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Abstract

An investigation was condted of the decomposition of O over Fe-ZSM-5. The zeolite used in this study was prepared with Fe and
Al in the framework and is designated as Fe/Al-MFI1/&li = 84 and F¢Al = 0.38). The as-prepared material was then calcined to remove
the templating agent and pretreated at temperatures up to 1123 K. EXAFS characterization of the pretreated catalyst indicates that Fe
present as isolated Fe cations at cation-exhchange sites associated with framework Al. Above 5@8decbmposes stoichiometrically
to No and G, but below 548 K, NO decomposes to adsorbed oxygen and gas-phas&iiface oxygen loadings are in the range of
O/Fapta= 0.10-0.14. For the stoichiortrec decomposition of MO to Np and G, the calculated values of the apparent activation energy
and the preexponential factor are 44.2 koabl and 99 x 108 mol N>O/(s mol Feua Pa NboO), respectively. The first step in the overall
decomposition sequence is the dissociative adsorption,6f td produce M and an adsorbed O atom. The activation energy for this step is
16.8 kcaymol and the preexponential factor igtt 10F mol N»O/(s mol FeyigPa NyO). The desorption of ©from iron sites occurs with
an apparent activation energy of 45.7 keabl and a preexponential factor of8x 102 mol Oy/(s mol Feota).

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction as-exchanged material. EXAFS studies conducted by Joyner
and Stockenhuber show the presence of isolated iron cations,
large clusters of R4, as well as Fg04 nanoclusters [18].

On the other hand, the analysis of EXAFS data by Battis-
ton et al. [19,20], Marturano et al. [21,22], and Jia et al. [23]

Kinetic studies confirm that the decomposition of nitrous of fuI'Iy e'xchanged H'ZSM'S (F&\l = 1) shows evidence
oxide is first order in MO concentration, and zero order for diferric oxo/hydoxyl-bridged clusters. Marturano et al.

with respect to @ concentration [2]. Work by Panov and have also shown that the distribution of iron in Fe-ZSM-5
co-workers has also shown that above 523 KONwill de- is strongly dependent on the source of the parent ZSM-5,

compose on Fe-ZSM-5 tof\and an active form of oxygen and have noted that with some ZSM-5 samples particles
referred to asr-oxygen [1,3,12]. This latter species reacts of Fe2Q3 can for_m after calcinations of the as-exchanged
with benzene to form a precursor to phenol [3,13-15] and material [21]. M&ssbauer spectroscopy has also been used

with methane to form methoxy species [3,13,16,17]. While to provide evidence for di-iron sitgs in studies reported by
phenol can be desorbed as a stable product at temperatureBUbkov et al. [24]. Evidence for isolated Fe sites in par-
> 523 K, methoxy species decompose without the formation tially exchanged sa'mples of ZSM-5 have been reported in
of methanol. Methanol can be formed, however, at lower several recent studies. Lobree et al. have reported that for
temperatures by reaction with water. Fe/Al ratio_f, be!ow~ 0.6, F&+ (?ations exchange on a one
The state of iron in Fe-ZSM-5 is strongly dependent on to one basis with Brgnsted acid protons in H-ZSM-5 [25].

the method of iron exchange and the pretreatment of the EXAFS analyses cqnducted by our group hav_e confi.rmed
that for F&Al < 1.0 isolated F&" cations associated with

single charge-exchange sites are present in Fe-ZSM-5 pre-
* Corresponding author. pared by solid-state exchange of H-ZSM-5 with Fe@hd
E-mail address: bell@cchem.berkeley.edu (A.T. Bell). by high-temperature pretreatment of Fe/Al-MFI [26,27].

Fe-ZSM-5 is an active catalyst for a number of reac-
tions. This material has been shown to promote the sto-
ichiometric decomposition of O to N and & [1-11].

0021-9517/$ — see front mattéi 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.02.025


http://www.elsevier.com/locate/jcat

B.R. Wood et al. / Journal of Catalysis 224 (2004) 148-155 149

The present work was undertaken to elucidate the ele-through the reactor and then to the mass spectrometer, while
mentary processes involved in the decomposition N  pure He (60 crf/min) bypassed the reactor and flowed di-
on Fe-ZSM-5. These studies were conducted on Fe-ZSM-rectly to the exhaust. For these experiments, 100 mg of cat-
5 prepared by thermal pretreatment of Fe/Al-MFI/(Si = alyst was used.

84 and F¢Al = 0.38). Both temperature-programmed and

isothermal transient-response experiments were used for this

purpose. Based on these experiments it was possible to des  Regults and discussion

termine the extent of surface oxygen loading on Fe-ZSM-5
and to calculate the kinetic parameters for several of the ele-

mentary steps oceurring during decomposition. The decomposition of pD was measured by temperature-

programmed reaction, following sample pretreatment at
773 K in 3.0% NO. The sample was cooled to 298 K
in He and exposed to 15,000 ppm® in He (total flow
rate= 60 cn?¥/min) for 8 min at 298 K, after which the
temperature was increased at 3riin from 298 to 773 K.

Fig. 1a shows that decomposition ob@ to N, and &
begins above 623 K. No evidence of NO formation was
observed over the entire temperature range studied. Addi-
tionally, no evidence of surface oxygen accumulation was
detected during this experiment since the ratio of G re-
mains equal to two. Fig. 1b shows a plot oféhversus ¥ T,
calculated over the temperature range of 608—708 K. For this
analysis, the reactor was treated as a plug-flow reactor. The
slope of this plot gives an activation energy of 44.2 Koabl

2. Experimental

Fe-ZSM-5 was prepared by the fluoride synthesis route
in the following manner [28]. Ammonium fluoride, tetrapro-
palammonium bromide, aluminum nitrate, iron chloride, and
water were placed in a Teflon-lined bomb reactor and stirred
until all solids dissolved. Ludox LS-30 was then added to
the mixture and the reactor was placed in an oven at 433 K
for 7 days. The resulting material was heated in air over an
8-h period to a temperature of 823 K and then maintained
at this temperature for 6 h. The Fe-ZSM-5 product was then

ion-exchanged with 1 M ammonium nitrate, washed with de- for th q £8 d ition. Th
ionized water, and dried overnight at 373 K. The resulting or the steady-state rate of,N decomposition. The asso-

material, referred to as Fe/MMIFI, was activated by calcin- ciated preexponential factor is®x 10° ”?0' NZO/ (smol
ing in air at 623 K and then heating in He at 1123 K for 6 h. Fe Pa NO) based on the total amount of iron in the sample.

Elemental analysis of the sample (Galbraith Laboratories) The apparent activation energies and preexponential fac-

used in this work is shown in Table 1. EXAFS measurements (0rs for the stoichiometric decomposition 0p® found in
performed on this sample indicate that before activation at tNiS study and those reported previously are summarized in

1123 K in He, iron is located in tetrahedral positions in the 1able 2 [1,8]. The activation energy and preexponential fac-
MFI framework, but that after activation, the iron migrates tor determined in the present work are consistent with those
to the charge-exchange positions associated with frameworkVe€ have reported earlier for Fe-ZSM-5 made by solid-state
Al and is present as isolated Fecations [27]. exchange of H—ZSM—S [8]. .It is notable,' though, 'that our
Nitrous oxide decomposition was carried out in a quartz measured activation energies are con5|§tently higher than
microreactor containg 100 mg of catalyst. The effluent those reported by Panov et al]{ These differences could
from the reactor was monitoreding an MKS Spectra Mini- !oe d'ue to dlﬁerence§ in the manner of sample pretreatment
Lab mass spectrometer. Prior to each experiment, the sampld different laboratories. Zhu et al. have reported that the
(100 mg) was heated in flowing He (60 2pmin) from 298 apparent activation energy can increase by 41% as a con-
for 1 h, and then cooled to the temperature of the experiment.POsition can increase by five orders of magnitude [9]. The
For the transient O decomposition experiments, aflow ~apparent activation energy determined in the present study
system was used which had two different possible flow con- iS also consistent with that determined theoretically by Ry-
figurations. In the first configuration, referred to as the by- der etal., 39.4 kcgnol [29].
pass mode, 15,000 ppmp® in He (60 cni/min) bypassed Transient-response experiments were performed to inves-
the reactor and flowed directlip the mass spectrometer, tigate the initial stages of 20 decomposition. Following the
while He (60 cni/min) flowed through the reactor and then Préetreatment at 773 K in 3.0%00, the sample was purged
to the exhaust. In the second configuration, referred to as theln He and then cooled to the temperature of the experiment.

flow mode, 15,000 ppm »O in He (60 cni/min) flowed Once at the temperature of the experiment, the flow system
was placed in the bypass mode. After 5 min in bypass mode,

Table 1 the system was switched to the flow mode; i.e., 15,000 ppm
Sample elemental analysis N2O in He flowed through the reactor and then to the mass
spectrometer while He bypassed the reactor and flowed to
the exhaust. After 10 min of sample exposure to th®RHe

mixture, the system was switched back to bypass mode for

Sample Si (wt%) Al (wt%o) Fe (wt%) 3Al Fe/Al
Fe-ZSM-5 42.79 0.49 0.38 84 0.38
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Fig. 1. (a) Temperature-programmed decomposition profile observed during the passage of 15,00pipntH8l over Fe-ZSM-5. (b) Arrhenius plot for
N»O decomposition. The weight of catalyst used was 100 mg and the gas flow rate wa3/@gicm

Table 2

Activation energies and preexponential factorsekted for stoichiometric decomposition 0f® to Np and &

Samplé Fe (wt%) Activation energ Preexponential factor Ref.
(kcal/mol) (mol N,O/s mol Fe Pa NO)

Fe-ZSM-5(0.38) ®8 44.2 9 x 10° This work

Fe-ZSM-5(0.17) ®7 42.1 18x 10° [8]

Fe-ZSM-5(0.33) 11 42.3 30x 10° [8]

Fe-ZSM-5(0.033) ®56 35+ 4 31x10 [1

Fe-ZSM-5(0.21) ®5 37+15 10x 108 [1

@ Samples are designated as Fe-ZSM)5(herex indicates the F&AI ratio. The SjAl ratio is 84 in this work, 25 in [8], and 50 in [1].

10 min to purge the sample. The system was then placedcrease and a corresponding burst gefdgpeared in the prod-
back in flow mode for an additional 10 min. ucts from the reactor. However, no detectable amountxof O
Fig. 2 shows the results of a transient experiment carried was observed. The formation obNvithout the correspond-
out at 530 K. Upon switching from the bypass mode to the ing formation of @ indicates that oxygen had accumulated
flow mode, the concentration of & was observed to de- in the Fe-ZSM-5. It should be noted that the decrease in the
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Fig. 2. Transient-response decomposition of 15,000 pp®@ M He over Fe-ZSM-5 at 530 K. Thed\and G signals have been multiplied by 10 for clarity
of presentation. The weight of catalyst used was 100 mg and the gas flow rate Wa%/minm

concentration of MO is much greater than that associated Table 3
with the formation of N. This discrepancy is attributable  Surface oxygen loading on active iron sites

to the presence of He in the reactor when the system is Temperature (K) QFaota® Fenctive/Feotal®
switched from the bypass to the flow mode. Switching to sgg 0.10 0.10
the flow mode momentarily dilutes the® stream entering 520 0.11 0.10
the reactor with He retained in the reactor, resulting in a de- 530 0.13 0.10

crease in the BD concentration. However, the concentration 24° 0.14 0.10

of N2O reaches 90% of its maximum steady-state value at & Values were calculated by measqring the total amountgfdduced.
the point that the Bsignal has attained its maximum value. Values were calculated from theintercept of a plot of lrn,) ver-
After 10 min in the flow mode, the system was placed back Sust:

in the bypass mode and the catalyst was purged in He while

the mass spectrometer magad the concentration of4® in N2 and Q. Steady-state levels ofNand & were observed
the stream bypassing the reactor. After 10 min in the bypassif the reaction was allowed to continue.

mode, the system was again switched back to the flow mode.  Fig- 4 shows the rate of Nformation for transient-
Upon reexposure of the catalyst to® at 530 K, neither ~ €Sponse experiments conducted at 509, 520, 530, and 540 K.

N, nor O, formation was detected. Identical behavior was AS noted earlier, no ©formation was detected below 548 K.
observed for temperatures of up 16540 K. These results Therefore, the total amount of surface oxygen loaded at each
suggest that for temperatuug to 540 K, the accumulation ~ {€mperature equals the total amount of firmed at each

of adsorbed oxygen on the Fe sites active foONfecom-  [emperature (see Table 3). The surface loading by oxygen
position results in the progressive loss of these sites. Similarincréases with increagntemperature, from {Fe = 0.10
experiments have been reported recently by Kiwi-Minsker to 0.14. These results indicate that at temperatures be-
et al. in studies conducted with H-ZSM-5 (@i = 25-42) low 548 K, less than 15% of the total Fe in the catalyst
with a low content of Fe (70—1000 ppm) [11]. For the ma- is involved in NO decomposition, assuming that the stoi-

terials investigated, the accumulation of oxygen on Fe sites Chiometry of adsorbed oxygen and iron is 1:1.
continues up to 603 K. The rate coefficient for the X0 decomposition to form

Fig. 3 shows the results of a transient-response exper-'\2 @nd adsorbed O atoms can be determined from an analy-
iment performed at 588 K in a manner identical to that SIS Of the data in Fig. 4. The rate of;Normation can be
shown in Fig. 2. Upon initial switching from the bypass to related to the rate of disappearance of unoccupied active iron
the flow mode, a burst of Nwas observed, as in the ex- sites as shown in
periment at 530 K. However, this peak was then followed — —di*1/df = kal*1 P 1
by the formation of stoichiometric amounts of Mnd Q. 2 7/ 1'1PNz0. @
After the system was placed back in the bypass mode andwherery, is the rate of N formation,[*] is the concentration
then switched back to the flow mode a second burst of N of unoccupied active iron sites,is time, andk; is the rate
was observed followed by the stoichiometric formation of coefficient for the dissociative adsorption of®. Solution
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Fig. 3. Transient-response decomposition of 15,000 pp®@ M He over Fe-ZSM-5 at 588 K. Thes\and G signals have been multiplied by 10 for clarity
of presentation. The weight of catalyst used was 100 mg and the gas flow rate wa%/!ﬁﬂinm
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Fig. 4. N, formation during transient decomposition of 15,000 ppg©NNn He over Fe-ZSM-5. The weight of catalyst used was 100 mg and the gas flow rate
was 60 crd/min.

of Eq. (1) gives a plot of In(k1) versus XT. A Wiesz—Prater analysis in-
[*] = ["o eXPp(—k1 P00, ?) dicate; that the s.Ii'ght curvature iq the (.jat.a is no't symp-
. o ) ) . tomatic of a transition from a kinetically limited regime to
where[*]o is the initial concentréon of unoccupied active 5 mass.transfer-limited regime. The slope of the line fitted
iron sites. Sgbstltutlng Eq. (2) mto Eq. (1), and taking the through the data gives an activation energy foONjecom-
natural logarithm ofy,, one obtains position to form N and adsorbed O [see Reaction (1)] of
In(rn,) = In(kl[*]oPNzo) — k1Pn,ot. 3) 16.8 kcaJmol. The preexponential factor for the process is
At each temperature, a plot of (i,) versust gives a 1.4 x 10" mol N,O/(s mol Fe Pa NO), calculated based on
straight |ine' the S|ope of which Correspondskti‘_PNzo_ the total amount of iron in the Sample and k 102 mol
To determinek;, the value ofk;Py,o is divided by the ~ N2O/(smol Fe Pa MO) based on the amount of active Fe
steady-state value aPy,o measured during the transient- (see below). For comparison, Panov et al. have reported an
response experiments shown in Figs. 2 and 3. Fig. 5 showsapparent activation energy of 10 k¢adol [1]. The value of
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Fig. 5. Plot of Inky) vs 1/ T.

[*]o can be determined from intercept of the plot ofrlq,)
versus. By this means, the ratio of Fe sites active faiQN

decomposition to the total number of active sites is deter-

the process Z[Fe(OH) < Z[FeO]+ H20, which show that
this reaction is endothermic by 56.2 k¢alol [30]. There-
fore, the partial pressure of water vapor in the gas phase

mined to be 0.1. This figure taken together with the measuredwould need to be less than 1bPa at 1323 K for the reac-
values of QFe of 0.10-0.14 supports the assumption (see tion to proceed fully to the right. This study shows, as well,
above) that the ratio of O atoms to active Fe sites is essen-that the heat of adsorption of moleculap® by Z[FeO]

tially 1:1. The values of @Fe reported here are a factor of

two lower than those reported by Panov and co-workers [1],

is 40.8 kcafmol, and that the activation barrier to form
Z[Fe(OH)] is 22.1 kcaymol. Thus, one would expect that

0.20-0.25, and by Jia et al., 0.25 [23]. The differences in in the presence of water vapor, Z[FeO] should readily con-
the values of QFe reported here and those reported ear- vert back to Z[Fe(OHy. In agreement with this projection,
lier are likely to be a consequence of the manner of cata- Kiwi-Minsker et al. have demonstrated that the exposure of
lyst preparation and pretreatment. Dubkov et al. have shownlow-Fe content H-ZSM-5 to water vapor at 523 K following

that Fe-ZSM-5 made by cation exchange of H-ZSM-5 with
FeCk and by hydrothermal synthesis, in a manner similar
to that used in the current study, exhibit different values
of O/Fe [24]. They measured values of/EBe= 0.06 for
Fe-ZSM-5 prepared by impregnation of H-ZSM-5 with a
solution of FeCG} and then activated in air at 973 K, and
O/Fe = 0.12 for Fe-MFI synthesized hydrothermally and
then activated in air at 973 K. Following activationat 1173 K
in vacuum, the value of @re for Fe-ZSM-5 prepared by
cation exchange increased to 0.43. More recently, Kiwi-
Minsker et al. have reported that the'lee ratio for samples
of H-ZSM-5 containing 70—1000 ppm of Fe4s0.06 if pre-

the pretreatment for 8 h at 1323 K reduces the value/@feD
from~1.0 to~0.5.

An experiment was performed in which surface oxygen
was loaded on the sample at 528 K byONdecomposi-
tion, after which the sample was purged in He and heated
from 528 to 773 K in He at 30 Kmin while monitoring
the effluent from the reactor using mass spectrometry. As
shown in Fig. 6, @ is observed to desorb from the sample
with a peak in the @ signal centered at 610 K. The total
amount of @ desorbed corresponds to 0.013/Ge or 0.13
O2/Feuctive In a similar experiment Kiwi-Minsker et al. ob-
served an @desorption at a temperature of 666 K [11].

treatment in He is carried out at temperatures between 823 Several authors have proposed thatONdecomposition

and 1023 K for 1 h but increases+ol.0 if He pretreatment
is conducted at 1323 K for 8 h [11].

proceeds via Reactions (1)—(3) [29,31,32]. In Reaction (1),
N»O adsorbs dissociatively on a vacant iron sitegleasing

The strong effect of pretreatment temperature and time a N, molecule and leaving an O atom on the site. In Reac-
observed experimentally is not fully understood. One inter- tion (2), a second pD molecule decomposes on the same

pretation is that Z[Fe(OH) species in the as-prepared zeo-

site, so that now two O atoms are attached to the same site.

lite must be dehydrated to produce Z[FeO] structures. Ryder These atoms recombine Reaction (3) to form an £mole-
et al. have shown through DFT calculations that the latter cule, which then desorbs from the iron site.

species could serve as the active center fg©Nlecompo-

sition [29]. The requirement of high pretreatment tempera-
tures would be consistent with recent DFT calculations for

1. NoO + *— Ny 4 O*
2. 2O+ 0O* - N2+ 0O*O
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Fig. 6. TPD of Q in He following decomposition of 15,000 ppnp® in He over Fe-ZSM-5 at 528 K. The weight of catalyst used was 100 mg and the gas
flow rate was 60 crfymin. The dots correspond to the experimental @atd the solid line corresponds to a simulation ef@sorption based upon the rate
parameters obtained from an analysidte experimental data. The simulation was performed tive same temperature range used for the integration
determine the total amount of,@esorbed.

3. 00— *+ 02 value of k3 were used to calculate the fractional coverage
of active Fe sites by two oxygen atoms at different tempera-
In light of the above mechanism, we conclude that while tures during the temperature-programmeNlecomposi-
most of the active Fe was loaded with only one O atom tion experiment shown in Fig. 1a. These calculations show
through Step 1, a small fraction-(13%) of the Fe in the  that at 675 K, for examplé0*O]/Fexctive= 0.24.
sample is loaded with two @toms, proceeding through
Steps 1 and 2. This is consistent with theoretical calcula-
tions which show that the rate of Step 2 is much lower than
that of Step 1 [32]. From Step 3 the rate of formation can 4. Conclusions
be expressed as

ro, = k3[0*0O], (4) The decomposition of pD on Fe-ZSM-5 was investi-
gated with the aim of identifying the fraction of Fe sites in-
volved in the decomposition process and the rate parameters
for some of the elementary steps. From transient-response
experiments it was established thaD.1 of all Fe sites in
Fe-ZSM-5 are involved in O decomposition. Nis formed

whereks represents the rate constant for Step 3 pitD]
represents the concentration of sites loaded with two O
atoms. The value okz can then be calculated from the
data shown in Fig. 6 using Eq. (4). Fig. 7 shows a plot of
In(k3) versus ¥ T. The slope of this line corresponds to the

activation energy for @desorption, 45.7 kcgimol. The pre- b}: the d'SSOCI?tIYe. adsorptlf)n ?fz ofn either aT\;]acar:t Fe f
exponential factor based on the total Fe in the sample is site orone containing a single atom ot oxygen. The rate coet-

8.9 x 1012 mol N,O/(s mol Fe). The solid curve in Fig. 6is cientfor the first of these processes,(+ * — N2 +0")
based on a simulation of the data using the rate parameterd1aS an activation energy of 16.8 k¢atol and a preexponen-
obtained from an analysis of the data. The close agreementia! factor of 14 x 10* mol N20/(s mol Feotal Pa NO). Oz
between experiment and theory demonstrates that the prodesorption does not occur until two O atoms are associated
posed model for @desorption is reasonable. with the same adsorption site. The activation energy for the

Itis noted that the activation energy for the recombinative @ssociative desorption of0s 45.7 kcafmol and the pre-
desorption of @ is almost identical to the apparent acti- exponential factor is 8 x 10*2 mol O,/(s mol Feotal). The
vation energy for NO decomposition, 44.2 kcahol. This apparent activation energy for steady-state decomposition of
means that @desorption is the most energetically demand- N20 is 44.2 kcalmol and the associated preexponential fac-
ing step in the mechanism® decomposition and suggests  tor is 99 x 108 mol N2O/(s mol FegaiPa NoO) assuming
that the fractional coverage of active Fe sites 5Yp)3hould that all Fe sites are active, and is a factor of 10 higher if it is
be substantial. Eq. (4) and the experimentally determined based on the fraction of active Fe sites, 0.1.
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