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An in situ ESR study of Pd/H-ZSM-5 interaction
with different adsorbents
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In situ ESR at 120-473 K permits to monitor formation of transient paramagnetic ions/complexes (isolatesiteRd Pd/H,0;
Pd+/CgHg) upon interaction of isolated Bd cations stabilized by the H-ZSM-5 matrix with different organic compounds and gas mixtures
(NO, Oy, Hy0, Hy, propene, benzene). Thie situ study provides insight into the elementary steps of redox processes on isolated Pd
species in H-ZSM-5 zeolite under realistic conditions. Adsorbed water stabilizes the transient paramagnetic complex and decreases the rate
of P&+ to Pd reduction by H. Strong bonding of N@ ligands to pét species suppresses the reduction of Pd(ll) ions. Sorption of
benzene on preoxidized Pt/HZSM-5 is accompanied by an easy formation of organic cation-radicals and df/adttzene complex, the
paramagnetic Pt/benzene structure indicating a surprisingly high resistance to further reductiof. téilBchination of the Pd/HZSM-5
by UV-visible light causes no measurable change in the redox properties of the catalyst.
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1. Introduction 2. Experimental
2.1. Samples

Supported palladium is known as a component of three- Two Pd/ZSM-5 samples, with 1.0 and 0.25 wt% Pd, were
way automotive catalysts, and has been studied by a wigiepared by incipient wetness impregnation of AESM-5
variety of methods [1-4]. In the last 15 years paramagne(isi/Al = 25; PQ Corporation) by water solutions of Pd-
Pd species formed in zeolites of different types (Y, X, Lammino-nitryl complex (0.8 cthper 1 g of dried zeolite).
Rho, SAPO) have also been examined by Kevan and his ddis compound was used to exclude the possible influence

workers using ESR and electron spin echo modulation teéﬂ-cr ligands being introduced by the use of more com-
monly employed PdGl

niques [5-12]. Recently, in connection with the efforts to The samples were pressed without binder, crushed into
develop catalysts for NO reduction by methane in the preg-_g 2 mm particles and placed in a quartz ampoule for
ence of Q, several attempts have been made to monitor tR&R measurements. Dried samples were precalcined at
behavior of Pd sites on H-ZSM-5 and other acidic suppos®0-800°C in (He+ 10% Q) stream for 2-5 h.

in the reduction of NO with Chl[13—-16]. These methods

were applied after the specimens were removed from re&2. ESR measurements

tioh C(.)ndi.tions and transferred into th.e respef:tive charac-The ESR spectra of paramagnetic species, at 120473 K,
terization instruments and, hence, the information about thg,re taken in the X-band.(~ 3.2 cm) on a Bruker ESP300
state of the cataly$h situ was arrived at indirectly, by infer- spectrometer, equipped with a low-temperature cavity 4104
ence. We have previously devised a direct methodifeitu  and a co-axial quartz gas flow cell [17]. Use of the cavity
measurement of ESR-active ions under flow conditions add04 with optical slot permitted to combire situ irradi-
applied it to characterize specimens containing'C[17], ation of the sample by UV-visible light with the ampoule
Cr5+ [18], and RR* [19,20]. cooling-heating from 120 to 473 K by flowing heated nitro-

§ gen. A mercury light source SP 200 (200 W) was used for

Here, we extend this method to thesitu ESR study o ; L o . .
. . o . . the irradiation. A cylindrical quartz filter (6 cm length) filled
the interaction of Pd/ZSM-5 with differentinorganicand or- .- " ..
_ e with distilled water was used to cut off the IR-component of
ganic gaseous adsorbents and their mixtures (N£ GO,

. _ the spectrum to minimize sample heating by radiation. Af-
propene, H, benzene) at 120-473 K. Effect of the irradiater absorption of the IR-component the beam was focused,
tion of the catalysts by UV-visible light was also monitoreén the ampoule inside the ESR cavity, by a quartz lens (spot
in situ. diameter~1/2 inch).
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The Bruker ESP300E software and the special Bruker characterized by a large anisotropy of théensor with
program WIN-EPR (version 901201) were used for data, < g, whereas an isotropic signal @t 2.23 or a signal
treatment (baseline correction, double integration, and dgith small anisotropy angd, > g are typical of P&". The
convolution). The ESR signals were registered, at modulgost common P4 oxidation state is ESR silent but forma-
tion of 2 G and microwave power of 6.4 or 64 mW, in thejon of paramagnetic complexes, such aSZ@pQDZ—), gives

field region of 2700-3700 G (1024 points). Two modes Gfse to appearance of the ESR signal with a relatively small
resonance registration were used: (1) two scans with a swegpsotropy ang |, > g|.

time of~21 s; (2) ten scans with a sweep timeaf2 s. The
lack of sample saturation was verified for microwave power
levels 0.64—64 mW. . L .-

A 25-30 mg charge of the catalyst was placed in a Cg_.l. Paramagnetic Pd species in oxidized Pd/ZSM-5
axial quartz flow ampoule with an inner diameteref mm
for ESR measurements [17]. This cell was placed into the The Pd/ZSM-5 sample was calcined at 600-720n
ESR cavity and connected, by long stainless-steel capill§£0% Q: +He) flow for 2 h. Then the gas flow was switched
ies with Teflon ferrules, to a gas flow system. This setup pure He at high temperature, the ampoule cooled to room
allowed baking of the cell in an outer high-temperature futemperature in He flow and placed into the ESR cavity.
nace at 500-80TC and place it back into the 4104 cavityA rather weak ESR signal from this pre-oxidized sample,
under gas flow. The gas flow, at pressure~df atm, was with g, = 2.046 andg; = 1.989, is shown in figure 1(a).
regulated by a four-channel readout mass flow controllghe same signal was observed when pre-oxidized sample
(model 247C, MKS Instruments). This system permitted {@as cooled to 20C in (10% G + He) flow and purged with
change the composition of the gas mixture and to regulgigre He at room temperature. The signal (figure 1(a)) is typ-
the flow fr-Om 1.5to 18 Cmmin. Pure helium (99999%) ical of paramagnetic (ﬁd_og) Comp|ex observed for dif-
and the mixtures (10 vol% £t He), (0.41 vol% NO+He),  ferent types of zeolites [5-9]. However, this intensity of this

(0.39 vol% GHg + He), and (1 vol% H + He) were used gjgna| can be responsible for a minor part only (1-3%) of the
for in situ sample treatment. In some cases, the dynamlcs&jg

: S : lladium ions introduced into the zeolite. This is consistent
the ESR S|g|jal change during interaction of the sample w th most of the palladium in oxidized PdH-ZSM-5 being
H> was monitored at 2€C; at a chosen moment the gas flow. B4 cati

g{esent as cations [3,13].

was stopped, the sample was cooled downto 120 Katar hen the gas flow is switched back to (10% © He)
of ~80°/min and the ESR signal from the frozen transier}} { 20°C . diate broadeni f the ESR sig-
complex was taken as this temperature. ow a ,_an immediate _roa ening ot the SI9

In experiments with benzene (chromatographically puft! from admixture of (P#-0;) complex takes place, as
dry CsHg), the ampoule, with the sample charge (25-40 mgjhoWn in figure 1(b). Repeat purging of the sample by
was calcined at given temperature in air, taken out of tire He results in complete restoration of the starting sig-
furnace, cooled, impregnated immediately wit0.3 cn?® nal (figure 1(a)). Therefore, paramagnetic Pd species in
of liquid substance, evacuated foBO s at 20C, and sealed Pre-oxidized Pd/HZSM-5 undergo dipole—dipole interaction
off. Then the sample-containing ampoule was placed in tMéth O2 molecules from the gas phase.
ESR cavity and cooled to 120 K by flowing nitrogen gas
through a Dewar filled with liquid nitrogen.

#gl= 2.046
3. Resultsand discussion
The matrix of high-silica ZSM-5 with metallic ions at
a low loading stabilizes a high fraction @&folatedions as g = 1.989
= 1.

these are exchanged at the protonic sites. For low-loaded
CU?t-ZSM-5 and Fét-ZSM-5 samples virtually all cop-
per or iron introduced are ESR-visible [21,22]. Quantitative a.
evaluation of RB" in ZSM-5 demonstrated that the fraction
of ESR-visible isolated ions exceeds 50% for the most dilute
0.25% Rh/ZSM-5 [20]. Hence, the Pd-containing samples b.
prepared with the use of the same H-ZSM-5 may also be
used forin situ ESR study of interaction between mononu-
clear Pd active sites and different molecules under realistic | | | | ; | [ |
conditions. o _ , 3000 3200 3400 3600
Pt and Pd oxidation states of palladium species {4d (6]
and 44 electronic configurations, respectively) show para-
magnetic properties, and the ESR pattern of" Rgtner- Figure 1. ESR spectra, at 2C, of Pd/HZSM-5 calcined at 700C: () in
ally differs drastically from that of Ptt. Pd"-ESR signal He flow and (b) in (10 vol% @+ He) flow.
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3.2. Interaction of Pd/ZSM-5 with NO,J8, C3Hg, and Propene chemisorption on oxidized Pd/HZSM-5 causes
CsHs gradual ESR signal loss, and kinetics of this process is
shown in figure 4. Heating of the sample with propene at
ESR signal intensity from oxidized Pd/ZSM-5 (fig-100°C for 30 min is not accompanied by ESR signal ap-
ure 1(a)) depends strongly on the presence of different gskarance. At the same time, the sample changes color to
sorbate molecules. dark-gray being typical of reduced ®dontaining catalysts.
Treatment of the sample at 2G with a flow of (He+-NO) Thus, interaction of oxidized Pd/HZSM-5 with the above-
is accompanied by gradual, irreversible and complete lossméntioned compounds does not cause formation of new sta-
the signal intensity (figure 2). lllumination of the sampléle paramagnetic species from%dsites but destroys the
with UV-visible light has no effect on the kinetics of disapstabilized (Pa+—02‘) species.
pearance of paramagnetic species, as shown in figure 3. Thestudy of benzene interaction with Pd/HZSM-5 demon-
treatment does not cause any change of the original, ligetrates the formation/stabilization of paramagnetic™Pd
brown sample color, typical of Bd-containing samples. CeHg species at 20-20T. All cationic positions in H-
Treatment of the sample at 2G with a flow of He sat- zZSM-5 are accessible for benzene in the zeolitic channels.
urated with water vapor is also accompanied by a gradugipregnation of Pd/ZSM-5 with benzene atZDresults in
irreversible decrease of the ESR signal intensity (figure the appearance of an ESR signal (figure 5(a)) strongly dif-
dotted line). No change in the original, light-brown, samplgaring from the starting spectrum (see figure 1(a)). Evacua-
color is seen after water adsorption. tion of the impregnated sample at 20—F@is not accom-
panied by a change in the spectrum, and no change in the
signal shape is observed upon cooling from room tempera-
ture to 120 K. Heating the sample at 2@ for 1 h results
in a ~1.5-fold increase in the ESR signal intensity with-
out any change in the spectrum shape (figure 5(b)). Only
further calcination at 300C for 30 min causes the com-
plete disappearance of the ESR signal shown in figure 5. At
b the same time, an intense narrow ESR singjet(2.0036,

° AH = 10 G) from “coke” residue is formed, and the sam-
ple becomes black. Thus, the formation of a surprisingly
strong and stable paramagnetic complex takes place during
the interaction of Pd/ZSM-5 with §g molecules. The ESR

SZ_M‘/\"\’_—__— signal, withgy = 2.52,¢» = 2.22, andgz = 2.10, shown in
figure 5, is typical of paramagnetic PdCsHg species sta-
bilized in different zeolitic matrixes [5,6,9,12]. The integral

! I x l ! ! J intensity of the ESR spectrum formed (figure 5(b)) exceeds

3000 3200 3400 3600 the intensity of the rather weak starting signal (figure 1) by
[G] two—three orders (!) of magnitude. Thus, timain part of
ESR-silent P&" species is transformed into paramagnetic
(Pdt—CgHg) complexes by benzene interaction with oxi-
dized Pd/HZSM-5. This can be taken as an indirect evidence

Figure 2. In situ ESR spectra at 20C of oxidized Pd/ZSM-5: (a) in He
flow, (b) (He+ NO) flow 3 min and (c) (He+ NO) flow 10 min.
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Figure 3. Kinetics of ESR spectrum intensity change upon interaction of
oxidized Pd/ZSM-5 at 20C: (e) (He + NO) flow, no light; ) (He+ NO)  Figure 4. Kinetics of ESR spectrum intensity change upon interaction of
flow, UV-visible illumination; and [J) (He + H»0O) flow. oxidized Pd/ZSM-5 with propene at 2C€ in He flow.
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Figure 6. Kinetics of ESR spectrum intensity change upon interaction of
pre-oxidized Pd/ZSM-5 with (He- 1% Hp) flow at 20°C: (1) purged with
He at 600°C () no light, () UV-visible illumination); (2) purged with He

at 20°C (M) no light, (J) UV-visible illumination).

t L 3.3. In situ ESR monitoring of reduction—oxidation of

Pd/ZSM-5
[Pd’-CsHg]

In situ monitoring of isolated paramagnetic Pd species
in a flow of reactants allows one to specify the state of ac-
) ) ) tive sites in supported Pd catalysts under conditions closer to

2000 2500 3000 3500 those of a working catalyst.

3.3.1. Dynamics of Pd/ZSM-5 reduction by id presence
Figure 5. ESR spectra at 120 K, of Pd/HZSM-5 calcined at’TD(a) after of Oz or H20 sorbed
impregnation with liquid benzene at 2@ and evacuation; and (b) after ~ Dynamics of the ESR signal change accompanying the
heating at 200C for 1 h. treatment of Pd/ZSM-5 with §1at room temperature de-
pends strongly on the sample pretreatment conditions. Purg-
ing the Pd/ZSM-5 by He flow at either 60C or at room
temperature, after oxidative calcination, results in the same
starting, weak (P?d*—og) ESR signal (figure 1(a)). How-
Byer, these two samples, which differ in the amount of
V\géakly—bonded molecular oxygen, demonstrate different be-
Jwavior upon subsequent reduction.

of the mononuclear nature of the startingPactive sites in
our samples.

The high stability of paramagnetic mononucleartPd
benzene complexes against further reduction is surprisi
because interaction of the same Pd/HZSM-5 withaktkoom
temperature is accompanied by an easy reduction éf P

to Pd. Kinetics of this reaction will be discussed belowpy/zsMm-5 purged with He at high temperaturelreatment
CsHg adsorption also causes reduction of palladium ions {g this sample at 26C with a flow of (He+ Hy) is accom-
metal at7 < 100°C. One can assume that it could be reyanied by gradual, irreversible and complete loss of the ESR
lated to differences in the chemical nature of the transiegbnm intensity in less than 12 min. The treatment causes
species. It appears that the benzene molecules effectivg%nge of the original, light-brown, sample color to dark-
inhibit further reduction of the (P‘d—CGHG) adducts formed gray one being typ|ca| of wd:ontaining Samp|esl ThUS, ir-
in H-ZSM-5 channels. The formation of isolated paramageyersible reduction of isolated % ions in H-ZSM-5 by
netic complexes stabilized by benzene molecules was algirogen takes place easily at room temperature, the second
noted earlier in the Rh/HZSM-5 system [20]. step of transformations Bd — Pdt — Pd is fast, and no

At the same time, the charge transfer to benzene molg-cumulation of transient paramagnetictPpecies can be
cules, with the formation of stable cation-radicals, is of reljetected. Irradiation of the sample with UV-visible light has
atively minor importance, as distinct from the case of Cu no effect on the kinetics of disappearance of paramagnetic
reaction with benzene in CuH-ZSM-5 [23]. Interaction opecies. Dynamics of the signal loss is shown in figure 6
the reactive square-planar €uions with benzene at 2C  (curve (1), circles).
is accompanied by copper reduction with formation of sta- Reduction ofPd/ZSM-5 purged with He at room temper-
ble CeHg cation-radicals, as confirmed by appearance of tlatureis accompanied by a different sequence of the ESR sig-
intense characteristic ESR spectrum wgthr~ 2.002 [23]. nal transformations. Switching the gas flow to (Hél») in-
A signal of this type is relatively weak in the interaction ofluces an immediate change in the signal shape, with a fast 5—
benzene with Pd/ZSM-5 (figure 5). 6-fold increase of the integral intensity. Maximum intensity
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Figure 8. Kinetics of ESR spectrum intensity change upon interaction of
Pd/ZSM-5, saturated with NO at 2€ and purged with He flow at 28,
d with (He+ 1% Hy) flow at 20°C.
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species was detected both in the dark and with illumination.
Color and adsorption properties of the sample oxidized at
280°C were not identical to those of the starting sample.
Oxidative calcination at 600—70C completely restores the
original properties of the Pd/ZSM-5 samples.
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Figure 7. ESR spectra of Pd/HZSM-5 taken, at 120 K, on different steps%fs'g' Peculiarities of Pd/ZSM-5 reduction by ki
presence of adsorbed NO

the sample reduction by4ht 20°C: (a) starting signal; (b) after4 min of .
treatment; (c) after-10 min of treatment; (d) after17 min of treatment.  INfluence of preadsorbed NO Sorption of NO on the sam-

ple at 20°C causes irreversible and complete loss of the ESR

of the signal is reached in 5-6 min, and further treatment §fdnal, @ mentioned before (figure 2). Switching the gas
the sample with a (He- Hy) flow is accompanied by a grad-flow: at 20°C, to pure He and then to gH+- He) does not
ual irreversible loss of the ESR signal. Finally, the sampl&duce the sample. No change of the sample color is noted.
color becomes dark-gray. Kinetics of change of the integr@emoval of a weakly bonded part of the adsorbed NO, by
ESR intensity is shown in figure 6 (curve (2), squares). U\RUrging the sample with He flow at 6C for 15 min, does
visible light has no measurable effect on the kinetics of foRlOt increase the reducibility of the inhibited sample: no re-
mation/disappearance of paramagnetic species. ESR spgdction by hydrogen at room temperature takes place. Con-
tra taken on different steps of the sample reductiositu versely, a complete restoration of Pd/ZSM-5 reducibility by
with Hy at 20°C are presented in figure Pd/ZSM-5 sam- hydrogen (figure 6, curve (1)) occurs after the sample purg-
ple with preadsorbed watetemonstrates a similar volcanoJng with He flow at 450C.
shape change of ESR signal upontreatment. Our method Removal of NO under milder conditions, with He flow
of measurement of the weak ESR signals is quite slow, wi# 280°C for 15 min, produces a sample with interesting
averaging of the ESR signal duringd0 s of measurement, reduction dynamics. Changes of the ESR signal intensity
but for the process lasting20 min (figure 6) it permits to @ccompanying the interaction of such Pd/ZSM-5 withat
monitor kinetics of accumulation/decomposition of the trar?0°C are shown in figure 8. After the induction period of
sient paramagnetic species quite well. ~5 min, a fast accumulation of paramagnetictPspecies
Thus, water preadsorbed, or formiedsitu, on isolated takes place, with subsequent relatively slow step of the irre-
PPt ions in H-ZSM-5 stabilizes the transient paramagnetkgrsible loss of these paramagnetic sites. The sample finally
complex and decreases noticeably the rate of irreversible bgcomes dark-gray. Kinetics of the process (figure 8) corre-
duction Pt — Pdt — P by Hy. As a result, a con- sponds to accumulation/loss of the intermediate in an auto-
siderable temporary accumulation of transient paramagnetasalytic reaction P — Pd" — Pd’. One can assume
species can be detected due to retardation of the second #tep the reduction starts with a relatively small part ofPd

of the process. sites, free of strong ligands, and thé’ormed activates the
H» for further reduction of the less reactive sites. Because
3.3.2. Reoxidation of reduced Pd/ZSM-5 of the delay in the second reduction step, a measurable tran-

Treatment of prereduced samples by (H&-) flow was sient accumulation of paramagnetic species can be detected
studiedin situ at 20—280C. No formation of paramagnetic even with our relatively slow method.
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3.4. In situ sample treatment in flowing gas mixtures [3] A.W. Aylor, L.J. Lobree, J.A. Reimer and A.T. Bell, J. Catal. 172
(H2 + NO) at 200°C (1997) 453.
[4] A. Ali, W. Alvarez, C.J. Loughran and D.E. Resasco, Appl. Catal. B
The Pd/ZSM-5 sample shows no ESR signal in (0'4%] .}45(1337)01\?\/- Lee and L. Kevan, J. Phys. Chem. 98 (1994) 5736
NO + He) flow at 200°C. No transformation of the catalyst 1) ;"5 vy 3-m. Comets and L. Kevan, J. Chem. Soc. Faraday Trans.
occurs when the gas flow is switched to (M®l2+He) mix- 89 (1993) 4397.
ture with NO/H ratio of 3/2. Under overalleducingcondi-  [7] G.-H.Back, J.-S. Yu, V. Kurshev and L. Kevan, J. Chem. Soc. Faraday
tions, with an NO/H ratio of 2/3, the catalyst also remains  Trans. 90 (1994) 2283.
unchanged. However, switching to a pure (1%#HHe) flow [8] J.-S. Yuand L. Kevan, J. Chem. Soc. Faraday Trans. 91 (1995) 3987.

. . . . J.-S. Yu and L. Kevan, Langmuir 11 (1995) 1617.
results in a fast and irreversible reduction of the catalyst. Tlﬂ ]] M Har‘:mann ande Kevang Jullahys(Chen)1 100 (1996) 4606

process at 208C is too fast €2 min) to be monitored by [11] M. Narayana, J. Michalik, S. Contarini and L. Kevan, J. Phys. Chem.
ESR of the transient Pdstate. 89 (1985) 3895.
[12] C.W. Lee, J.-S. Yu and L. Kevan, J. Phys. Chem. 96 (1992) 7747.
[13] L.J. Lobree, A.W. Aylor, J.A. Reimer and A.T. Bell, J. Catal. 181

4. Concluding remark (1999) 189.
[14] C.J. Loughran and D.E. Resasco, Appl. Catal. B 5 (1995) 351.

: ; : ; . _ [15] C.J. Loughran and D.E. Resasco, Appl. Catal. B 7 (1995) 113.
Preadsorptlon of NO on isolated Pdions in H-ZSM 5 [16] A. Ali, Y.-H. Chin and D.E. Resasco, Catal. Lett. 56 (1998) 111.

e, strong bonding of NQ Iigands to P&F species, sup- [17] A.V.Kucherov, J.L. Gerlock, H.-W. Jen and M. Shelef, J. Phys. Chem.
presses the reducibility of Pd(ll) sites. Even the desorption 98 (1994) 4892.

of NO at 280°C does not restore the original reactivity of18] A.V. Kucherov, C.P. Hubbard and M. Shelef, Catal. Lett. 33 (1995)
the sites, and the retained part of strongly bonded NO is able 91

to retard the irreversible reduction ¥d — Pdt — Pd. [19] A.V. Kucherov, S.G. Lakeev and M. Shelef, Appl. Catal. B 16 (1998)

: 245,
The effect can be even stronger when NO I'S'present a”[‘zé} A.V. Kucherov, S.G. Lakeev and M. Shelef, Micropor. Mesopor.
component of the gas flow. The strong inhibiting effect of ~ mater. 20 (1998) 355.

NO on the reducibility of palladium ions has to be taken intf21] A.V. Kucherov, H.G. Karge and R. Schiégl, Micropor. Mesopor.
account when reactions with NQparticipation are investi- Mater. 25 (1998) 7.

ated on Pd-containing zeolite catalvsts. [22] A.V. Kucherov and M. Shelef, J. Catal. 195 (2000) 106.
9 9 y [23] A.V.Kucherov and A.A. Slinkin, Kinet. Katal. 38 (1997) 768.
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