction and exhibit

high catalytic activity in a broad temperature interval com-

pared to the other zeolites and to the V2O5/TiO2 catalysts.

The Fe-BEA catalysts were prepared in multiple ways and all

of these lead to relatively high SCR activity. However, it

seems that the most active Fe-BEA catalysts for the SCR

process are obtained by simple impregnation or by ion

exchange. The isomorphous substitution results in catalysts

with significant lower SCR activity than the other two types

of preparation methods. In order to optimize the BEA cata-

lyst in terms of iron loading, different iron amounts were

incorporated in the zeolite using IWI. It was found that the

3 wt% Fe-BEA catalyst gave slightly higher SCR activity

than the other iron loadings. It is expectable that Fe-con-

taining zeolite catalysts, especially the Fe-BEA, can be

improved even further by optimization. Due to the high

activity of Fe-BEA and the possibility of further improve-

ment the catalyst system might have potential for the

NOx-removal in future automotive applications.
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