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The solid-state ion exchange (SSIE) of H-ZSM-5 by CuCl vapor was investigated with the objective
of establishing the effects of the temperature at which exchange is carried out on the level of proton
exchange for Ct, the position of the Cuications relative to the zeolite lattice, and the extent of CuCl
occlusion in the zeolite pores. After SSIE, the resulting Cu-ZSM-5 was characterized by Z¥RD,

MAS NMR, infrared spectroscopy, HTPR, and Cu and CI K-edge X-ray absorption spectroscopy.
Evidence was found for clusters of CuCl, in addition to'Gations present at zeolite cation-exchange
positions (ZCu). It was also observed that a part of the occluded CuCl is hydrolyzed.@ dCwing

SSIE. The distribution of ZCu, CuCl, and &iwas a strong function of the temperature at which cation
exchange was carried out. Virtually complete exchange of all Bransted acid protonsffoatins was
achieved at a SSIE temperature of 1023 K. No loss of framework Al was observed at this temperature,
and only 10% of the copper introduced into the zeolite was occluded as CuCl. Theattans exchanged

for Bragnsted acid protons are both doubly and triply coordinated to O atoms, with an avera@e Cu
bond distance of 1.98 A. Cu EXAFS and Cl XANES indicated that CuCl is occluded in the form of
(CuCly (n = 2, 3, 4) clusters in the channels and intersections of the zeolite. With a decrease in the
amount of occluded CuCl, the amount of JOuformed by hydrolysis during SSIE decreases substantially.

Introduction

Cu-ZSM-5 is an active catalyst for the decomposition of
NO to N, and Q,' '3 the synthesis of methan#l,the
conversion of 1-propanamine tg ®nines and nitriles?® the
desulfurization of diesel fuéf and the oxidative carbony-
lation of methanol to dimethyl carbondte.Moreover,
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infrared studies and quantum chemical calculations suggest
that Cu-ZSM-5 can activate double and triple bonds in
alkenes, alkynes, and other electron-rich molecules (e.g.,
benzene and aceton®).The broad range of reactions
catalyzed by Cu-ZSM-5 has stimulated efforts to understand
the effects of catalyst preparation on the local structure and
oxidation state of the Cu cations present within the zeolite.
A closely related goal has been the preparation of Cu-ZSM-5
in which all of the charge-exchange sites are occupied by
Cu cations. Characterization of Cu-ZSM-5 prepared by
conventional agueous exchange of Na-ZSM-5 with solutions
of CuCk, Cu(NQy),, or Cu(CHCOO), has shown that the
maximum exchange level is Cu/At 0.5 and that the Cti
cations can be present as either isolated cations or copper-
oxo clusterg:®-1319-26 Whijle attempts have been made to
carry out aqueous exchange using a solution containing Cu
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cations, exchange levels above 0.5 could not be achi€ved. CuCl. These studies showed that depending on the conditions
Higher exchange levels by Cications can be attained by  of exchange up to 40% of the Cu introduced into the zeolite
solid-state ion exchange (SSIE), and a significant numberwas either CuCl or Cu(OHCEI. Therefore, it is clear that

of studies have been devoted to characterizing Cu-ZSM-5the occlusion of CuCl in the zeolite pores needs to be

produced by this means. considered carefully and conditions established for its
Zecchina and co-worket®®4° have reported that the — minimization.
protons in H-ZSM-5 are exchanged quantitatively for"Cu In this paper, we report the results of a detailed study

cations when the zeolite is contacted with CuCl vapor at aimed at gaining insight into the interaction between CuCl
either 573 or 673 K and then heated in a vacuum at 773 K and H-ZSM-5 zeolite as a function of the temperature at

to remove excess CuCl. XANES and EXAFS characteriza- which SSIE is carried out. Following exchange, the zeolite
tion of the resulting Cu-ZSM-5 reveal that all of the Cu is was characterized by infrared spectroscopy, temperature-
present as Cuand that the average €@ coordination  programmed reduction with4iCu and Cl K-edge XANES,
number and bond distance are 2.5 and 2.00 A, respectively.and Cu K-edge EXAFS. By this means, information was
Kuroda et al® have also used the SSIE technique to prepare obtained concerning the oxidation state and local environ-
Cu-ZSM-5. From infrared spectra of the-®! stretching ~ ment of Cu cations within the zeolite. These studies revealed
region, they inferred that after SSIE at 573 K some CuCl that the extent of reaction of Bransted acid protons with CuCl
remained associated with the Bransted acid protons and thais very sensitive to the temperature at which SSIE is carried
completion of the reaction between CuCl and Brgnsted acid out, as is the extent to which CuCl is occluded in the pores
protons did not occur until the zeolite was heated in vaccum of the zeolite in the form of small (CuGlklusters.

at 623 K. Characterization of Cu-ZSM-5 after SSIE showed

that aII.of the Cu was present as Cand that the CaO Experimental Section
bond distance was 2.10 A.
While SSIE can be used to obtain high levels of"Cu Catalyst Preparation. The ammonia form of ZSM-5 was

exchange for proton, the question of whether CuCl is obtained by exchanging NaZSM-5 (ALSI-PENTA SN-27, §iO

occluded in the zeolite and the extent to which it can be Al20s = 23, average crystal size-B um) with a 1 M NHINOs

removed by thermal treatment has been examined to only aS0'ution at 333 K twice. The resulting NFZSM-5 was calcined

- . 1 . at 773 K for 3 h inair, and subsequently in He for 3 h. The as-
limited degree. Li et at! have observed that CuCl sublimes repared H-ZSM-5 was stored in a drybox and then mixed with

easily and @sperses on the surface of the zeolite. The reactlorléuCI (Cu/Al = 1 in moles). The mixture was finely ground using
of CuCl with the protons of H-Y occurred above 573 K, 5 mortar and pestle and transferred to a quartz reactor. Both
and the maximum level of exchange was achieved at 613 gperations were carried out in a drybox. The CuCl/H-ZSM-5
K. XRD revealed that crystalline CuCl could still be observed mixture was then exposed to He flowing at 503min, and the
after treatment of the CuCI/H-Y sample at 623 K for 60 h temperature was ramped at 2 K/min to 673, 823, 923, or 1023 K
or 823 K for 5 h. More recently, Drake et &4 have and kept at the desired temperature for 40 h. The resulting samples
investigated the SSIE of H-USY, H-Y, and H-ZSM5 with are denoted as Cu-ZSM-5(673), Cu-ZSM-5(823), Cu-ZSM-5(923),
and Cu-ZSM-5(1023), respectively. All samples were stored in a

(27) Downing, S. R.; van Amstel, J.; Joustra, H. A. U.S. Patent, 4125483, drybox after preparation and until further use.

1978. Catalyst Characterization. XRD data were collected with a

(28) Spoto, G.; Bordiga, S.; Ricchiardi, G.; Scarano, D.; Zecchina, A.; «; ; i iati
Geobaldo, FJ. Chem. Soc.-Faraday Trans995 91, 3285, Siemens D5000 diffractometer using CuaKadiation (45 kV and

(29) Bolis, V.; Maggiorini, S.; Meda, L.; D'Acapito, F.; Turnes Palomino, 39 MA) over a 2 range of 3—55° with step of 0.2 and residence

G.; Bordiga, S.; Lamberti, CJ. Chem. Phys200Q 113 9248. time o 5 s ateach point. Infrared spectra were recorded using a
(30) 153?0338' G.; Bordiga, S.; Scarano, D.; ZecchinaCatal. Lett.1992 Nicolet Nexus 670 FTIR spectrometer equipped with an MCT-A
(31) La{mbérti, C.: Bordiga, S.: Salvalaggio, M.; Spoto, G.: Zecchina A.; detector. Measurements were taken using a resolution of*4_ cm

Geobaldo, F.; Vlaic, G.; Bellatreccia, M. Phys. Chem. B997, 101, and a total of 32 scans/spectrum. Samples were pressed into 30

344. mg of self-supporting pellets and subsequently placed into an

(32) Prestipino, C.; Berlier, G.; Xamena, F. X. L. I.; Spoto, G.; Bordiga, : : :
S.; Zecchina, A.; Palomino, G. T.; Yamamoto, T.; LambertiCGem. infrared cell equipped with CaRwindows.
Phys. Lett.2002 363 389. 27Al MAS NMR spectra were recorded at 130 MHz using a
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(34) Zecchina, A; Bordiga, S.; Salvalaggio, M.; Spoto, G.; Scarano, D.; solution of AI(NGs)s, which was used to calibrate the*9flip for
(35) Iiamb;‘e_m, %J.BCa?I.lgga 1P7'4; 540. 6T s Do Lamberi MOnSelective irradiation of all aluminum transitions. P&l MAS
ecchina, A.; boraiga, S.; Palomino, G. |.; Scarano, D.; Lambertl, . . . o.
C.. Salvalaggio, MJ. Phys. Chem. B999 103 3833. NMR spectra of all zeolite samples were gcqwred using°dlib
(36) Bolis, V.; Bordiga, S.; Palomino, G. T.; Zecchina, A.; Lamberti, C. angle; 3200 scans were accumulated gisirll spulse delay. The
Thermochim. Act2001, 379 131. o ~ MAS spinning speed was 12.0 kHz.
(37) Turnes Palomino, G.; Zecchina, A.; Giamello, E.; Fisicaro, P.; Berlier, . .
G.; Lamberti, C.; Bordiga, SStud. Surf. Sci. Cata200Q 130, 2915. The gaseous products formed during SSIE of H-ZSM-5 with
(38) Lamberti, C.; Palomino, G. T.; Bordiga, S.; Berlier, G.; D'Acapito, CuCl were analyzed by mass spectrometryOtand HCI response
F.; Zecchina, AAngew. Chem.-int. E(00Q 39, 2138. factors were determined by reducing CuO and CuCl, respectivel
(39) Bolis, V.; Bordiga, S.; Graneris, V.; Lamberti, C.; Turnes Palomino, = Oh g efgSIEe? HyZSM g bg cucl 180 ’f Spsc . Iy.
G.; Zecchina, AStud. Surf. Sci. CataR00q 130, 3261-3266. or the study o of H-Z5M-5 by CuCl, 100 mg of a physical
(40) Spoto, G.; Zecchina, A.; Bordiga, S.; Ricchiardi, G.; MartraA@pl. mixture of CuCl/H-ZSM-5 was placed in a quartz reactor and then

Catal. B.1994 3, 151.
(41) Li, Zh.; Xie K.; Slade, C. T. RAppl. Catal. A2001, 209, 107.
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heated in a flow of He (50 cffmin) according to a prescribed Table 1.

temperature program. (a) Parameters Used in the Calculations for Generation of
Temperature-programmed reduction (TPR) of Cu-ZSM-5 with Theoretical References

H, was carried out in a quartz microreactor. Prior t9 HPR, all atom pair potential 2R S VieV) Vi(ev)

catalysts (0.15 @) were contacte(_j with He flowing at 503/onn_1 Co—0 Hedin-Linquist 0,003 _ 0.84 9.0 20

and then heated to their preparation temperatures at 10 K/min. The ¢ Hedin-Linquist ~ 0.004  0.84 4.0 56

samples were then cooled to room temperature in flowing He. The
flow of He was then replaced by a 2%/He mixture flowing at
30 cn?/min. After the mass spectrometer response fgrhdd

(b) Best Fit Result for Experimental @0 and CuCl Data Using
Theoretical References

reached a constant value, the temperature was increased to 973 K__atom pair N R(A) Aa (A?) Eo (eV)
at 10 K/min, and the responses fos, H,0, and HCI were recorded Cu-0O 2.0 1.85 0.004 -0.73
simultaneously. Cu—Cl 4.0 2.33 0.003 —-0.11

Cl K-edge XANES data were collected on Beamline 9.3.1 of  2Fits were performed iRR-spacek3-weighted. CyO: Ak =3-14 A1,
the Advanced Light Source (ALS) at the Lawrence Berkeley AR=1.0-1.8A. CuCl: Ak=3-14 A1, AR=1.0-2.5A.
National Laboratory. This beamline is equipped with a Si(111)
double-crystal monochromator and a vacuum chamber that operates _
at 1.3x 10~* Pa. Spectra were recorded in fluorescence mode using*g .
a silicon photodiode detector (Hamamatsu model 3584-02). Energies® 2:0x1071

2.5x10 T v T T T T
0.41CliICu

- 1000

were calibrated using @SuCl, as a reference. Scans were made E :g? -
between 2700 and 2923 eV with a 0.1 eV step in the edge region. 3 1.5x101 — . —Temperature | 3
Additional details concerning data acquisition and analysis can be = @
found in ref 443 % 1.0x10™* L 600 E
Cu K-edge X-ray absorption spectra were recorded in trans- g 0-4901";5“ o
)

mission mode using Beamline 2-3 at the Stanford Synchrotron 8 5. 0x10°-
Radiation Laboratory (SSRL). The station was operated with a <
double-crystal monochromator, containing a Si(111) crystal, detuned S 0.0 | -
to 70% intensity to minimize the presence of higher harmonics. * ) 5 10 15 20 25 30 35

The samples were pressed into self-supporting wafers (calculated Time (h)

to have an absorbance of 2.5) and mounted in a controlled- ) ]

atmosphere cell operated at 1 atm. EXAFS data were collected forﬁgg:tirﬁglc;f :‘:;’:)‘jttborg gff gfcllznn(ii ﬁ(_)zg:/ﬂgg temperature-programmed
each sample before and after heat treatment (at 673 K in He) at '
room temperature under He. The Cu K-edge of Cu foih@CuO,

and CuCl were also measured and used to obtain phase shifts an
backscattering amplitudes for the €CGu, Cu-O, and Cu-ClI
absorber-backscatterer pairs.

Cu XANES data were analyzed with the IFEFFIT package. Pre-
edge absorptions due to the background and detector were
subtracted using a linear fit to the data in the range of 200 to 50
eV relative to the edge energld). Each spectrum was normalized
by a constant determined by the average absorption in the range o
100-300 eV relative taE,. The edge energy of each sample and

reference was taken at the first inflection point beyond any pre- the procedure reported in ref 46. Table 1b gives the best fit result
edge pea.ks. . for the experimental data using the theoretical references. The fitted
Extraction of the EXAFS data from the measured absorption gxars coordination parameters correspond with the crystal-
spectra was performed with the XDAP cofielhe pre-edge was lographic values for G0 (N = 2 andR = 1.85 A and CuCl
subtracted using a modified Victoreen curve. The background was (N= 4 andR = 2.33 A).
subtracted by employing cubic spline routines with a continuously
adjustable smooth parameter. Normalization was performed by
dividing the data by the height of the absorption edge at 50 eV.

Data analysis was performed by multiple shell fittindirspace Figure 1 shows the evolution of HCI and®l during the
using the EXAFS data-analysis program XDAP, which allows one temperature-programmed heating of a physical mixture of
to minimize the residuals between both the magnitude and the CuCl and H-ZSM-5. When the temperature is raised from

imaginary part of the Fourier transforms of the data and the fit. 298 to 673 K at 2 K/min, HCl is evolved in the integral
R-space fitting has significant advantages compared to the usuallyamount of 0.41 HCI/Cu 'I,'he evolution of,8 begins just
. . 2

applied fitting ink-space and is discussed extensively in a recent . -

paper by Koningsberger et & The difference file technique was ahead of the evolu.tlon of _HCl and declines to zero ‘_"‘S the

applied together with phase-corrected Fourier transforms to resolve HCl Peak reaches its maximum. No further HCI o;(His

the different contributions in the EXAFS data. The difference file released while the temperature is maintained at 673 K for
up to 10 h. However, a further increase in the temperature

(44) Drake, I. J.: Fujdala, K. L Bell, A. T.: Tilley, T. D. Catal. 2005 from 673 to 1023 K results in the simultaneous release of

230, 14. additional HCI and HO. In this case, the evolution of HCI
(45) Vaarkamp, M.; Linders, J. C.; Koningsberger, D.RBysica B1995
208/ 209 159.
(46) Koningsberger, D. C.; Mojet, B. L.; van Dorssen, G. E.; Ramaker, D. (47) Ros, T. G.; Keller, D. E.; van Dillen, A. J.; Geus, J. W.; Koningsberger,
E. Top. Catal 200Q 10, 143. D. C.J. Catal 2002 211, 85.

=400

éechnique allows one to optimize each individual contribution with
respect to the other contributions present in the EXAFS spedfrum.
In this study, the EXAFS fits have been checked by applyng
and k¥ weightings in order to be certain that the results are the
same for all weighting4’

Theoretical phase shifts and backscattering amplitudes for the
Cu—0 and Cu-Cl absorber-scatterer pairs were used in EXAFS
fdata analysis, which were generated utilizing the FEFF8 code with
the parameters listed in Table 1la. The theoretical references were
calibrated using experimental data forQuand CuCl, employing

Results and Discussion
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Table 2. Effects of Temperature of SSIE on the Cu, Al, and Cl
Content of Cu-ZSM-5 Determined by Elemental Analysig J/
Cu Al Cl Ao l
catalyst (Wto%) (Wt%) (wt%) CuAl  CliCu HZSML540uCl m
Cu-ZSM-5(673) 6.6 3.3 0.7 0.85 0.21 "‘-‘"‘
Cu-ZSM-5(823) 7.4 3.3 0.6 0.96 0.15
Cu-ZSM-5(923) 7.1 33 0.3 0.90 0.08 Al AAAANN
Cu-ZSM-5(1023) 6.8 3.2 0.5 0.87 0.16 MM
T y !
a All elemental analyses are accurate4t©0%.
LA AN ]
10 A,
(@) o (b) 4 M‘M/\/\'\/W_N
o / At A, ]
c 0.8 T T F T T T T T
|0,1 % o 10 20 30 26 28 30 32 34
HZSM-5 S 6l 20/° 20/
2 - Figure 3. Effect of SSIE temperature on the XRD pattern of Cu-ZSM-5.
673K % XRD patterns for H-ZSM-5 and for a physical mixture of CuCl and
S 0.4 H-ZSM-5 are shown for comparison. The inset shows a single peak from
823K ks /' the diffraction pattern of CuCl.
c
o
923K '(‘G; 0.24 51?.4 ppm
1023K w / ‘
T T T T T 0.0 + T T T T !
3750 3700 3650 3600 3550 303 673 823 923 1023 ;
Wavenumbers (cm™) Temperature (K)

Figure 2. Infrared spectra of Cu-ZSM-5 prepared at different temperatures
(a) and the extent of proton exchange by"Chased on the area of the
band at 3610 cmt (b).

declines slowly during the 15 h that the sample is held at
1023 K. The integral amount of HCl released in the second
peak is 0.49 HCI/Cu. Thus, an aggregate of 0.90 HCI/Cu is
evolved over the full course of SSIE. It is tempting to

associate the evolution of HCI solely with the reaction of ppm
CuCl with Brgnsted acid protons (ZH CuCl — ZCu + Figure 4. Effect of SSIE temperature on tA&Al MAS NMR spectrum of
HCI); however, CuCl can also react with residuaiCHin Cu-ZSM-5.

the zeolite to form CO (2CuCl+ H,O — Cw,O + 2HCI) ) o )
or CUOH (CuCl+ H,0O — CuOH + HCI). Consequently, exchange by Clis shown in Figure 2b. Figure 2a also shows

additional sample characterization must be carried out in that the infrared peak at 3740 chwhich is characteristic

order to establish the extent to which each of these processe§f Si—OH groups?®is essentially unaltered during the course
contributes to the evolution of HCI. of cation exchange with CuCl. _
Elemental analyses of the Al, Cu, and Cl contents of XRD patterns for H-ZSM-5, for a mixture of HZSM-5

samples of Cu-ZSM-5 prepared by SSIE at 673, 823, 923, and CuCl, and Cu-ZSM-5 prepared at different exchange
and 1023 K are listed in Table 2. It is evident that the Al (€mperatures are shown in Figure 3. It is evident that the
and Cu contents of the samples expressed as fractions oMFI structure of the zeolite is retained as the temperature at
the weight of the zeolite alone do not depend strongly on Which SSIE is carried out increases. A peak at 284 be

the temperature at which ion exchange is carried out, andS€€n in the diffraction pattern of the mixture of H-ZSM-5
that the atomic Cu/Al ratio lies in the range of 0-8%.96, and CucCl, which is characteristic of crystalline CuCl. As

which is close to that used in the CUCI/H-ZSM-5 mixture the temperature of exchange increases, the intensity of this
prior to SSIE, 1.0, suggesting that little, if any, CuCl is lost peak decreases rapidly and is no longer visible in the XRD
during the course of exchange. This conclusion is consistentPattern of the sample of Cu-ZSM-5 prepared at 1023 K.

with visual observation, which showed no evidence for the “’Al NMR spectra of H-ZSM-5 and Cu-ZSM-5 prepared
deposition of CuCl on the walls of the quartz tube down- at temperatures between 673 and 1023 K are shown in Figure

stream of the heated portion of the tube. What is notable is 4 I ll cases, spectra were taken after sample equilibration

that the CI content measure after ion exchange decreases with{/ith ambient water vapor in order to relax the lattice strain
increasing exchange temperature, but then rises for the@"d create a more symmetric environment around the Al
sample prepared at 1023 K. nucleus. By doing so, the effect of tiéAl quadropole

Figure 2a illustrates the infrared spectrum for the kD moment on the width of the NMR peaks is diminished. Peaks

stretching region. Spectra are shown for the original H- &t 94 and O ppm are seen in the spectrum of H-ZSM-5,
ZSM-5 and for samples of Cu-ZSM-5 prepared at temper- corresponding to tetrahedrally and octahedrally coordinated

atures of 6731023 K. With increasing exchange temper- Al, respectively*>4° The peak for octahedrally coordinated

ature, the intensity of the band at 3610 dmwhich is (48) Zecchina, A Bordiga, .. Spo, G- S D Potm. G- Leofanti

ot H eccnina, A.; bordiga, S.; spoto, G.; scarano, D.; Petrini, G.; Leorantl,
chgracterlstlc of Brgnsted acid protdfisjecreases mono- G.. Padovan, M.; Otero A. Cl. Chem. Soc., Faraday Tran992
tonically and approaches zero at 1023 K. The extent of proton 88, 2959.
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Al is due to the strong interaction of @ with Brgnsted Eiguzrg S-S%f;%ct Otf) SgIEZtSe’(An%egaztgre on éhengfEARSO;Z%U-ZgMé& Z(g)M
acid prOtoang When_ the B_m nsted f”lCId protons are 5(ulOZ3). [I-(k corzétgrtzptign (dark I(ine),)’tﬂgC;)Jroclijuction (éray I)i'n(e)? anléi HCI
exchanged with C cations, this peak disappears and the production (light gray line)].
peak for tetrahedrally coordinated Al broadens, and the
integrated peak intensity decreases. These effects are
consequence of paramagnetic’Cations present in the
zeolite. A similar effect has been reported for Fe-ZSM-5 and
is attributed to a shortening of the nuclear relaxation time
of the framework Al atoms by the presence of paramagnetic
species? A small upfield shift in the position of the peak
for the tetrahedrally coordinated line is also observed, which
is attributable to a change in the shielding of the Al nucleus
caused by the Clucations.

?f XANES and EXAFS data taken as a part of these studies
indicate that prior to reduction all of the copper is present
as Cd' and that the reduction peak observed in the
temperature range of 46G00 K is attributable to the
reduction of Cé" to Cu" and Cu to CWP. The position of
the first reduction peak observed in Figure 6 is substantially
lower than that observed for bulk CuO or £ suggesting
that it is not likely due to the reduction of these compounds.
) The alternative is that some of the copper following SSIE is
Temperature-programmed reduction (TPR) of Cu-ZSM-5 esent as exchanged Cications, charge-compensated by
was carried out in order to obtain additional information o next-nearest neighbor charge-exchange sites in the
about the form in which Cu is present in the zeolite after zeolite, or as [CUOCET or [Cu(OHLCU* dimer cations
SSIE at different temperatures. For reference, TPR spectra(i_e_, Z[CuOCU)Z or Z[Cu(OH)Cu]Z). However, as dis-
were obtained as well, for pure @b, CuCl, and CuO. The  ssed below, no evidence was found for2Cin the
TPR spectra of the standards are shown in Figure 5. Thex ANES spectra taken of the catalyst. While this does not
maximum rate of kb consumption during the reduction of oy cjyde the possibility for the presence of such cations, it
CuO occurs at-658 K, whereas the reduction of CuCl starts suggests that their concentration if present is 16vLQ%).

at 773 K and reaches a maximum rate~d@51 K. CyO Furthermore, failure to see the reappearance of an infrared
exhibits a peak in the rate ofHonsumption at-693 K, band for Brgnsted acid protons upon reduction in the
together with a shoulder at 613 K and a tail in the range emperature range of the first TPR peak (see below) suggests
from 742 to 863 K. that the Cu species undergoing reduction are occluded in
The H, consumption rate and the rates of@and HCI  the zeolite lattice, rather than being charge-compensated by
evolution observed during TPR of Cu-ZSM-5 prepared at the |attice. Candidate structures for such species could be
different temperatures are shown in Figure 6. Two principal nanoclusters of G or CuOH formed via the reaction of
features are observed in the plots of ¢ébnsumption as a  water vapor with CuCl during the course of SSIE. For
function of temperature. The first feature is a peak at 475 reasons discussed below, we believe that it is more likely
K, which is followed by the release of water at about 600 that the occluded material is @@.
K, but not HCI. As the temperature at which SSIE is carried The second feature seen in the TPR Spectra of Figure 6
out increases, the first peak for hydrogen consumption occurs near 850 K when SSIE is carried out at 673 K. This
decreases in intensity. The position of this peak is similar to feature evolves into two features as the temperature of SSIE
that reported previously for the TPR of Cu-ZSM-5 that had increases: the first centered at about 700 K and the second
been oxidized prior to the start of reducti&n? Analysis  centered at about 75800 K. The second of these two peaks
is very likely due to the reduction of occluded CuCl since it
(49) éoxg;]er, Rd\]N.: Sgﬁ;]th, A.PDh.; Sgacléerglltnger, M.; van den Berg, M. W. js accompanied by an intense peak for the release of HCI.
(50) Martu);:\ho, gTDrozﬁ?\}a.; ggez}ba‘uer, A:; Prins, Rl. Catal.200Q Some HO is also released in _aSSOCiation with the highe_r
192, 236. temperature component, possibly due to the condensation




2352 Chem. Mater., Vol. 18, No. 9, 2006 Zhang et al.

1.04 [}

max

/AHCI

£ 0.5 T~

AN

T

303 673 823 923 1023
SSIE temperature (K)
Figure 7. Effect of SSIE temperature on HCI evolution duringHPR of

AHCI

0.0

3750 3700 3650 3600 3550

Cu-ZSM-5. Wavenumbers (cm'1)
Figure 8. Infrared spectrum of Cu-ZSM-5(923) acquired during PR
Table 3. Effects of Temperature of SSIE on the Fractions of Cu in and H-ZSM-5.
Cu-ZSM-5 Present as Exchanged Cu Cations (ZCu), CuCl, and ) ) )
Cu,0 Prepared with Different Treatment Temperatures occupied by protons. As the reduction temperature rises, the
catalyst ZCu/Al CuCl/Al 2CBO/Al intensity of this band remains essentially constant between
Cu-ZSM-5(673) 0.22 0.58 0.20 303 and 533 K, the temperature interval over which@u
Cu-ZSM-5(823) 0.36 0.48 0.16 undergoes reduction (see Figure 6). For reduction temper-
Cu-ZSM-5(923) 0.72 0.20 0.08 tur v K, the intensity of the band for Branst
Cu.ZSM.5(1023) 0.92 0.10 0.60 atures above 533 K, the intensity of the band for Brgnsted

acid protons increases and reaches its maximum at 773 K.
@NB failure of the fractions to sum to 1.0 is a reflection of the Figure 6 shows that the temperature interval from 600 to
experimental accuracy. . . .

773 K corresponds to a regime in which ZCu undergoes
of Si—OH groups. With increasing temperature of SSIE, the reduction via the process ZCt Y,H, — ZH + CLW’. The
intensities of the reduction peaks attributed to@and CuCl fraction of Cu undergoing this process is 0.75 of the total
decrease and a new,ldonsumption peak appears at 750 K. Cu used for the exchange process, in excellent agreement
This latter peak becomes the dominant feature in the TPRwith the results shown in Table 3.
spectrum and shifts to 650 K when SSIE is carried out at The distribution of species reported in Table 3 is also
1023 K. This feature is attributed to the reduction offCu consistent with the data presented in Figure 1. For exchange
cations that have been exchanged for Brgnsted acid protonsarried out at 673 K, Figure 1 shows that 0.41 mol of HCI
(i.e., ZCu). The reduction of these species is not accompaniedare released per mole of Cu present originally as CuCl. Table
by the release of either# or HCI, but does result in the 3 indicates that 0.22 mol of HCI/mol of CuCl used for SSIE

reappearance of Brgnsted acid protons (i.e., ZCpH, — are released via the reaction ZHCuCl— ZCu + HCI. If
ZH + CWP), a process that is observed via infrared spectros- it is assumed that the @D listed in Table 3 is formed via
copy (see below). the reaction 2CuCt H,O — Cw,0 + 2HCI, then one can

Taken together, the results of the TPR experiments suggestalculate that the total amount of HCI that should have been
that when SSIE is carried out at 673 K much of the CuCl is released during SSIE at 673 K due to this process would be
occluded into the pores of the zeolite as X-ray amorphous 0.20 mol/mol of CuCl used for SSIE. By this means we can
clusters of CuCl, and to a lesser extent as clusters g@Cu  estimate that 0.42 mol of HCI should have been released
As the temperature at which SSIE is carried out increases,during SSIE at 673 K/mol of CuCl used for the exchange
Figure 7 shows that the total amount of HCl released relative process. This figure agrees closely with the value of 0.41
to the maximum that could be released if all of CuCl used mol of HCI/mol of CuCl shown in Figure 1. Likewise, for
for exchange were reduced to Cu and HCI decreasesSSIE carried out at 1023 K, Table 3 indicates that 0.90 mol
monotonically. Using these results and those in Figure 2b, of HCI should have been released per mole of CuCl via the
it is possible to estimate the distribution of Cu present after process ZH+ CuCl— ZCu + HCI, and that there should
SSIE at a given temperature. Table 3 shows that as thebe no other sources of HCI, since little £Luis formed in
exchange temperature rises from 673 to 1023 K, the fractionthis case. The anticipated figure for the release of HCI is in
of the initial Cu that is exchanged for protons rises from perfect agreement with what is observed in Figure 1. This
0.22 to 0.90, whereas the fraction of the initial Cu that is analysis further supports the attribution of the low-temper-
occluded as CuCl decreases from 0.58 to 0.10, and theature hydrogen consumption peak observed in Figure 6 to
fraction of the initial Cu that is occluded as fQudecreases  the reduction of clusters of GO formed via hydrolysis of
from 0.20 to 0.16 at 823 K, and then further decreases to occluded CuCl.

0.0 at higher temperatures. This interpretation is supported X-ray absorption near-edge spectroscopy (XANES) was
by the infrared spectra shown in Figure 8, which were taken used to obtain additional information about the oxidation state
in situ during the TPR of the sample of Cu-ZSM-5 prepared and coordination of Cu in Cu-exchanged ZSM-5. XANES
at 923 K. At room temperature, the intensity of the peak at spectra were obtained for g, CuCl, Cu foil, and CuO.
3610 cm? for Brgnsted acid protons is-0.25 of its Panels (a) and (b) in Figure 9 show the XANES spectra and
maximum intensity if all of the cation-exchange sites are the corresponding derivative curves for these reference
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Figure 9. Cu K-edge XANES features of standards (a) and Cu-ZSM-5 (c) and the corresponding derivative curves (b) and (d), respectively.
Table 4. Cu K-edge XANES(I::aetZtIu;?sS of Standards and Cu-ZSM-5 Panels (c) and (d) in Figure 9 show Cu K-edge XANES
t4 . spectra and the corresponding derivative curves for Cu-
pre-edge ) . .
standard EF (V) feature (€V 15-3¢F (eV) ZSM-5 prepared by SSIE at dlffe'rent temperatures. A single,
cucl 30828 8084 6 well-defined peak at 8983.8 eV is observed for all samples
CwO 8981.5 8982.8 characteristic of the dipole-allowed-14p electronic transi-
EU(fjoil 88%880-% %%%%—7 60763 tion of Cu". The absence of Chand Cd features rules out
. 4. 7 8. the presence of CuO or Cu metal species in copper-
Cu-ZSM-5 ~8983.0 8983.9

exchanged samples. The absence of a peak at 8987.3 eV in
2 Edge energy determined by the first inflection pofRosition of peak the XANES region also suggests the absence of any bulk
or shoulder on the rising edge tsip). © Position of peak. _ CuCl, consistent with what is seen in the XRD patterns
compounds. The corresponding edge energies and energiegnown in Figure 3. Surprisingly, the samples prepared at 673
for specific electronllc tran5|tlon§ are listed in Table 4. For .4 8293 K both exhibit a very sharp peak at 8983.8 eV,
Cu metal (C8), the inflection point is at 8980 eV and the oy 16 that seen for the samples prepared at 923 and 1023

{are-e_?_ge Peatkfgéit; tgaesficlzpolg-allﬁyt\)/i&&p elllegtrfc_)nlt(:j K, but more intense. This feature has been assigned to the
ransiion s & £ €V L) EXNIDILS a well-deline 713—4%, electron transition of Cu species in a linear or

pre-edge peak at 8982.8 eV and a peak maximum at 8996. X . : . .
eV. The pre-edge peak lies in an energy range (SSBB5 planar configuration, which are doubly or triply coordinated,
. P gep gy rang respectively?:33Reduction in symmetry is believed to cause

eV) that is characteristic of ¥stp,y transitions of Cu(l) in : . . .
low coordination environmen?é.C{JCI shows a shoulder at 2 decrease in the intensity of the-3p electron transition,

8984.6 eV and a very intense peak at 8987.3 eV. CuO dug to the increase(_j Laporte-forbidden character of the p

exhibits three features in the XANES region: a weak orE)(l)taI. XANES studies of 19 C_l_J(I) compounds by Kau et

absorption at about 8975979 eV, attributed to the dipole- al*® have shown that the transition _from t.he 1s state to the

forbidden 1s-3d electronic transition; a tsip transition, ~ doubly degenerate 4pstate results in an intense pre-edge

which produces a shoulder at 8986.7 eV; and a very intenseP€akK for two-coordinated complexes with the exception of

peak at 8998 eV, all of which are characteristic oPC# Cu,O. Triply coordinated Cu(l) complexes generally exhibit

a less intense pre-edge peak when the copper has a T-shaped

(51) Drake, 1. J.; Fujdala, K. L.; Baxamusa, S.; Bell, A. T.; Tilley, T. D.  or trigonal planar geometry. Thus, the intensity of the-1s

(52) J}{aﬁ’:‘f;sﬁrfgbiz9g§|§r?]%n%8§?}_'; Penner-Hahn, J. E.; Hodgson, K. 4p transition decreases with increasing coord_ination number
0.; Solomon, E. IJ. Am. Chem. S0d.987 109, 6433. of copper, and hence, the sharper and more intenséd.s
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Figure 10. Cl K-edge XANES of standards (a) and Cu-ZSM-5 (b).

electron transition for Cu-ZSM-5 prepared at 673 and 823
K is attributed to a lower degree of Cu coordination. Fulton
et al®® have reported XANES spectra for a linear dichloro
Cu(l) species, CuGlt, which shows a very similar pre-edge
peak to that seen in Cu-ZSM-5(673). It has been fotind
that copper-exchanged ZSM-5 has triply coordinated and
doubly coordinated Cucations in equal proportion. There-
fore, with increasing degree of exchange, the observed
decrease in the intensity of pre-edge peak of Cu-ZSM-5(923)
and Cu-ZSM-(1023) reflects an increase in the amount of
triply coordinated Cu.

Cl K-edge XANES spectra were acquired in order to
identify the nature of the Cl remaining in the zeolite after
SSIE. Figure 10a shows reference spectra for CuG{Q)s-

ClI (paratacamite), and Cug&lnd Figure 10b shows similar
spectra for Cu-ZSM-5 prepared at different exchange tem-
peratures. The XANES data in Figure 10b confirm that ClI
is retained in the zeolite, independent of the exchange
temperature. Comparison of the peaks in Figures 10a an
10b suggests that the principle Cl-containing species in Cu-
ZSM-5(673) and Cu-ZSM-5(823) is CuCl, whereas that in
Cu-ZSM-5(1023) is a mixture of CuCl and gOH)sCl. The
latter compound can be envisioned to form via the reaction
2CuCl+ 2H,0 + %,0, — Cw(OH):Cl + HCI during air
exposure of the freshly prepared Cu-ZSM-5. It is noted
further that all of the Cl K-edge XANES spectra contain a
well-defined peak at-2820 eV that is characteristic of Cl
associated with CU cations. Figure 10a shows that this peak
is much weaker in the spectrum of £0H);CI than CuC},
which suggests that some CyQ@hay be present in all of
the samples after prior air exposure. The formation of
Cu(OH)XCI and CuC} can be envisioned to occur via the
following process: 2CuCH 2H,0 + Y,0, — Cu,(OH):Cl

+ HCl and 2CuCH- /,0, + 2HCI — 2CuCh + H,0. It is
quite likely that since CuCl is highly dispersed as small
clusters (see below) it is reactive in ambient air at room
temperature. The formation of €ucations via either process

(53) Fulton, J. L.; Hoffmann, M. M.; Darab, J. Ghem. Phys. Let200Q
330, 300.
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Figure 11. Fourier transforms of experimental data on Cu-ZSM-5 prepared
at different temperature&{weighted Ak = 3—13 A1, phase-uncorrected),
Cu-ZSM-5(673) (solid line), Cu-ZSM-5(823) (dotted line), Cu-ZSM-5(923)
(dashed line), and Cu-ZSM-5(1023) (eatashed line).

could be the reason tiéAl NMR peaks for Cu-ZSM-5 seen

din Figure 4 are paramagnetically broadened.

The local environment of Cu cations in ZSM-5 was further
characterized using Cu K-edge EXAFS. The Fourier trans-
forms of the k®-weighted scattering functiony(k), for
Cu-ZSM-5 prepared at different temperatures are shown in
Figure 11. The main contributions are in the range of-1.0
2.0 A. With increasing exchange temperature, the peak shifts
to lower values ofR accompanied by a slight increase in
intensity. Changes also occurred in the region of hHRjjh
and a new contribution arises around 2.5 A when the
exchange temperature is higher than 923 K. This new feature
is attributable to CwAl backscattering? To identify the
types of scattering atoms in proximity to Cu absorbers, the
phase-correction technique was applied to the experimental
data. Phase-corrected Fourier transformation should lead to
a single peak with a symmetrical imaginary part, having its
maximum at the maximum of the absolute magnitude and
at the right coordination distance. If this correspondence is
not observed, then extra sources of backscattering must be
considered. Phase-corrected FT spectra (referenced-to Cu
O) are shown in Figure 12. For Cu-ZSM-5(1023), phase
correction leads to an optical spectrum, exhibiting a maxi-
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Figure 12. Fourier transforms of experimental data for Cu-ZSM-5(673)
(solid line) and Cu-ZSM-5(1023) (dotted linel®(weighted, Ak = 3—13
A-1 Cu-0 phase-corrected).

mum in the imaginary component, which coincides in
position with the maximum in the absolute magnitude. The
agreement in the positions of the peaks in the magnitude
and imaginary component confirms that backscattering in
Cu-ZSM-5(1023) is predominantly from O atoms. However,
for Cu-ZSM-5(673) and Cu-ZSM-5(823) the maximum of
the imaginary part lies to the left of the maximum of the
magnitude. This relationship is strongly indicative of more

FTlkx(k)l (A?)

than one type of backscatterer. Phase correction using the 0 1 2 3 4

Cu—Cl reference (CuCl) was also tested, but this too did R (A)

not lead to a symmetric peak in the magnitude. Thus, thereFigure 13. Fourier transformsit weighted,Ak = 3.0-13.0 A1) of the

is little doubt that the first peak in the FT &y (k) for Cu- experimental data (solid line) and total fit (dotted line) for Cu-ZSM-5(673)

ZSM-5(673) and Cu-ZSM-5(823) contains contributions due (2) and Cu-2SM-5(1023) (b).

to Cu—0O and Cu-Cl backscattering. It is also possible that oxygen neighbors increases from 1.2 to 2.5, while the-Ou
a small portion of the backscattering seen in the FT spectradistance increases from 1.95 to 1.97 A. For Cu-ZSM-5(1023),
of Cu-ZSM-5(923) and Cu-ZSM-5(1023) is due to the each copper atom has 0.2 Cl neighbors at 2:20.02 A
residual Cl atoms present around some of the copperand 2.5 O neighbors at 1.9% 0.02 A.
absorbers. Figure 13 compares the Fourier transforms of the experi-
Analysis of the EXAFS data for copper-exchanged zeolites mental EXAFS and the best fit of Cu-ZSM-5(673) and
catalysts was performed by multiple-shell fittingRspace Cu-ZSM-5(1023). Similar results were obtained for Cu-ZSM-
over the range of 1< R < 2 A. Cl backscattering was 5(823) and Cu-ZSM-5(923) but are not shown. Good
included for all samples. The difference file technique was agreement between the fitted transforms and the ones based
applied together with phase-corrected Fourier transformationon experimental data demonstrates that backscattering ele-
to resolve the different contributions to the EXAFS data. ments (O and Cl) have been properly chosen. An illustration
The difference file technique allows one to optimize each of the contributions to Cu backscattering from-&0 and
individual contribution with respect to the other contributions Cu—Cl is presented in Figure 14a for Cu-ZSM-5(673). This
present in the EXAFS spectrum. The EXAFS coordination figure shows the Fourier transform of the difference file for
parameters are given in Table 5. For Cu-ZSM-5(673), the the Cu-O contributions (raw data minus calculated-Gzi
Cu—ClI first shell coordination number is 1.3 and the contribution) and for the fitted FT of CtiO backscattering.
Cu—Cl distance is 2.16+ 0.02 A, whereas the CtO It is evident that the fitted spectra are in a good agreement
coordination number is 1.2 and the €0 distance is 1.95  with the Cu-O difference file spectrum both for the
+ 0.02 A. With increasing exchange temperature, the numbermagnitude and the imaginary part. The peak in the magnitude
of neighboring Cl atoms decreases, and the number ofis located at about 1.95 A. The agreement between the fitted

Table 5. Fit Parameters of EXAFS Spectra Ak: 3—13 A-1, AR: 1.0-2.0 A) and Variances for Model Spectra of Cu-ZSM-5 Catalysts

N R A2 AEp k-variance (%)
catalyst scatterer (£10%) (A, £0.02 A) (103 A2, £5%) (eV, £10%) Im. Abs.
Cu-ZSM-5(673) cl 1.3 2.16 1.3 1.0 0.62 0.09
o] 1.2 1.95 1.5 -1.4
Cu-ZSM-5(823) cl 1.1 2.17 1.0 —-0.6 0.49 0.10
e} 15 1.96 3.8 -0.2
Cu-ZSM-5(923) cl 0.5 2.18 3.0 -3.9 0.41 0.09
o] 2.3 1.97 3.6 -1.3

Cu-ZSM-5(1023) Cl 0.2 2.22 21 —6.8 0.35 0.10
0] 2.5 1.97 3.1 -1.7
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0.08 are similar to those determined for Cu-ZSM-5. This suggests
that CuCl trimers and/or tetramers are the predominant
species present in Cu-ZSM-5(673) and Cu-ZSM-5(823),
which are characterized by €l distances of 2.16 and 2.17
A, respectively. Such clusters hailg, and D4, Ssymmetry,
which would explain the very intense -14p,, electron
transition observed in the XANES spectra of Cu-ZSM-5(673)
and Cu-ZSM-5(823). When the exchange temperature is
increased to 1023 K, the GCl bond distance increases to
2.22 A, which is more characteristic of CuCl dimers.
Consistent with this interpretation, we note that 10% of the
Cu present in Cu-ZSM-5(1023) is present as CuCl (see Table
2) and the average CtCl coordination number is 0.2 (see
Table 5), which means that the coordination number for the
Cu atoms bound to Cl is in reality 2, in excellent agreement
with the proposal that the occluded CuCl in Cu-ZSM-5(1023)
is present largely as GGl..

Based on the above calculations, the actual—Ou
coordination number for Cu-ZSM-5(1023) numberig.7,
which suggests that the Cucations are both triply and
doubly coordinated. This conclusion agrees with earlier work
by Zecchina and co-workers, which reported an apparent
Cu—O0 coordination number of 23 Examination of the MFI
structure shows that, in fact, cation-exchange sites exist that
involve two and three lattice oxygen atoms. Therefore a Cu
coordination number of 2.7 means that 70% of the" Cu
cations are triply coordinated and 30% are doubly coordi-
nated to O atoms. The GO distance of 1.98t 0.02 A
reported here is also consistent with that reported edtlier.

0.04 4
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Figure 14. (a) Fourier transformskt weighted, Ak = 3—11 A-1, Cu—0
phase-corrected) of the €O difference file (raw spectra minus fitted €u
Cl contribution, solid line) and fitted CtO contributions (dotted line) and
(b) Fourier transformskt weighted, Ak = 3—11 A-!, Cu—Cl phase-
corrected) of the CuCl difference file (raw spectra minus fitted €O
contribution, solid line) and fitted CuCl contributions (dotted line) of Cu-
ZSM-5(673).

Conclusions

The solid-state ion exchange of H-ZSM-5 and CucCl
spectrum and the CtCl difference file spectrum is shown involves the following steps: (i) CuCl vaporization to form
in Figure 14b. The position of the peak in the magnitude trimers and tetramers at a temperature higher than 673 K;
occurs at 2.15 A. (i) diffusion of copper chloride oligomers into the pores and

The preceding discussion, together with theTHP’R data intersections of H-ZSM-5; (iii) dissociation of CuCl oligo-
presented in Figure 6, demonstrates that CuCl is retained inmers and reaction of CuCl monomers with Brgnsted acid
the pores and intersections of ZSM-5. An important question, sites, resulting in the formation of ZCu and the release of
though, is the form of this occluded CuCl. In crystalline CuCl HCI. Cuprous oxide can form via the reaction of CuCl with
each copper atom has 4 Cl neighbors located at a distanceraces of water present in the zeolite, a process that is most
of 2.34 A. Since the CuCl coordination numbers are likely to occur when the exchange temperature is 673 K. As
significantly smaller than 4 and the corresponding bond the exchange temperature is raised to 1023 K, the formation
distances are shorter than 2.34 A in all of the samples of of Cu,O clusters becomes negligible, as does the retention
Cu-ZSM-5, the presence of bulk CuCl can be ruled out. The of occluded CuCl. When exchange is carried out at 1023 K,
XRD patterns presented in Figure 3 also support this 90% of the Cu present in the zeolite is present as ZCu and

conclusion. Thus, CuCl must be present in another form.
Hargittai et aP* have reported that, at 689 K, CuCl vapor
consists mainly of CiCl; and CuCl, clusters, whereas
CwCl; clusters are found in high concentration at 1333 K.

10% as CuCl dimers. The average &0 coordination
number for the Cutl cation located at the charge-exchange
sites is 2.7 and the CtO bond distance is 1.98 A. No
evidence is found for the dealumination of the MFI structure

All the clusters are comprised of planar rings and each copperduring SSIE at temperatures up to 1023 K. The results of

has two chlorine neighbors in its nearest shell. At 689 K,
the Cu-Cl bond lengths are 2.166 0.008 A and 2.14H1
0.008 A for the trimer and tetramer, respectively. A distance
of 2.2544+ 0.011 A was determined for CuCl dimers at 1333
K, and the bond distances for the trimer and tetramer
increased to 2.180 and 2.155 A, respectively. The-Cl

this study suggest that complete exchange of the Brgnsted
acid protons in H-ZSM-5 for Cti cations via SSIE using
CuCl requires thorough dehydration of the zeolite, the use
of anhydrous CuCl, and an SSIE temperature of 1023 K.
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