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Fe-ZSM-5 for selective catalytic reduction of NO with H
a comparative study of different preparation techniques
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Fe-ZSM-5 are prepared by using four different techniques: conventional aqueous ion-exchange (CA), improved aqueous ion-exchange
(IA), solid-state ion-exchange (SS) and chemical vapor ion-exchange (CV). All of the catalysts show very high activities for selective
catalytic reduction (SCR) of NO with ammonia. However, the activities are different and follow the sequence of Fe-ZSM-5-@A)

ZSM-5 (CA), Fe-ZSM-5 (SS} Fe-ZSM-5 (CV). ESR results indicate that¥eions with tetrahedral coordination are the active sites for
the SCR reaction.
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1. Introduction 0.91) was synthesized and itshowed a much higher activ-
. ) ity than an under-exchanged Fe-ZSMi®.( Fe/Al < 0.33)
Nitrogen oxides (NO, N@and NO) generated by com- fo reducing NO with isobutane. Subsequently, they ad-
bustion processes remain to be a major source for air pglessed a problem of reproducibility [9]. More recently,
lution. They contribute to photochemical smog, acid raifpring and co-workers [14] investigated the preparation pro-
ozone depletion and greenhouse effects. The current teghg re by TG-DSC, FTIR an/Al MAS NMR and they
nology for reducing nitrogen oxides emissions from poweloncjyded that iron is precipitated onto the zeolite mainly
plants is selective catalytic reduction (SCR) of NG = as an FegD, complex, which blocks the pores and im-
1, 2) with ammonia. Many catalysts have been reported jo5 complete exchange of thetNeations. Most of the
to be active for this reaction. They are mainly divideql o qinitate was removed by extensive washing of the zeo-
into two types: mixed oxides and ion-exchanged moleculgl, '\ hereas most of the remaining iron species were trans-

sieves [1-3]. The commercial catalyst is vanadia and mOIVFb'rmed into iron oxide during subsequent thermal treatment.

dena or tungstgn oxide supported on titania. , Therefore, it appears that over-exchanged Fe-ZSM-5 cannot
In our previous work [4-7], we reported superior Fe e prepared easily using FgQu aqueous solution. Chen

egchanged.Z.SM—S and mordenite catalysts that show t fid Sachtler prepared an over-exchanged Fe-ZSM-5 catalyst
highest activity among all known catalysts for ammoni e/Al = 1) using anaerobic sublimation of volatile Fe@

SCR. Compared with the commercial vanadia catalyst, the- g\, = [10]. The resulting catalyst also showed a high

Fe-ZSM-5 was 5-7 times more active; italso functioned Iné%‘ctivity and durability for hydrocarbon SCR reaction. It is

hroader temperature window, produced only(Kather than clear that the preparation procedure will have a strong effect
N20) and HO, and showed a substantially lower activity for prep P 9

L L on the property of Fe-ZSM-5.
oxidation of SQ to SG; [4,5]. The SCR activity of the Fe- . i i . .
ZSM-5 was further increased by the presence eOHand In this work, we prepare Fe-ZSM-5 using four differ

SO, at high temperatures@50°C). The maximum activity ent methqu. conventional aqueous ion exchange, improved
4 . aqueous ion-exchange, solid-state ion-exchange and chem-
was obtained on the Fe-ZSM-5 with a moderate exchan : . .
al vapor ion-exchange. The iron-exchange level is con-
level (Fe/Al=0.19-0.43). rolled at Fe/Al= 0.17-0.22. The present results indi-
It is known that Fe-ZSM-5 can be prepared using varioﬁs ' T P

technigues. The different methods will affect the states Efote t.r,:st all of t.h € (Eatalystshgrﬁ highly aﬁtw?t fogﬁgj of
iron and the ion-exchange level and thus result in differept. V! anjlmoma atavery high space velocrty (

é.’g x 108 h~1). Also the catalysts are characterized by elec-
i

catalytic performance. Fe-ZSM-5 has also been extensiv )
Yue p n spin resonance (ESR).

studied as a hydrocarbon SCR catalyst recently [8—-13]. T
results showed that the catalytic activity was very sensi-
tive to sample preparation. Initially, Feng and Hall [8] re- .
ported an aqueous exchange method usingBg&olution 2. Experimental

[ inert . A -exch d Fe-ZSM-5 (FefAl . .
N an inert gas. An over-exchanged re ( Fe-ZSM-5 catalysts were prepared by using four different

* To whom correspondence should be addressed. methods as follows:
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Table 1
Preparation conditions and iron contents of Fe-exchanged ZSM-5.
Catalyst Method Fe content lon-exchange level Preparation condition
(Wt%) (%)
Fe-ZSM-5 (CA) Conventional aqueous 14 50 ExchangingMI3M-5 with FeC} solution
ion-exchange for 24 h at room temperature

Fe-ZSM-5 (I1A) Improved aqueous ion- 1.9 66 Exchanging/NeSM-5 with Fe+ HCI

exchange solution at room temperature for 3 days in He
Fe-ZSM-5 (SS) Solid-state ion- 1.7 62 Exchanging H-ZSM-5 with Eeft,0 solid

exchange at 55%C for 6 h in He
Fe-ZSM-5 (CV) Chemical vapor ion- 1.7 62 Exchanging H-ZSM-5 with Be@lpor for

exchange lhat350C
(@ Conventional aqueous ion-exchange (CA). 2 g NHy- After 1 h, the sample was removed and then washed with

ZSM-5 (Si/Al ~ 10) was added to 200 ml of 0.05 M  deionized water to eliminate chlorine.

FeCb solution with constant stirring in air. After 24 h,

the mixture was filtered and washed with deionized wa- The catalysts obtained from the above four methods were
ter. The NH-ZSM-5 was supplied by Alsi-Penta Ze-dried at 120C overnight, then calcined at 506G for 6 h
olithe Gmbh (Germany). FeghH,O (99%) was ob- in air. Finally, the obtained samples were ground to 60—
tained from Aldrich. 100 mesh. The Fe and Al contents in the samples were

. measured by neutron activation analysis. The iron-exchange
(b) Improved aqueous ion-exchange (IA). Because ferrous level was calculated by & (humber of iron ions)(number

salts are easily oxidized to corresponding ferric salts b]c aluminum ions) because almost all iron was present as
oxygen in air, normally there are some ferric impuritie P

-+ i -
in FeCh-4H,0. However, pure ferrous solution can b et [6,9]. The preparation of the catalysts and the result

: i D
obtained by reaction between excess iron powder alhy r': € conltentls are §ur;11mar|zed "; t%bIEG%/' Th%hﬁen f
dilute hydrochloric acid solution under the atmosphen’\ae‘xc0 a?ge hevfe was in the rangelo 50-66%, with errors o
of an inert gas. In this method, Fe-ZSM-5 was obtainefiS 0. for the four Fe-ZSM-5 catalysts.

from exchanging 2 g NE+ZSM-5 with a mixed solution Since ESR is a powerful technique for analyzing the
that contained 200 ml 0.1 M HCI and 0.73 g iron poW_state of ferric ions [11,15-17], the obtained catalysts were

der at room temperature for 3 days. Then, the mixtufibibjected to characterization by ESR. ESR spectra were
was filtered and washed with deionized water. Durinffcorded on a Brucker EMX ESR spectrometer, under the

preparation of the catalyst, the hydrochloric acid reacté&@nditions of a microwave power of 0.202 mW and a mod-

with the iron metal to generate ferrous ions and then tiyation amplitude of 5.0 G. Before the ESR experiment,
Fe?* ions exchanged with NHZSM-5. In order to pre- the fresh and used Fe-ZSM-5 samples were first treated at

vent oxidation of F&" to Fé*, the ion-exchange was 400°C for 30 min in He to remove adsorbed gaseg, H2O
performed in flowing He (20 mi/min). The iron powder@nd CQ. When the samples were cooled to room tempera-

and the HCI solution (2.00 M) were supplied by Fisherture, they were sealed in Pyrex tubes under He atmosphere.
The sealed samples were then transferred to the ESR sample

(c) Solid-state ion-exchange (SS). 2 g H-ZSM-5, prepared holder and the ESR spectra were recorded 820
by calcining NH-ZSM-5 at 500°C for 3 h, was me-  The SCR activity measurements were carried out in a
chanically mixed with 0.12 g Fe@hHO in a ball fixed-bed quartz reactor. 20 mg catalyst was used in this
mill.  The mixture was then transferred to a quart@ork. The flue gas was simulated by blending different
tube and heated at 550 for 6 h in He (100 ml/min). gaseous reactants. The typical reactant gas composition was
The obtained sample was washed with water and fis follows: 1000 ppm NO, 1000 ppm NH2% O, and bal-
tered. ance He. The total flow rate was 500 ml/min (ambient con-

ditions) and thus a very high GHSV (gas hourly space ve-

(d) Chemical vapor ion-exchange (CV). This method was ) ) 1 .
similar to that proposed by Chen and Sachtler [10fc'ty) was obtained (1 x 10° h%). The premixed gases

FeCk (97%, Aldrich) was used as the iron source. Du 1'Oﬁ% NO inhHe and 1'dOO% N He) were supplied b,y
ing the experiment, 2 g H-ZSM-5 and 0.11 g FeCl Matheson. The NO and NQOconcentrations were contin-

separated by glass wool, were loaded into a quartz rléa_."y monitored by a chemiluminescent NO/N@nalyzer

actor. Subsequently, the reactor was heated tO0350(m0_del 42C, Thermo Environ_mer_1ta| Instrumeqts_ Inc.). To
in flowing He (100 ml/min). FeGlwas evaporated and avoid errors caused by the oxidation of ammonia in thg con-
then exchanged with H-ZSM-5 according to the followYerter of the NO/NQ analyzer, an ammonia trap containing
ing equation: phosphoric acu_i sol_utlon was installed b(_efore the sample in-
let to the chemiluminescent analyzer. SincgZNformation
H-ZSM-5+ FeCk = [FeCh]-ZSM-5+ HCI (1) was notdetected with Fe-ZSM-5 in our previous work [4—7],
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Table 2 g=43
Catalytic performance of Fe-ZSM-5 catalyéts. | 20
g=2.
Catalys'P Temperature NO conversion tpN kC/ 103 a I
(°C) (%) (crPlgs)
Fe-ZSM-5 (CA) 300 16.8 0.147
350 22.4 0.221
400 63.5 0.948
450 79.0 1.58
500 74.5 1.48
Fe-ZSM-5 (1A) 300 17.4 0.153
350 354 0.381
400 76.8 1.37
450 83.2 1.80
500 72.0 1.38
Fe-ZSM-5 (SS) 300 19.0 0.169
350 38.5 0.423
400 71.4 117
450 79.1 1.58
500 74.6 1.48
Fe-ZSM-5 (CV) 300 9.0 0.076
350 20.0 0.194
400 35.0 0.405
450 70.0 1.22
500 73.0 141
550 62.0 111

2Reaction conditions: 20 mg catalyst, [N@][NH3] = 1000 ppm, [Q] =
2%, He balance, total flow rate 500 ml/min and GHS\= 1.1x10° h—1, o IS TIoo P P P P
b Definition of catalysts is seen in table 1. =]
CFirst-order rate constant, as defined in the text, calculated by equation (2).
Figure 1. ESR spectra at 2CQ of fresh catalysts: (a) Fe-ZSM-5 (CA:

: : : nventional aqueous ion-exchange), (b) Fe-ZSM-5 (IA: improved aque-
N20 was not analyzed in this work. The data were Obtam%@s ion-exchange), (c) Fe-ZSM-5 (SS: solid-state ion-exchange) and

after 10 min when the SCR reaction reached steady State(d) Fe-ZSM-5 (CV: chemical vapor ion-exchange). Detailed preparation
conditions of the catalysts are given in table 1.

3. Resultsand discussion rate constants on the above catalysts were calculated and
compared in table 2. The maxima of first-order rate con-

The catalytic performance for SCR of NO with ammostants also varied with the same sequence of NO conver-

nia is summarized in table 2. Under a very high space veions,i.e.,, Fe-ZSM-5 (IA) showed the highest SCR activity

locity (GHSV = 1.1 x 10° h™1), these Fe-ZSM-5 catalysts(k = 1800 cni/gs at 450C) and Fe-ZSM-5 (CV) showed

still showed high NO conversions topN With increasing the lowest activity ¥ = 1410 cn¥/g s at 500C).

temperature, the NO conversion was found to increase first,The ESR spectra of the fresh Fe-ZSM-5 are shown in fig-

passing through a maximum, then decreased at higher taime 1. After the fresh Fe-ZSM-5 (CA) was treated in He

peratures. The maximum NO conversion decreased in #ie400°C for 30 min and then cooled to room temperature,

sequence of Fe-ZSM-5 (1A} Fe-ZSM-5 (CA), Fe-ZSM-5 a strong narrow line a¢ = 4.3 was observed (figure 1(a)).

(SS)> Fe-ZSM-5 (CV). Since the reaction was reported t@his signal can be assigned to®fdons in tetrahedral coor-

be first order with respect to NO (under stoichiometricdqNHdination [6,11,15-17]. Also, two very weak signals were de-

conditions) for most catalysts [1-3], the SCR activity catected on the spectrum. One was brogd«(2.2 andAH ~

also be represented quantitatively by an apparent first-or@0 G), which probably comes from aggregatedFmns

rate constantk). By assuming plug-flow reactor (in a fixedin the extraframeworke-FeO3 and/or FgO4 species ex-

bed of catalyst) and free of diffusion limitation, the appareihibiting ferromagnetic behavior [11]. The iron oxides might

first-order rate constant can be calculated from NO conveeme from hydrolysis and oxidation of FeCl The other

sion (X) by signal was narrowg = 2.0), originating from F&" com-
F plexes with octahedral symmetry [11]. It is noted that the
k= —m In(1- X), (2) sample was sealed in a Pyrex tube and the empty Pyrex tube
0

also showed a signal gt= 4.3, but the intensity was only
where Fp is the molar NO feed rate, [N@Jis the molar one quarter as strong as that of Fe-ZSM-5. The above ESR
NO concentration at the inlet (at the reaction temperaturegsults are in agreement with our previous XPS and H
and W is the catalyst amount (g). According to the NOTPR results that iron was present mainly as ferric form in
conversions and reaction conditions, the apparent first-ordiee Fe-ZSM-5 [6]. Oxygen oxidized Fe to Fe* during
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SCR activity was found to decrease in the rank order of
J/J\/W g=20 Fe-ZSM-5 (IA) > Fe-ZSM-5 (CA), Fe-ZSM-5 (SS} Fe-
L1~ ZSM-5(CV) (table 2). In our previous work [6,18], a pos-
sible reaction path for NO reduction was proposed for Fe-
ZSM-5. After iron ions were exchanged to ZSM-5, a large
amount of Brgnsted acid sites were still present in the
J/“/\m catalysts, besides & ions. In the SCR reaction, some
. of the NO molecules are oxidized to NGpecies by @
on the Fé" sites. NH molecules are adsorbed on the
Brognsted acid sites to form I\ﬂHions. NG first reacts
with a pair of NHf ions to form a complex [NE]2NO-.
Subsequently, the active complex reacts with another NO
to produce N and HO and thus complete the catalytic
cycle. The role of the F& ions is to oxidize NO to
NO,. The difference in the SCR activities (table 2) might
come from different properties of the four Fe-ZSM-5 cat-
alysts. The above ESR spectra showed that tHe kans
with distorted tetrahedral coordinationg & 6.5 and 5.6)
were formed in Fe-ZSM-5 (SS) and Fe-ZSM-5 (CV) (fig-
ure 1). The coordinately unsaturated ferric ions in Fe-
ZSM-5 have been studied extensively by Kucheebal.
[11,17]. They were easily reducible, and even an interac-
tion with inert xenon was able to displace them slightly [17].
=00 1000 1800 2000 2800 3400 3500 Moreover, these ferric ions were reactive with® and
e NO at low temperatures, and could also be irreversibly re-
Figure 2. ESR spectra at 2C of used catalysts: (a) Fe-zsM-5duced to ferromagnetic species (probably®g under only
(CA: conventional aqueous ion-exchange), (b) Fe-ZSM-5 (IA: improveglightly reducing conditions at high temperatures [11]. Our
aqueous ion-exchange), (c) Fe-ZSM-5 (SS: solid-state ion-exchange) q‘bbve ESR Spectra showed that these iron Species were sta-
(d) Fe-ZSM-5 (CV: chemical vapor ion-exchange). Detailed preparaliqha ¢ ring the ammonia SCR reaction under an oxidizing
conditions of the catalysts are given in table 1. condition (figures 1 and 2). Considering that thé Fens
with distorted tetrahedral coordinations were not detected
the process of calcination. The ESR spectrum of fresh Rg- Fe-zSM-5 (IA) and Fe-ZSM-5 (CA), which showed
ZSM-5 (IA) was similar to that of Fe-ZSM-5 (CA). The sig-pjgher/similar SCR activities as compared with Fe-ZSM-5
nals due to F&" ions in tetrahedral coordinatiog (= 4.3, (SS) and Fe-ZSM-5 (CV), they may not be the necessary
strong) and in the extraframework iron oxides € 2.2, active sites for the SCR reaction. Moreover, a strong sig-
weak) were also detected (figure 1(b)). The two spectra ingly| (¢ ~ 2.2) due to iron oxidesa-FeOs and/or FgOy)
cate that ion-exchange in agueous solution resulted in magys also observed in the Fe-ZSM-5 (SS) (figure 1(c)). They
Fe*" ions with tetrahedral coordination and only a smalkere probably generated from hydrolysis and oxidation of
amount of iron oxides. By comparison, two new strong sigzeCp-4H,0 during the heating process. Our previous study
nals atg = 6.5 and 5.6 were observed on the spectra of freglhowed that Fgs-doped H-ZSM-5 was much less active
Fe-ZSM-5 (SS) and Fe-ZSM-5 (CV), besides the signals @an Fe-exchanged ZSM-5 [5]. Hence, they are not likely
g =4.3,2.2and 2.0 (figure 1 (c) and (d)). The two new sigthe active sites for the SCR reaction. In all four Fe-ZSM-5
nals are attributed to Bé& ions in distorted tetrahedral coor-catalysts, a large amount of Eeions with tetrahedral coor-
dinations [11,15]. In addition, on the spectrum of Fe-ZSM-fination ¢ = 4.3) were detected (figure 1). The¥eions
(SS), the signal a¢ ~ 2.2 was very strong, indicating thecould be reduced to B& ions in flowing 5.34% H/N, at
formation of much extraframework-Fe,O3 and/or FgO4  high temperatures, according to our previous TPR and ESR
species. From the above results, it can be seen that differejults [6]. When the reduced sample was treated by 5%
preparation methods resulted in differentFepecies in the 0O,/He at 500°C, the F&* ions were oxidized back to the
fresh Fe-ZSM-5. After the four catalysts were tested in tiee3t jons. Hence, the Fé ions with tetrahedral coordina-
SCR reaction foca. 2 h, their ESR spectra were taken andion are stable under the redox treatment [6]. In combination
are shown in figure 2. The ESR signals due to iron speciesiiith the SCR results that these catalysts were highly active
the used catalysts are very similar to those in the fresh safable 2), Fé* ions with tetrahedral coordination appear to
ples. This indicates that the iron species are stable during thee the active sites for the SCR reaction. Since almost all
SCR reaction and did not change to other iron species.  of the Fé* cations in Fe-ZSM-5 (IA) and Fe-ZSM-5 (CA)
The foregoing results indicate that the Fe-ZSM-5 catvere present as B€ ions with tetrahedral coordination, they
alysts were highly active for the SCR reaction, althougshowed very high activities. However, because iron content
they were prepared by using four different techniques. Thell also affect the SCR activity [5], this factor makes it com-
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plicated to compare the SCR activities of the four Fe-ZSM-References
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