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Abstract

The solid-state redox reaction of a number of metals in contact with ZSM-5 and Y zeglitdamina, and silica was investigated by
temperature-programmed hydrogen evolution (TPHE), diffuse reflectance Fourier transform IR spectroscopy (DRIFT), X-ray absorption
near-edge structure spectroscopy (XANES), and X-ray powder diffraction (XRD). Among all studied metals, gallium, zinc, manganese, and
iron were found to undergo a solid-state redox reaction. On zeolites, Brgnsted acid sites and extraframework speciestmalice all
kinds of hydroxyl species are involved, whereas on silica silanol groups undergo reaction. Magnesium, on the other hand, reacted with the
water adsorbed on the supports to magnesium oxide evolving hydrogen. No reaction was observed for the systems with nickel, aluminum,
and tin. The solid-state redox reaction was found to be a function of the melting point provided that the metal is base enough.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction der to increase the exchange degree. This in turn is accompa-
nied by a large amount of chemicals and waste to be handled

Catalyst supports hosting cationic species have been stug@nd, furthermore, it is time Consu.ming. As an_alternative
ied in many reactions. Thus, gallium or zinc-exchanged {0 overcome these drawbacks, solid-state reactions have at-
ZSM-5 zeolites have been found useful for the conversion of tracted attention. Usually, metal salts or oxides react with an
lower alkanes into aromatic hydrocarbons [1]; other metal acidic support [8-11]. Recent examples are the preparation
ions were also tested [1,2]. Iron-containing zeolites have Of Mg-ZSM-5 zeolite for toluene alkylation by using MgCl
been studied in the selective catalytic reduction of NO [3,4] [12] and Fe-ZSM-5 zeolite for the decomposition ai®lby
or the oxidation of aromatic hydrocarbons [5], nickel ion- USing FeSQ[13]. . .
exchanged zeolites in the oligomerization of olefins [6], ~ USiNg oxidic precursors, the solid-state ion exchange be-
and Mg-ZSM-5 zeolites in the alkylation of toluene with fWeen ZnO and H-ZSM-5,
methanol [7].

The conventional method for the preparation of those ZNO+ 2H-zeolite— Zn**-(zeolite} + H20, 1)
types of modified supports is ion exchange, mostly in aque-
ous solution. This method has, however, a number of draw-
backs. Itis, for example, difficult to achieve higher exchange
degrees when multivalent cations have to be introduced.
Usually, multifold exchange steps must be performed in or-

has been studied and proven to result in a catalyst with the
same catalytic properties in the conversion of ethane as the
conventionally prepared one [14]. This reaction can be re-
garded as the solid-state analogue to the dissolving of zinc
oxide in liquid acids. Further, the solid-state reaction be-
tween metallic zinc and various zeolites,
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came into focus [15-18] as an alternative reaction. Also this H-Y, NH4-Y, Suedchemie; Si/Al molar ratio, 2.75), SiO
reaction has its counterpart in solution. (Aldrich Davisil), andy -alumina (LaRoche Industries Inc.)

In addition to the shortening of modification time, de- were used. The mixtures between metals (zinc (Riedel de
crease of amounts of chemicals, and easier achievement oHaén), gallium (Carl Roth), magnesium (Riedel de Haén),
high exchange degrees another advantage over liquid-phasenanganese (Riedel de Haén), iron (Merck), nickel (STREM
methods has been found: the alteration of the population of Chemicals), aluminum (Merck), and tin (Fluka)) and support
cationic positions as reported for zinc reacting with Y zeo- were prepared by grinding the two components in a ball mill
lite [16,19]. for 4 h to give a metal content of usually 2 wt% (denoted as

As aresult of their studies of the system zinc plus ammo- Me + support).
nium mordenite and Y zeolite, Beyer et al. [17] emphasized  The resulting powders were usually pelleted, crushed, and
the possibilities of this reaction for the characterization of sieved to a particle size of 200-315 um.
the number as well as strength of Brgnsted acid sites in ze-
olites. This is possible, because zinc reacts with the entire2.2. Characterization
number of Brgnsted acid sites. When ZSM-5 zeolites were
used instead, the obtained zinc-containing samples showed The experiments of temperature-programmed hydrogen
the same catalytic activity in the nonoxidative conversion of evolution (TPHE) were performed in a unit for temperature-
ethane as the samples prepared by conventional liquid-phas@rogrammed studies (Raczek, Germany). The sample (0.5 g)
methods [18] revealing a new economic and environmen- was heated in an argon flow of 60 fmiin first to 473 K, kept
tally friendly way to prepare transition metal ion-promoted there for 2 h to remove adsorbed water, and then heated to
zeolite catalysts. 1123 K. The heating rates were 1Q'idin. Evolving gases

The aim of the present paper is to study the solid-state re-were detected by a thermal conductivity detector and a MS
dox reaction in more detail. A thorough characterization will gas analyzer (OmniStar GSD 300 O, Pfeiffer, Germany).
provide information about the involved and formed species The latter turned out to be indispensable to discriminate be-
and their properties. Analogous to the liquid phase, the acid tween the desorbed species and was additionally installed,
properties of the support should have importance for the re-improving the previously used experimental setup [18]. All
dox reaction to proceed. Thus, catalyst supports with differ- samples subjected to this procedure are designated as TPHE-
ent types, numbers, and strengths of acid sites were used irireated samples.
this study: ZSM-5 and Y zeolites in their protonic as well as The DRIFT spectra were recorded with a Bruker Equinox
ammonia formsy -alumina, and finally silica, which entirely 55 FTIR spectrometer using a purged Praying Mantis diffuse
contains silanol groups though they are usually consideredreflection arrangement equipped with a reaction chamber
nonacidic. with low-pressure dome (Harrick) that allowed temperature-

When regarding the metal to be reacted, the electro- programmed investigations. The samples were mixed with
chemical potential is the deciding factor in the liquid phase. inert material (diamond powder) and heated up to 873 K in
Studying solid acid phases, another parameter must be cona nitrogen flow of 60 mmin. The spectra were measured
sidered, namely to provide the contact between metal andat a resolution of 4 cm! with 1000 scans being averaged
acid sites. Whereas protons are quite mobile in solution andin the range between 7000 and 500¢mA mixture of dia-
easily approach the metal, they are more localized in the mond powder and potassium bromide was used as a standard
solid supports because of the positioning of the counter- (background) (personal communication, E. Loeffler, Ruhr
ion in the framework. Although protons are still somewhat University Bochum, Germany, 2002) and measured with
mobile there depending on the acid strengths of the corre-2000 scans being averaged. The diffuse reflection arrange-
sponding sites, they are nevertheless apart from the metament was flushed with dry air and a MCT detector was used.
particles. Consequently, the metal has to diffuse to the acid The reflectance values were converted into negative logarith-
sites, which could be facilitated by melting, thereby enhanc- mic function of reflectancé— log R).
ing its mobility. The melting point of the metal becomes an XANES spectra were taken at DESY (Hamburger Syn-
important parameter in this way. Accordingly a number of chrotronstrahlungslabor, Germany) at station E4. The radi-
metals were chosen having a broad range of electrochemi-ation was monochromatized by two independently driven
cal potentials as well as melting points: gallium, tin, zinc, Si(111) crystals. Samples were pressed into self-supporting
magnesium, aluminum, manganese, nickel, and iron. sample wafers and placed on a vertical sample holder. Spec-

tra were recorded from 9.59 to 9.90 keV in transmission
mode. Simultaneously, Zn foil was measured as reference

2. Experimental and used for energy correction (first inflection point, En
edge: 9.659 keV). Raw data were further corrected for back-
2.1. Catalysts ground using a Victoreen fit in the preedge region and sub-
tracting this function from the spectrum. The edge jump was
Commercial zeolite samples (H-ZSM-5, MZSM-5, normalized to one in the region after the main edge (contin-

AlSiPenta; Si/Al molar ratio, 13.5; template-free synthesis; uum).
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XRD measurements were performed on a Philips Ana- 30
lytical X-ray PC-APD system using copper anodes € 30
1.54056 A,a» = 1.54439 A). The range was from 5 to 90 S 25
26 with a step size of 0.02. g a0 |
gl
% 1.5 F
3. Results § 1.0 ‘(m)/_/ g_’
n
3.1 TPHE >
0.0
TPHE studies were carried out to observe hydrogen evo- 460 560 660 760 860 960
lution that is connected with the solid-state redox reaction Temperature in K

(see Eq. (2)). Selected TPHE spectra for zinc-containing Fig. 1. TPHE spectra of NFZSM-5 (1), 2 wi% Zn+NH4-ZSM-5 (Il)
mixtures based on the TCD signal are displayed in Fig. 1. 2 wto Zn+H-ZSM-5 (1), and 4 wt% ZR-SiO, (IV).

The temperatures of hydrogen evolution and the measured

hydrogen amounts based on the MS signal are summarizedrabIe 1

in Table 1 for all samp]es. . Temperatures and amounts for hydrogen evolution (based on MS signal) of
A NH4-ZSM-5 zeolite was SUbjeCted to the TPHE treat- Me + supports; metal content was 2 wt%

ment as reference (Fig. 1, spectrum I). A broad peak of low SiOy H-ZSM-5 NHs-ZSM-5 H-Y NHz-Y y-Al,0g

intensity appeared between around 540 to 780 K, arising Ga (287 imalg)

from desorbing water and ammonia. This broad peak was , 4;moyg) 299 160 288 219 302 289

also observed in case of ZINH4-ZSM-5 zeolite (Fig. 1, T (K) 698 693 699 713 693 709

spectrum Il) and of all other mixtures of zinc with the am- Zn (306 umofg)

monium forms of zeolites. This broad peak was topped by a , (umoyg) 281 328 298 241 229 307

sharper one around 714 K (Fig. 1, spectrum II), which repre- 7 (k) 943 912 714 931 675 960

sented the evolution of hydrogen as analyzed by the MS de—Mg (823 umofg)

tector. The TPHE spectrum of 2H-ZSM-5 zeolite showed |, 5 (uUmol/g) 605 384 676 434 576 547

a high temperature peak at 912 K (Fig. 1, spectrum ). Us- 1 (k)2 725 759 768 830 834 889

ing Zn+H-Y zeolite, a high temperature peak was observed Mn (364 imofg)

as well whereas the ZaNH,4-Y zeolite sample exhibited 1, ,10p) 281 258 310 268 233 _

a broad peak in the low temperature region (Table 1). On 7 (k) 952 981 977 994 993 -

Zn+SiOy, a high temperature peak around 943 K was ob- Fe (358 umalg)

tained (Fig. 1, spectrum V). _ Hy (umol/g) 104 111 108 106 120 180
Although the temperatures of maximum hydrogen evolu- 7 (k) 1076 1111 1113 1110 1064 995

tion varied only S“gh_tly in the range be'tween 910 and 960 K The calculated amounts of hydrogen based on stoichiometric considerations

(Table 1), the following sequence for increasing values can are given in parentheses.

be established: a The temperature given corresponds to the most intensive peak. In ad-
dition there were a number of small peaks and shoulders.

Zn+H-ZSM-5 < Zn+H-Y < Zn+Si0p < Zn+y-Al20s.

The ammonia forms of ZSM-5 and Y zeolite both had for hydrogen evolution shifted to lower values (Fig. 2a).
low-temperature peaks when heated with zinc and deviatedThe amount of formed hydrogen increased up to the sample

thus significantly from the other supports. having a zinc content of 5 wt% and followed the theoretic
The amount of zinc that reacted with the supports was value assuming that all protons of the H-ZSM-5 zeolite re-
studied for the mixtures ZaH-ZSM-5 and ZnA-NH4- act. On the mixtures of zinc with NIHZSM-5 zeolite, the

ZSM-5 zeolites in more detail. There are two theoretic val- peak temperature was not much influenced by the zinc con-
ues given in Fig. 2 along with the measured results. One tent (Fig. 2b). The amount of evolved hydrogen increased
was calculated for the reaction of zinc with the protons and with the amount of zinc submitted in the mixture. At higher
ammonium ions present in the zeolite, respectively. This zinc content (5 and 8 wt%), the amount of evolved hydro-
value is limited by the exchange capacity of the zeolite, i.e., gen exceeded the theoretic value calculated according to the
when all protons/ammonium ions have been involved in the number of ammonium ions/protons in the zeolite signifi-
reaction. The other value is based on the reaction of all sub-cantly. In case of the 5 wt% ZrNH4-ZSM-5 sample, even
mitted zinc. This value does consequently not depend on thethe value for the reaction of all submitted zinc is exceeded,
amount of protons in the zeolite and could increase unlimit- implying that there is an additional source for hydrogen. In
edly. addition to hydrogen, the evolution of nitrogen was observed

When the zinc content was increased in the mixture with and a second peak appeared in the TPHE spectrum at higher
H-ZSM-5 zeolite, the temperature of the peak maximum temperatures (around 940-960 K) on this sample.
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Fig. 2. Amount of hydrogen formed in the TPHE experiment (white columns), theoretic amount for reaction of zinc with protons (striped columns), and
for reaction of all submitted zinc in the mixture (hatched columns). Peak temperature of hydrogen evolution (black columns, right axis) on fixtures o
(@) Zn+H-ZSM-5 and (b) Zn-NH-ZSM-5.

On the mixture of gallium with ZSM-5 and Y zeolites, als, namely tin, nickel, and aluminum, no traces of hydrogen
y-alumina, and silica, hydrogen evolution peaks around were found in the TPHE experiments.
700 K were found for all supports (Table 1). This value was
lower than on the mixtures of zinc with these supports (ex- 3.2. DRIFT
cept the ZR-NH4 zeolite samples). o . ]
Hydrogen evolution was also observed on the mixtures of I the in situ DRIFT spectra, absorption bands assigned
magnesium with the supports in a broad temperature range}ggczr; dt)r'g)?;'logr;’:?gzt'&%zgn:ngoggg(')g ;Jr?r?et?pnescg\teblggg-
(720-1110 K) with a number of peaks and shoulders appear-Were observed at 823 K on both H- and NESM.5 ze-

ing. The temperatureg for the main peak observed on eaChoIites. These bands decreased upon heating of the zeolites
sample are displayed in Table 1.

: ) with Zn (Figs. 3a and 3c, spectra | and Il). The intensity
On the mixtures of manganese with ZSM-5 and Y 2€0- ¢ 10 hang at 3730 cnt representing silanol groups re-

lites and silica, hydrogen evolution temperatures were in the mained unaffected. In the spectrum of the-Z#ZSM-5
range 0f~950-990 K and for iron-995-1110K (Table 1). sample, a band at 3650 cthwas found which can be at-
Deviating from this trendy -alumina did not react with  tripyted to the AIOH vibrations of nonframework aluminum
manganese by redox reaction because no hydrogen formaspecies [20]. This band decreased under heating (Figs. 3a
tion was observed. It is also noteworthy that for the sample and 3c, spectrum II).
Fe+y-Al203 the temperature of maximum hydrogenevolu-  In the faujasite structure there are crystallographically
tion (Tmax= 995 K) was much lower than for the mixtures different types of oxygen and therefore different correspond-
of iron with all other supports (Table 1). Using the other met- ing types of hydroxyl groups. Two overlapping bands at
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Fig. 3. In situ DRIFT spectra of support (upper lines) and 2 wt%tZsupport (lower lines) recorded at 873 K (a, b); difference spectra (c)Ntty-ZSM-5
1), Zn+H-ZSM-5 (1), Zn+NHg-Y (1), Zn+H-Y (IV), Zn+y-Al203 (V), and Zn+SiOp (VI).

4620 and 4570 cmt assigned to combination vibrations The TPHE treated ZANH4-ZSM-5 and Zr+-H-ZSM-5

of O1H and GH, respectively, were found in the in situ samples were studied by in situ DRIFT as a function of
DRIFT spectra of the Y zeolites (Fig. 3b, spectra lll and IV). their zinc content. With increasing zinc content in the mix-
The high-frequency band at 3660, the low-frequency band attures with both types of ZSM-5 zeolites, the band repre-
3590, and the band at 3520 cfare attributed to @H, OzH, senting the bonding vibration of bridging hydroxyl groups
and QH-stretching vibrations, respectively [20]. A decrease decreased until all of these groups were consumed (Figs. 4a

of the intensity of these bands during the heating processand 4c). The spectra of the mixtures with 5 and 8 wt%
in mixtures with zinc was observed. In contrast to this re- ZN+H-ZSM-5 after TPHE treatment have similar charac-

sult, the intensity of the band at 3730 threpresenting teristics. The silanol band at 3730 chremained constant
silanol groups remained constant (Figs. 3b and 3c, spectra Il (Figs- 4aand 4c). _ _

and IV). In the skeletal vibration region (Figs. 4b and 4d) bands
. at1215-1050 cm* and 810 cm were observed belong-
ing to TO4 asymmetric and symmetric stretching vibrations,
respectively. With increasing zinc content a new band ap-
peared at 920 cmt, which is assigned to zinc (or other)
cations perturbing framework vibrations or zinc ions in com-
plex with ammonia (which would apply for the ZNH;-
ZSM-5 zeolite, which is shown later) [22—24]. In the in
situ DRIFT spectra of Z&eNH4-ZSM-5 (Fig. 3a) also bands
at 3360, 3275, and 3190 crh were observed due to NH-
stretching vibrations [24]. These bands were less intense for
the TPHE-treated sample with low zinc content (Fig. 4a,

figuration where the OH groups are coordinated to three g0 rym 1), With increasing zinc content these bands did
cations in octahedral interstices. The band with the highest disappear after TPHE treatment (Fig. 4a, spectra Ill

frequency (3760 cm') is assigned to terminal OH groups, 1, VI); i.e., the formed species were stable up to 1123 K.
which are coordinated to either a single octahedral or a sin-

gle tetrahedral A" cation. The band at 3720 crh should 3.3. XANES

belong to a bridging OH group, which links either a tetrahe-

drally with an octahedrally coordinated cation or two octahe- A complementary method to throw light on the solid-
drally coordinated cations with each other [21]. All types of state redox reaction is the observation of the state of metal
bands in the OH-stretching region decreased their intensity species by XANES. Before TPHE treatment, zinc in the mix-

if a mixture with zinc was heated (Figs. 3b and 3c, spec- ture with the supports possessed the same XANES spectrum
tra V). as metallic zinc (Fig. 5, spectra | and Il, respectively, and

On the Zn+-SiO, sample the intensity of the band repr
senting silanol groups (3730 crh) decreased upon heating
during in situ measurement (Figs. 3a and 3c, spectra VI).
Furthermore, the combination vibration band at 4545 tm
decreased, too. A small shoulder at 3680 érbelonging to
inaccessible internal or bulk OH groups [21] remained con-
stant.

On y-alumina different types of stretching vibrations of
hydroxyl groups are present (Fig. 3b, spectrum V). The band
with the lowest frequency (3675 cmh) represents a con-
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Fig. 4. In situ DRIFT spectra recorded at 873 K on samples after TPHE treatmepNH{ZSM-5 (a, b) and Za-H-ZSM-5 (c, d); zinc content provided in
the support: 0 wt% (1), 1 wt% (11), 2 wt% (lil), 3 wt% (IV), 5 wt% (V), 8 wt% (VI).

Table 2). On the other hand, the XANES spectra of zinc ion- from metallic zinc to zinc ions. The mixtures of zinc with all
exchanged ZSM-5 zeolite and Zn support mixtures after ~ other supports showed the same characteristics after TPHE
TPHE treatment were also nearly identical though the inten- treatment as the Zn-ZSM-5 zeolite (Table 2).

sity of the white line was slightly lower for the latter samples

(Fig. 5, spectra lll and IV, respectively, and Table 2). There 3.4. XRD

were distinct differences between these spectra of samples

containing zinc in the metallic state and those where zinc  Fig. 6 shows the XRD results of mixtures of zinc with
was supposed to be an ionic species. ThekZedge was H-ZSM-5 and H-Y zeolite before and after TPHE treatment.
shifted to higher values, the intensity of the white line in- For comparison, also literature data for the pure zeolites are
creased, and the edge width decreased for the Zn-ZSM-5displayed [25]. On the basis of these results, a regular zeolite
zeolite and the TPHE treated ZINH4-ZSM-5 zeolite (Ta- structure can be concluded for all samples before as well as
ble 2). In Fig. 5it can also be seen that the second absorptionafter TPHE treatment, although the background was higher
maximum was shifted remarkably fro0.70t0~9.72 keV on the latter samples. On both mixtures before TPHE treat-
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Fig. 5. XANES spectra of Zn (I), ZaNH4-ZSM-5 zeolite (Il) (bold 180 | (®)
line), Zn-ZSM-5 prepared by ion exchange in the liquid phase (lll), and 5 160 |
Zn+NH4-ZSM-5 after TPHE treatment (IV) (bold line). S 440 L an
£
2 120 J
2
Table 2 2 100 Fy x x X X X x x
XANES results obtained on mixtures of zinc with supports (2 wt% Zn) é 80
Sample ZnK edgé Intensity of white lin@ Edge widttf & 60 +
(eV) (au) (V) = a0 0
Zn2* (4 0) [28F 158 7.4 207
Zn?+ (5 0) [28F 1.80 2.6 0 ) . " " 45
Zn?+ (6 0) [28f 2.12 3.8
Zn 0.0 12 8.4 Degree 2 theta
Zn-ZSM-5 4.4 2 3.4 Fig. 6. XRD of Zm-H-ZSM-5 (a) and Zr-H-Y (a) taken before (I) and
Zn-ZSM-53 3.0 15 6.0 . .
Zn0 19 14 75 after (II) TPHE treatment, respectively, reflexes for the pure zeolites ac-
' ' cording to IZA standards marked with asterisks [25].
After TPHE treatment
ol B £ e
+ ) ' Melting points and electrochemical potentials of the metals studied in the
ZN+NHa-Y 23 L7 41 TPHE experiment sorted by melting points
ZnH-Y 2.7 14 3.9 i y gp
Zn+SiOzh 3.0 14 4.9 Metal Melting point Electrochemical potential
L - - - K V
a First inflection point, related to ZK edge of metal foil at 9659 eV. (K) )
b First absorption maximum. Gallium 3029 Gas Gag+ —0.549
¢ Difference between first absorption maximum and edge. ‘ Gas Gat —0.200
d Four oxygen ligands in ZnO. Tin 5051 Sne Sret —0.138
€ Five oxygen ligands in bi#(-benzoylglycinato)triaquazinc(ll)- Zinc 6927 Zne Zn2t —0.762
dihydrate. Magnesium 922 Mg < Mg2t —2.372
f Six oxygen ligands in bis(hydrogenmaleato)tetraquazinc(ll). Aluminum 9335 Al & A3t —1.662
9 Results obtained by in situ dehydration of the sample at 775 K. Manganese 1518 Mn < Mn2+ —-1.185
h 4 wt% zinc. Nickel 17283 Ni < Ni2* -0.257
L . Iron 18112 Fes FEt —0.447
ment, a reflex for metallic zinc is visible around°420, Few F&+ _0.037

which disappeared after the treatment (Fig+-,

The TPHE results gave the first indications for a solid-

4. Discussion state redox reaction because the evolved hydrogen is sup-
posed to arise from the reaction. One must, however, be

In order to discuss the solid-state redox reaction betweencareful to use only this parameter as there could be other
the different metals and the supports, the samples were thor-sources of hydrogen as well, as will be discussed later. Con-
oughly characterized, both from the viewpoint of acid as sidering the hydrogen evolution temperatures irrespective
well as metal sites. When considering the driving force for of the support, there was a clear correlation with the melt-
the procedure of the reaction, two parameters from the metaling points of the metals (see Fig. 7 and Table 3). There
side are obvious that could play major roles: melting pointto were, however, a few exceptions. The mixtures of zinc with

provide sufficient mobility of the metal to approach the acid the ammonium forms of ZSM-5 or Y zeolite had signifi-

sites on the solid phase, and the electrochemical potential recantly lower evolution temperatures compared to all other

flecting how base the metal is. These values are summarizedsupports (these values are not included in Fig. 7, see also
for all investigated metals in Table 3 (taken from [26]). Table 1). This phenomenon will be discussed later in more
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detail. Further, magnesium did not fit into the picture be- fluent gas of the TPHE treatment showed, indeed, that the
cause the hydrogen evolution temperatures stretched over afiormation of hydrogen coincided with the desorption of wa-
extremely large (and “wrong”) temperature range (Fig. 7). ter from the zeolites and the other supports as well (Fig. 8).
Iron when heated witfy-alumina evolved hydrogen at sig-  The water desorption preceded the hydrogen evolution in
nificantly lower temperatures as with the other supports. the TPHE experiment and there was an increase in hydrogen
In this case one might speculate about the formation of evolution accompanied by the disappearance of water in the
spinel-type structures (iron aluminate). Indeed, XRD mea- effluent stream. This behavior was in contrast to the other
surements supported this proposal. The typical reflexes forsamples. Further, there was not observed a high temperature
iron metal at 44.6 and 8226 disappeared nearly after peak of water desorption (dehydroxylation of the supports)
TPHE treatment withy-alumina and a number of new ones  on the mixtures with magnesium as on all other samples.
appeared at 30.9, 36.4, 54.9, 58.7, and 62@ thus giving  Thus, a reaction toward hydrogen without the involvement

the typical iron-aluminate-spinel pattern. of the support cannot be excluded at least from these TPHE
Finally, some metals were missing, although their melting measurements.
points lay between those of gallium and iron. Moreover, DRIFT studies of the mixtures with magne-

Starting with the last result, the absence of a redox reac-sium did not indicate a decrease of absorption bands related
tion in the case of aluminum and nickel could be explained with protonic sites of the supports, which is in line with the
by a passivation due to the formation of stable oxide layers assumptions made above.
around the metal particles on air. This layer prevents an effi- ~ The XRD analysis of the magnesium-containing H-ZSM-
cient melting of the particles and/or attack of the acid sites of 5 zeolite before and after TPHE treatment showed finally
the support. A removal by in situ reduction at higher temper- (Fig. 9) that the parent material naturally contained the metal
atures prior to the experiment would, however, also initiate magnesium. The corresponding reflexes disappeared com-
a solid-state redox reaction itself. pletely after TPHE treatment and those for magnesium oxide

For tin, on the other hand, an additional limiting fac- appeared. Consequently, there was indeed a transition from
tor could be the rather high (at least compared to the otherthe metallic state to the oxide. It is thus highly probable that
metals) electrochemical potential, though the metal is eas-magnesium reacted with the water that was being desorbed
ily dissolved in strong liquid acids. Furthermore, tin is also from the supports and not with their protons. Therefore, the
covered by a thin oxide layer on air. evolved hydrogen originated from this reaction and not from

The behavior of the mixtures of magnesium with the a solid-state redox reaction.
supports was unusual with respect to a number of parame- The discussion above showed that there might occur mis-
ters: (i) the broad temperature range where hydrogen wasinterpretations as to the source of hydrogen when only TPHE
evolved, which was furthermore too low compared to the studies are considered. It is thus important to include other
other metals (Fig. 7), (ii) the appearance of multiple evolu- characterization methods as well. When observing the func-
tion peaks, and (iii) the inconsistent amounts of evolved hy- tional groups of the supports involved in the solid-state re-
drogen compared to the other metals (see Table 1). A closerdox reaction, namely Brgnsted acid sites in the zeolites and
look at the chemical properties of this metal revealed, how- silanol groups, in situ DRIFT provided valuable insight in
ever, that magnesium is very eager to react with water vaporthe changes accompanying the heating of the mgetslip-
at higher temperatures to give hydrogen and magnesium ox-port mixtures. The zinc-containing systems were studied in
ide. Although there was a drying procedure at 473 K prior more detail.
to the TPHE treatment, water was not fully desorbed and A decrease of absorption bands assigned to bridging
could thus participate in reactions. The analysis of the ef- hydroxyl groups was observed on both ammonium and
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not involved in the solid-state reaction as already observed
an on the mixtures with ZSM-5 zeolites (Figs. 3b and 3c).
When evaluating hydroxyl groups by absorption band
w intensities upon heating, dehydroxylation must be consid-
ered, which can lead to overestimations with respect to the
extent of solid-state reactions. This disappearance of hy-
0 droxyl groups by dehydroxylation did not take place under
i M JH\, the conditions applied in the in situ DRIFT measurements.
i However, under the more severe TPHE treatment conditions,
a decrease in the number of Brgnsted acid sites caused by
35 40 45 50 55 60 65 dehydroxylation should not be underestimated. However, as
Degree 2 theta the spectra of both the parent support and the mixtures with
Fig. 9. XRD of Mg+H-ZSM-5 before (l) (bold line) and after TPHE treat- the metals were always compared after TPHE treatment, the
ment (1) (thin line), vertical lines mark the most intensive reflexes for Mg~ €ffect of a solid-state redox reaction can be separated from
(bold) and MgO (thin), respectively (other reflexes are due to the zeolite). ~dehydroxylation processes (Fig. 4). A decrease of the crys-
tallinity of the zeolites can be concluded from the XRD
protonic forms of ZA-ZSM-5 zeolite mixtures (Figs. 3a measurements before and after treatment on both H-ZSM-5
and 3c). zeolite and Y zeolites. The increased background in the
On H-ZSM-5 zeolite also bands related to AIOH groups XRD diffractograms indicates an amorphization of the struc-
of extraframework species were detected. A decrease of thefure to some extent. However, the zeolitic structure was still
intensity of these bands in the course of heating+-Br pronounced even for the Y zeolite subjected to the TPHE
ZSM-5 indicated that this type of hydroxyl groups was also treatment up to 1123 K (Fig. 6).
involved in the solid-state redox reaction (Figs. 3a and 3c).  According to the TPHE experiment, a solid-state re-
The effects with respect to changes in the intensity of OH dox reaction proceeded on all supports, evenyStde OH
bands were generally less pronounced in the in situ DRIFT groups (silanol) of which are usually regarded as nonacidic
compared to the samples measured after TPHE treatmenfat least compared with zeolites). On the mixturerSiO;,
(see Figs. 3 and 4). This was due to the lower final tempera-Brgnsted acid sites are absent. In this mixture, the amount
tures in the in situ DRIFT cell, which was limited to 873 K of silanol groups decreased by heating (Fig. 3a and 3c). As
(compared to 1123 K in the TPHE treatment). both spectra were taken at 873 K, a possible dehydroxylation
The intensity of the band representing silanol groups re- of the silanol groups is already considered and the decrease
mained constant, which suggests that silanol groups were noof the intensity of the band representing silanol groups can
involved in the solid-state redox reaction of the ZSM-5 zeo- be explained in terms of their involvement in the solid-state
lite studied in this work (Figs. 3a and 3c). redox reaction. Not all silanol groups are able to react, but
If the zinc content were increased until there were a sur- only those accessible by the metal as there remained a small
plus of zinc provided with respect to the amount of Bransted shoulder at 3680 cnt for inaccessible internal or bulk OH
acid sites in the H-ZSM-5 zeolite (Fig. 4), the spectra had groups [21] (Figs. 3a and 3c).
similar features. Conclusively, the solid-state redox reaction  Finally Zn+y-Al>03 was investigated by in situ DRIFT.
took place until all Brgnsted acid sites were consumed by It has a defect spinel structure in which a certain number of
reaction with zinc. Even then, no silanol groups of the in- cationic positions remain unoccupied. This means that Al
vestigated H-ZSM-5 sample underwent the solid-state redoxis tetrahedrally as well as octahedrally coordinated. Hence,
reaction with the additionally available zinc metal. different types of stretching vibrations of hydroxyl groups
In the Y zeolites, the bands in the OH-stretching vibra- are present. Nevertheless, all types of hydroxyl groups on
tions region were only slightly resolved already in the parent the y-alumina surface underwent a solid-state redox reac-
material (Fig. 3b, spectra lll and IV, upper lines). This could tion as shown by the decrease of all identified bands in the
be due to extraframework species as an industrial, probablyOH-stretching region (3675, 3720, 3760 thirespectively,
deep-bed-treated, Y zeolite sample was used. However, the~igs. 3b and 3c). There should not proceed a phase transition
changes after TPHE treatment in the bands assigned to hyfrom y-Al>03 to §-Al203 (1023 K [27]) during the in situ
droxyl groups are nevertheless significant. The same resultsDRIFT measurements, which go up to 873 K. However, this
as in the case of the ZSM-5 zeolite were also obtained for cannot be excluded for the TPHE-treated samples (highest
the samples with Y zeolites: the absorption bands of bridg- temperature 1123 K).
ing hydroxyl groups at 3660 and 3590 and a small shoulder  In conclusion, the nature of protonic sites involved in the
at 3520 cn! decreased in all samples during heating. So solid-state redox reaction depended on the support. On ze-
did the combination vibrations of hydroxyl groups at 4620 olites, Brgnsted acid sites were involved, whereas on silica
and 4570 cm?. Thus, all types of bridging hydroxyl groups  silanol groups reacted.
in the Y zeolite underwent the solid-state redox reaction  Parallel to the decrease of the bands representing Bragn-
(Figs. 3b and 3c). The silanol groups of the Y zeolites were sted acid sites in zeolites a new band appeared at 928 cm

Normalized intensity
S a2 NN W oW N
(& o O O o o O o
: T i’>-‘

o




236 A. Hagen et al. / Journal of Catalysis 222 (2004) 227-237

after TPHE treatment, which can be assigned to vibration of =~ Thus, a solid-state redox reaction can be concluded from
distorted lattice caused by zinc ions located at extraframe-the XANES results, even on the £8i0, mixture giving
work positions. In this way, also the product of the redox zinc ions with the same coordination as in Zn-ZSM-5 pre-
reaction, the metal ion, was observed indirectly (Figs. 4b pared by conventional ion exchange.
and 4d). Summarizing these findings, the solid-state redox reac-
However, the band at 920 cthis not specific for ionic  tion can take place on various kinds of supports containing
zinc species [22—24]. Thus the coordination of the metal protons and low melting (base) metals. The nature of the
itself was further studied using XANES spectroscopy. Usu- protonic sites of the supports does not play a major role con-
ally, preedge peaks due te 4> 34 transitions are evaluated ~ cerning the temperature where the reaction takes place.
in order to determine the coordination geometry of transition ~ Surprisingly, on mixtures of zinc with the ammonia forms
metals. There is, however, no preedge peak in case of zincof ZSM-5 and Y zeolites, another picture must be drawn.
because theBsubshell is completely filled. Thus, criteria  The hydrogen evolution proceeded at lower temperatures
as the position of th& edge and the intensity of the first compared to the H-form of the zeolites, silica, apdlu-
absorption maximum together with the difference between Mina (see Table 1).
these two energy positions (edge width) can be considered When comparing the zeolites with each other, the differ-
when evaluating XANES spectra of zinc samples. By study- €Nce between ZaNH-ZSM-5 and Zr-H-ZSM-5 (or the
ing zinc-containing complexes having oxygen in the first porrespondlng Y zeohtes) is that on the former sample zinc
coordination sphere, the following correlation between the IS Présent when ammonium ions are converted to protons
intensity of the white line in the XANES spectrum and the PY release of ammonia. Thus, a driving force must be op-
coordination of the metal was reported [28]: octahedrally co- €rational including zinc species and ammonia, which does
ordinated zinc> fivefold coordinated zinc> tetrahedrally ~ Ot work on the other metal samples or other supports. It s

coordinated zinc. Simultaneously, the edge widths increased:_';](?wn tk}gtbzmc '0:3 tdend to Iorm (;onzﬁlexes ‘;\."th tammonla(.j
(see Table 2). These findings correspond very well to the IS could be such a driving force for tn€ reaction to procee

references studied in this work (see Table 2) and previouslyat lower temperatures. The different behavior of protonic and

[29,30]. When the oxidation number of zinc increased and/or ammonium forms of the ZSM-5 zeolites in contact.wnh zinc
the electronegativity of the ligands, a shift of the Kredge can also be seen from the dependence of the maximum of the

) : : ._hydrogen evolution temperature on the amount of supplied
toward higher energies was observed [28]. Comparing zinc Zinc. Whereas there is no change onANESM-5, this tem-
metal and the TPHE-treated samples, the shift (see Table 1) ™ g '

can accordingly be explained in terms of a substitution of perature decreased on H-ZSM-5 (see Fig. 2) with increasing

inc (in metal) by oxygen (in the support) as the first neigh- amount of zinc. Thus, the reaction is favored and probably
zinc {l )y 0Xygen { upPp rstnelg accompanied by other processes in the systerNi,-
bors and an oxidation of the metal as well. The white lines ¢\, = o
of TPHE-treated samples, on the other hand, had a slightly .

| i ity than Zn-ZSM-5 | dbvi In the in situ DRIFT spectra of the ZANH4-ZSM-5
ey ey hon 20 - Sampies prepared by 190 8- gng Zn-NH4-Y samples, NH vibrations were identified

change though the spectra were otherwise nearly identicaI(FigS' 3a and 3b and Fig. 4a). These bands could be due
(Fig. 5, spectra Il and IV). One might expect that these y, 5 mmonia adsorbed on Lewis acid sites, i.e.2*Zions
lower values indicate the presence of a mixture of tetrahe- formed by solid-state redox reaction, and suggest the forma-
drally and octahedrally coordinated zinc species (accordingtiOn of zinc—ammonia complexe$Zn(NH;),12*), which

to Eggers-Borkenstein [28]) and, thus, an incomplete solid- 46 |ocated in the channels of the zeolite. After the TPHE
state redox reaction. However, it was shown previously that yreatment, these NH bands became rather small. This could
a dehydration of Zn-ZSM-5 zeolites prepared by ion ex- pe explained by the decomposition of the complex or the
change by heating them up gave the same result, namelygesorption of ammonia at elevated temperatures. For higher
a decrease of the intensity of the white line and a shift of ,jc contents in the mixture with NHZSM-5 zeolite, these
the edge energy to lower values ([30] and Table 1). Con- pands were more intense after the TPHE treatment (Fig. 4a).
sequently, a lower water content is proposed for thetZn  Thjs indicates a rather stable complex with zinc species.
support mixtures after TPHE treatment than the Zn-ZSM-5 |t js further interesting to draw the amount of evolved hy-
samples. When zinc ions are exchanged by conventionaldrogen into this discussion. With a higher supply of zinc,
methods in solution, the metal ion is surrounded by a hy- 5 wt% Zn in particular, the amount of evolved hydrogen on
drate shell when entering the zeolite. These water ligandszn+NH4-ZSM-5 suddenly exceeded the theoretical value
are present additionally to the water normally adsorbed on calculated by assuming a reaction of all zinc submitted in
the zeolite surface and can be detected in the XANES spec-the sample.

tra because of their interaction with the zinc ions. In the  Such a phenomenon was not observed ofBRZSM-5,
course of the solid-state redox reaction, however, zinc metalwhere the hydrogen evolution remained the same also at
without a hydrate shell is reacting, yielding zinc ions in the zinc provision higher than the amount of protons. In addi-
zeolite channels with the same coordination as those in ation, a high-temperature peak started to appear in the TPHE
dehydrated Zn-ZSM-5 zeolite. spectrum of ZAR-NH4-ZSM-5. There must thus be a source
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for this additional hydrogen. When analyzing the MS sig- Thanks go to HASYLAB for providing beamtime at E4. The
nal in the TPHE experiment, the evolution of nitrogen was authors are thankful to K. Klementiev for valuable exper-
observed precisely when the amount of evolved hydrogenimental assistance in the XANES experiments, E. Loeffler
exceeded the amount of protonic sites. Consequently one(Ruhr University Bochum, Germany) for helpful discussions
must assume a decomposition of ammonia, when in complexabout DRIFT, and A. Schoeneberg and L.L. Berring (Tech-
with zinc species, which provides surplus hydrogen (and re- nical University of Denmark, Lyngby, Denmark) for XRD
leasing also nitrogen), though the nature of these species ismeasurements.

yet not known.
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