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A process has been developed for exchanging one Cu atom per
ion exchange site in an MFI zeolite. The material is synthesized by
reaction of the acidic zeolite with CuCl vapor, followed by oxidation
with oxygen, and conversion of the Cu?* species to copper hy-
droxyl ions and copper hydroxyl dimers by reaction of the oxidized
material with water upon exposure to humid air. This material,
a similarly prepared BEA material, and copper-containing MFI
and BEA zeolites prepared by conventional aqueous ion-exchange
have been comparatively investigated for the conversion of
1-propanamine. Reaction products include Cs products such
as dipropanamine and 1-propanamine, N-(1-propylidene). A
bifunctional acid/metal reaction pathway is proposed to account
for the observed products.  © 1999 Academic Press

INTRODUCTION

Copper-containing MFI1? zeolites prepared by reductive
solid-state ion-exchange (1) and CuCl vapor ion-exchange
(2) have been shown to be active for the conversion of
1-propanamine to Cg imines and nitriles. Previous inves-
tigations suggested that under reaction conditions, the re-
actant reduces the zeolitic copper cations to the metal which
results in a concurrent restoration of zeolitic protons. The
conversion of 1-propanamine to dipropanamine, which ap-
pears in the reaction products with the Cg imine and nitriles,
was proposed to occur over the zeolite acid sites followed by
selective dehydrogenation of dipropanamine by removal of
the hydrogen atoms on the dispersed copper metal to yield
the imine (2).

In this communication, the Cu-MFI catalyst prepared by
CuCl vapor ion-exchange has been characterized by X-ray
diffraction, IR analysis of the OH stretch region, IR anal-
ysis of the CO absorption band region after CO adsorp-
tion, and hydrogen consumption and weight loss during
temperature-programmed reduction using hydrogen. Ex-
perimental evidence is presented suggesting that in this

1 To whom correspondence should be sent.
2 MFI is the International Zeolite Association’s designation for the
framework structure that is often referred to as ZSM-5 zeolite.
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material nearly all of the zeolite ion-exchanged sites are
occupied by [Cu(OH)]" ions. The close proximity of these
ions induces the formation of hydroxyl bridges that have
previously been reported in “excessively” exchanged mor-
denite (3, 4) but do not appear to have been reported for
copper exchanged MFI. Heating this material to 773 K in
He is shown to cause the reduction of these ions to zeolite-
coordinated Cu' ions.

The conversion of 1-propanamine has also been inves-
tigated over copper exchanged MFI prepared by aque-
ous ion-exchange and over copper-containing beta zeolite
(which we refer to as “BEA”) prepared by conventional
aqueous ion-exchange and CuCl vapor ion-exchange. For
both zeolite structures, the amount of copper introduced by
CuCl vapor ion-exchange is theoretically twice as great as
that introduced by aqueous ion-exchange. The conversion
of 1l-propanamine to 1-propanamine, N-(1-propylidene)
(aCgimine) isshown to increase with copper loading, which
is consistent with the dehydrogenation reactions occurring
over these sites.

EXPERIMENTAL

Catalyst Preparation

The base zeolites used for ion-exchange were the acidic
forms of MFI (Valfor CBV-3020) and BEA (Valfor CP-
811BL-25) zeolites supplied by PQ Corporation. Ad-
sorption/desorption of 1-propanamine from the materials
(1, 5, 6) indicated a proton concentration of 0.077 and
0.098 moles of protons/100 grams of MFI and BEA zeo-
lite, respectively. Na-MFI was made by mixing 11 g of the
H-MFI with 0.33 g of NaOH dissolved in 250 ml of DDI wa-
ter for 1 h. This solution was then filtered and washed three
times with 100 ml of DD water. Na-BEA was prepared sim-
ilarly using 0.444 g of NaOH. An aqueous ion-exchanged
MFI, referred to hereafter as Cu-MFI/AIE, was prepared
by exchanging the Na-MFI material from above with 2.2 ¢
of CuCl, dissolved in 100 ml of distilled, deionized (DDI)
water at room temperature for 16 h. This material was then
filtered, rinsed three times with 100 ml of DDI water and



THE CONVERSION OF 1-PROPANAMINE 17

dried in air at 373 K for 24 h. An agueous ion-exchange
BEA, referred to hereafter as Cu-BEA/AIE, was prepared
by a procedure similar to the MFI material using 3 g of
CuCl, dissolved in 100 ml DDI water.

Copper-containing MFI and BEA materials prepared by
vapor ion-exchange, referred to as Cu-MFI/VIE and Cu-
BEAJ/VIE, respectively, were made by first spreading 5 g of
the acidic zeolite ona28.5cm x 5.75 cm rectangular ceramic
boat. 1 g of CuClwasspreadalonga28.5c¢cm x 1.5cmrectan-
gular ceramic boat which was placed 1.5 cm above the boat
containing the zeolite bed. This “double-decker” ceramic
boat was placed in a 7-cm ID and 100-cm long quartz tube
inside a three-zone Lindberg/BlueM Furnace. The sample
was dried in 200 cc/min Ar at 323 K for 2 h and then heated
to 973 K at 5 K/min and held at that temperature for 6 h.
Due to the disproportionation reaction of 2 Cu™ to Cu® and
Cu?* in the presence of water adsorbed by the zeolite from
humid air, prior to removal from the furnace, the Cu*-MFI
material must be converted to a different form which can
later be restored to Cut-MFI. We have determined that the
oxidized material can be converted back to the Cu™-MFI
material by either thermal reduction or partial hydrogen re-
duction. To perform the oxidation, the sample was cooled
to 373 K, the gas flow was switched to 50 cc/min O, and
the sample was allowed to oxidize for 5 h. The sample was
cooled to room temperature in oxygen prior to exposure to
air, and it is this final oxidized sample that we refer to with
the “VIE” appendage.

The VIE and AIE materials were analyzed for copper
content after preparation. Copper was extracted from sam-
ples of each material by three repetitions of boiling to dry-
ness in aqua regia, followed by awash in hot, dilute aqueous
HCI. The zeolite was then filtered off the aqueous HCI, and
the filtrate was analyzed for copper content using ICP. The
results are given in Table 1.

A physical mixture of Cu,O and H-MFI, referred to as
Cu0O/H-MFI, was made by mixing 0.0532 g of Cu,O with
1gof H-MFI inamortar and pestle for 5 min. These samples
were made immediately prior to the experiments in which
they were used.

Catalytic Reactor Studies

Catalytic reactor experiments were performed at con-
stant temperature in agradientless recirculating batch reac-
tor system described elsewhere (7). The catalyst was placed
between two plugs of quartz wool in a quartz reactor. The
circulation loop was equipped with a magnetically operated
piston pump and check valve arrangement. The entire sys-
tem had a volume of 720 cm® which could be evacuated with
arotary vacuum pump prior to runs and the system pressure
was monitored with diaphragm-type pressure gauges. For
these experiments, 100 mg of catalyst was heated under vac-
uum from 313 K to 773 K at 10 K/min and held for 30 min.
The reactor was then cooled to 573 K and filled with 1.33 bar

TABLE 1
Copper Content of Catalysts Measured by ICP

Moles of Cu
per mole of

Moles of

Grams Cu per framework-Al

Catalyst 100 g zeolite per 100 g zeolite framework-Al
Cu-MFI/AIE 2.0 0.077 0.41
Cu-MFI/VIE 49 0.077 1.00
Cu-BEA/AIE 1.8 0.098 0.29
Cu-BEA/VIE 3.7 0.098 0.60

He. The circulation loop was filled with 0.0666 bar 1-pro-
panamine and 1.266 bar He. The reaction was started by
diverting the circulating mixture through the catalyst bed.

Samples were withdrawn periodically through a traced
line to an evacuated loop on a gas sampling valve. The GC
was an HP589011 equipped with a 50-m PONA capillary
column and FID detector. Identification of products was
done by performing preliminary experiments in the reactor
but using a HP 5972 Series Mass Selective Detector instead
of the FID. The absolute areas from the FID detector were
used to determine the conversion of 1-propanamine and
the partial pressure of the products formed.

Microbalance Experiments

Microbalance TA experiments were performed on a
Perkin-Elmer TGA7 interfaced to a PC. A 12-18-mg por-
tion of sample was placed on the Pt microbalance pan. A
50 cc/min He stream continuously purged the microbalance
mechanism and mixed with a 50 cc/min reagent gas stream
that could be varied in composition. The weight curves ob-
tained could also be numerically differentiated by the com-
puter with respect to time. The reagent gas stream could also
be saturated with 1-propanamine by diverting it through a
room temperature saturator.

Microbalance reduction experiments were performed by
heating the sample in 100 cc/min He from 313 K to either
473 K or 773 K at 10 K/min and were held at the final
temperature for 30 min. The samples were then cooled to
323KinHeandatemperature programat 10 K/minto 923 K
was started as the gas flow was switched to 5 cc/min Hy in
95 cc/min He. One Cu-MFI/VIE was pretreated to 773 K as
above and then cooled to 323 K. This sample was heated in
5 cc/min CO and 95 cc/min He to 773 K at 10 K/min. When
the sample temperature reached 773 K, the gas flow was
switched to 100 cc/min He and the sample was held at this
temperature for 30 min. This sample was then cooled and
reduced as above.

Bulk CuO, Cu;0O, CuCl,, and CuCl samples were also
reduced after drying in 100 cc/min He at 323 K for 15 min
by heating the samples from 323 K to 923 K at 10 K/min
in 5 cc/min H; and 95 cc/min He. Cu,O was also similarly
reduced in 5 cc/min CO and 95 cc/min He.
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Microbalance CO adsorption experiments were per-
formed by heating the sample in 100 cc/min He from 313 K
to either 473 K or 773 K at 10 K/min and were held at the
final temperature for 30 min. The samples were then cooled
to 323 KinHe, held at 323 K for 1 min in 100 cc/min He while
data gathering began, then the gas flow was switched to
5cc/min CO in 95 cc/min He for 9 min, and then the gas flow
was then switched back to 100 cc/min He to purge weakly
bound CO. Some of the samples were partially reduced
after thermal pretreatment and prior to CO adsorption by
heating the samples from 323 K to the final reduction tem-
perature, specified later, in 5 cc/min H, and 95 cc/min He
and holding at that temperature for 10 min. The samples
were then cooled and purged in pure He prior to perform-
ing CO adsorption experiments.

Temperature Programmed Reduction (TPR) Experiments

A Carle Analytical Gas Chromatograph 111 H Series S
was reconfigured to measure hydrogen consumption and
was interfaced to a PC for TPR experiments. In the basic
TPR configuration, a reactant stream of hydrogen and ar-
gon flowed through a quartz reactor which contained the
catalyst sample then to a palladium hydrogen transfer cell,
where the hydrogen in the reactant stream was transferred
to a pure Ar stream flowing at 30 cc/min. The later stream is
then analyzed by a thermistor detector, so that when hydro-
gen is removed by reaction from the stream flowing over
the catalyst sample, an imbalance in the thermistor detector
is recorded. The areas of the hydrogen consumption peaks
were numerically integrated and quantitative measure was
made by comparison with the measured area of a 100-mg
sample of 5% bulk CuO ball milled with H-MFI that was
dried at 473 K.

A series of experiments were performed on this appa-
ratus using 100 mg of all samples except Cu-BEA/AIE,
for which a 200-mg sample was used. The samples were
pretreated by heating in 57 cc/min Ar from 303 K to ei-
ther 473 K or 773 K at 10 K/min and held at the final
temperature for 30 min. The samples were then cooled to
303 K in Ar. The gas flow was then switched to 3 cc/min
H; and 57 cc/min Ar and heated from 303 K to 923 K at
10 K/min.

X-Ray Diffraction (XRD) Experiments

X-ray diffraction data were collected with a Scintag
PAD-V diffractometer equipped with a Cu Ko radiation
source. Data were collected using step scans of 0.02° from
3° to 60° at 1°/min.

Infra-Red Spectroscopy (IR) Experiments

IR spectrawere taken in the transmittance mode using an
IBM IR-30 FTIR. The zeolites were pressed into self sup-
porting wafers, 6.4 mg/cm?, which were loaded into a con-

trolled atmosphere quartz IR cell with KBr windows. The
samples were pretreated by heating in a flow of 50 cc/min
He from 303 K to either 473 K or 773 K at 10 K/min, held at
the final temperature for 30 min, and then cooled to 323 K.
Spectra of samples with adsorbed CO were taken after ex-
posure of the sample to 2.6 cc/min CO and 50 cc/min He for
45 min then desorbed in pure He for 10 min at 323 K. Some
of the samples were partially reduced after thermal pre-
treatment and prior to CO adsorption by heating the sam-
ples from 323 K to the final reduction temperature, specified
in each experiment, in 2.6 cc/min H;, and 50 cc/min He and
held at the final temperature for 10 min.

RESULTS

Reactor Experiments

The conversion of 1-propanamine as a function of time
over a set of catalytic materials is shown in Fig. 1. The
acidic BEA zeolite ismore active than the acidic MFI mate-
rial. Addition of copper by aqueous ion-exchange increases
the rate of conversion of 1-propanamine for both the MFI
and BEA zeolites and the rate of conversion is further in-
creased by addition of copper by CuCl vapor ion-exchange.
The major products observed are dipropanamine and
1-propanamine, N-(1-propylidene) and their partial pres-
sures as a function of time as shown in Figs. 2 and 3, re-
spectively. For both H-MFI and H-BEA, the net rate of
formation of dipropanamine is positive throughout the ex-
periment. The net rate of formation of dipropanamine over
both the Cu-MFI/AIE and Cu-BEA/AIE materials is zero
or slightly negative after approximately 4 ks. After approx-
imately 2 ks, a maximum observed in the partial pressure
curve indicates that the rate of dipropanamine conversion
exceeds that of its formation for both the Cu-MFI/VIE
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FIG. 1. Conversion of 1-propanamine at 573 K over 0.1 g catalyst:
N, H-MFI; @, Cu-MFI/AIE; A, Cu-MFI/VIE; ¥, H-BEA; ¢, Cu-BEA/
AIE; O, Cu-BEA/VIE.
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FIG. 2. Partial pressure of dipropanamine from the 1-propanamine
reaction at 573 K over 0.1 g catalyst: B, H-MFI; @, Cu-MFI/AIE; A, Cu-
MFI/VIE; ¥V, H-BEA, 4, Cu-BEA/AIE; O, Cu-BEA/VIE.

and Cu-BEA/VIE materials. Figure 3 indicates that the
amount of 1-propanamine, N-(1-propylidene) formed over
the CuCl vapor ion-exchange materials is greater than that
over the aqueous ion-exchanged materials, which are in
turn greater than that over the acidic zeolites. The product
distribution for all significant products of 1-propanamine
conversion at various times over Cu-MFI/VIE, one of the
most active materials, is shown in Table 2.

X-Ray Diffraction

Comparison of the X-ray diffraction patterns of the cata-
lytic materials with that of the pure CuQ, Cu,0O, CuCl, and
CuCl; indicated the absence of extracrystalline CuO, Cu,0,
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FIG. 3. Partial pressure of 1-propanamine, N-(1-propylidene) from
the 1-propanamine reaction at 573 K over 0.1 g catalyst: B, H-MFI; @, Cu-
MFI/AIE; A, Cu-MFI/VIE; ¥V, H-BEA; ¢, Cu-BEA/AIE; O, Cu-BEA/
VIE.

TABLE 2

Distribution of Products from 1-Propanamine Conversion over
0.100 g Cu-MFI/VIE at 573 K

Time (ks) 0.6 2.1 3.9 7.2
Conversion (based on area of 1-PA) 16.9 48.2 68.9 82.5
Product weight %

Dipropanamine 30.4 42.5 34.0 22.3
1-Propanamine, N-(1-propylidene) 69.6 48.3 53.7 51.6
Propanitrile — — 2.7 9.3
4-Methylpentanitrile — — — 15
Tripropylamine — — — 5.2
Dipropanamine, N-(1-propylidene) — 9.2 9.6 9.1

and CuCl, in all of the samples, except that nonzeolitic
peaks at 16.0° and 32.3° were observed for the Cu-MFI/VIE
and Cu-BEA/VIE, which are consistent with the pres-
ence of extraframework CuCl. Some loss of signal inten-
sity was observed for the Cu-BEA/AIE and Cu-BEA/VIE
relative to that of the H-BEA material, suggesting that
some loss of crystallinity occurs during the copper exchange
procedure.

Temperature Programmed Reduction (TPR)

We have found that the oxidation state of copper is
a function of the temperature that the material is pre-
treated to under an inert atmosphere or vacuum prior to
use in the TPR or in the catalytic reactor. Therefore, an
appendage “XXXK” is added to the name of each mate-
rial to indicate the temperature (XXX) that the material
has been pretreated under vacuum or in an inert gas for
0.5 h in all cases. The TPR results for the Cu-MFI/AIE,
Cu-MFI/VIE, and H-MFI materials pretreated to 473 K
and 773 K are compared in Fig. 4. If the copper content
was equivalent to 1 Cu/framework Al, and if the copper
exists as Cu* ions, we would expect that 2 H atoms per
copper or per framework Al are required to complete the
reduction. For Cu-MFI/VIE the framework Al content is
0.077 mol/100 g, so the Cu?* material would require 0.154
moles H atoms for complete reduction. Since both quan-
tities are useful for comparative purposes, in appropriate
places, we give the hydrogen consumption in moles per 100
grams of zeolite and, in parenthesis, we give the equivalent
H atoms consumed per framework Al. As expected, the
H-MF1/473 K does not show any hydrogen reduction peaks.
The Cu-MFI/VIE/473 K shows two well-defined reduction
peaks. The amount of hydrogen consumed corresponds to
approximately 0.077 mol H/100 g (1.0 H/framework Al)
and 0.085 mol H/100 g (1.1 H/framework Al) for the first
and second peaks, respectively, for a total of 0.162 mol
H/100 g (2.1 H/framework Al). A shoulder on the first peak
at 463 K is observable. The Cu-MFI/VIE/773 K shows two
distinct but nonresolvable peaks. The hydrogen consumed
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FIG. 4. TPR Results: (1) Cu-MFI/VIE/4A73 K; (2) Cu-MFI/VIE/7T73 K; (3) Cu-MFI/AIE/4A73 K; (4) Cu-MFI/AIE/T73 K; (5) H-MF1/473 K.

during this experiment corresponded to approximately
0.106 mol H/100 g (1.4 H/framework Al), suggesting that
thermal reduction of copper partially occurred, since the
total reduction capacity has fallen from 0.162 moles to
0.106 moles. Cu-MFI/AIE/473 K also shows two reduction
peaks. The amount of hydrogen consumed corresponds
to approximately 0.020 mol H/100 g (0.3 H/framework Al)
and 0.044 mol H/100 g (0.6 H/framework Al) for the first
and second peaks, respectively. For Cu-MFI/AIE/773 K, a
broad low temperature reduction peak, consuming approx-
imately 0.012 mol H/100 g (0.2 H/framework Al), and a
more pronounced high temperature peak, consuming ap-
proximately 0.034 mol H/100 g (0.4 H/framework Al), is
observed. These results indicate that the Cu-MFI/AIE ma-
terial also undergoes thermal reduction upon heating to
773 K. The thermal reduction of Cu?* ions to Cu™ ions in
aqueous ion-exchanged zeolites has been observed previ-
ously (9-19).

The BEA materials behave similarly to the MFI materials
as shown in Fig. 5. Cu-BEA/VIE/473 K possesses two dis-
tinct reduction peaks consuming approximately 0.062 mol
H/100 g (0.6 H/framework Al) and 0.063 mol H/100 g
(0.6 H/framework Al). Cu-BEA/VIE/773 K possesses only
one significant peak that consumes 0.056 mol H/100 g
(0.6 H/framework Al). Due to the low loadings of copper
in Cu-BEAJ/AIE, twice as much material had to be used to
obtain measurable TPR peaks. Cu-BEA/AIE/473 K pos-

sesses two peaks with hydrogen consumption correspond-
ing to approximately 0.021 mol H/100 g (0.2 H/framework
Al) and 0.030 mol H/100 g (0.3 H/framework Al), while Cu-
BEA/AIE/773 K possesses only one peak with a hydrogen
consumption of 0.027 mol H/100 g (0.3 H/framework Al).

Microbalance Reduction

Under the conditions employed for copper-zeolite mate-
rials, hydrogen reduction of reference samples of the pure
copper oxides and chlorides indicated that bulk CuCl, and
CuCl begin to volatilize prior to reduction. Both the CuO
and Cu,0 reduce to copper metal with reduction peak max-
ima at 552 K and 602 K, respectively. Cu,O also reduces to
copper metal in CO with a reduction peak maximum at
545 K.

The microbalance reduction experiments using H;
compliment the TPR experiments performed above. Even
though the reaction which takes place is identical for both
experiments, hydrogen consumption by the material is
measured by TPR while weight loss from the catalysts is
recorded by the microbalance reductions, so that reactions
which produce a volatile product such as Z-[CuOH]" +
3H,— Z~Cu™ + H0 are recorded by both TPR and mi-
crobalance experiments. Experiments which do not result
inavolatile productsuchasZ Cu**Z~ + H,— 2Z H* +
Cu® have almost no effect on the microbalance reduction
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FIG.5. TPR Results: (1) Cu-BEA/VIE/A73 K; (2) Cu-BEA/VIE/TT3 K; (3) Cu-BEAJAIE/AT3 K; (4) Cu-BEA/AIE/TT3 K; (5) H-BEA/473 K.

experiments due to the low molecular weight of H,, but
are easily observed by the TPR apparatus. By comparing
the hydrogen consumption, obtained from the TPR, with
the weight loss during reduction, from the microbalance,
an average molecular weight of the volatile product can be
obtained.

The derivative of the microbalance reduction curves
for the copper MFI materials are shown in Fig. 6. Cu-
MFI/VIE/473 K shows two weight loss peaks, suggesting
that both of the TPR peaks for this material (see Fig. 4)
correspond to the reduction of copper species possessing
extraframework ligands. The weight loss of the first peak
corresponds to 1.802 g per 100 g of material, compared
to a weight loss of 0.588 g per 100 g of material for the
H-MF1/473 K material which is due to further drying above
473 K. The difference between these numbers, 1.214 g/100 g
of material, divided by the moles of hydrogen consumed
(from TPR measurements) gives a mass to charge ratio
of 18.55 for the first peak. A similar calculation for the
second peak gives a mass to charge ratio of 16.10. Cu-
MFI/VIE/773 K also possesses a weight loss peak which,
after subtracting the water content of H-MFI1/773 K ma-
terial, corresponds to 1.351 g/100 g of material. Heating
the material to 773 K in CO after the thermal treatment
does not significantly change the weight loss peak observed
during hydrogen reduction, suggesting that this peak is
due to the loss of chlorine rather than oxygen. Assum-

ing that the weight loss is due to chlorine, this corresponds
to 0.038 mol/100 g of material. Cu-MFI/AIE/473 K shows
three weight loss peaks. The first is in the same temperature
region as the first TPR peak in Fig. 4 and the other two
are in same region as the second TPR peak. The mass to
charge ratios of the first and second TPR peaks correspond
t016.09 and 9.31, respectively. Cu-MFI/AIE/773 K does not
possesses any significant weight loss peaks during reduc-
tion.

The microbalance reduction curves for the BEA mate-
rials are shown in Fig. 7. As with the MFI material, Cu-
BEA/VIE/473 K gives two weight loss peaks with mass to
charge ratios of 19.51 and 14.40 for the first and second
peaks, respectively. Cu-BEA/VIE/773 K has a weight loss
peak at the same temperature as Cu-MFI/VIE/773 K. The
weight loss of this peak, after subtraction of water loss from
the similarly treated H-BEA, corresponds to 0.877 g/100 g
of material, or 0.0247 mol/100 g of material, assuming that
this weight loss is due to chlorine. Cu-BEA/AIE/473 K
shows two weight loss peaks with mass to charge ratios of
17.52 and 19.62 for the first and second peaks, respectively.
Cu-BEAJ/AIE/773 K does not show any significant weight
loss peaks.

The CO adsorption results at 323 K are shown in
Figs. 8 and 9. Cu-MFI/VIE/773 K experiences the greatest
weight gain on exposure to CO. Significant amounts of
CO are also adsorbed on the similarly treated Cu-MFI/AIE
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FIG. 6. Microbalance reduction results: (1) H-MF1/473 K; (2) Cu-MFI/AIE/773 K; (3) Cu-MFI/AIE/473 K; (4) Cu-MFI/VIE/AT3 K; (5) Cu-MFI/
VIE/773 K; (6) Cu-MFI/VIE/773 K and then heated to 773 K in CO.
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FIG.7. Microbalance reduction results: (1) H-BEA/473 K; (2) Cu-BEA/AIE/7T73 K; (3) Cu-BEA/AIE/4T3 K; (4) Cu-BEA/VIE/4AT73 K; (5) Cu-
BEA/VIE/7T73 K.
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FIG. 8. Microbalance CO adsorption results: (1) H-MFI1/473 K; (2) Cu-MFI/AIE/473 K; (3) Cu-MFI/AIE/7T73 K; (4) Cu-MFI/VIE/AT3 K;
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material. Substantially less CO adsorption occurs on the
Cu-MFI/VIE/4AT3 K, Cu-MFI/AIE/4A73 K, and H-MFI/
473 K. Partial reduction of the Cu-MFI/VIE/773 K and
Cu-MFI/AIE/773 K at 633 K and 643 K, respectively, re-
sults in a considerable decrease in the amount of CO ad-
sorbed relative to the unreduced material. (The partial re-
duction temperatures correspond to the peak maxima in
the TPR curves for these two materials.) Partial reduction
of Cu-MFI/VIE/473 K and Cu-MFI/AIE/473 K at 533 K
and 483 K, respectively, results in a considerable increase
in the amount of CO adsorbed, compared to the unreduced
materials. (These partial reduction temperatures approxi-
mately correspond to the first peak maximum in the TPR
curves for these materials.) The Cu,O/H-MFI physical mix-
ture does not significantly adsorb CO.

Infra-Red (IR)

The IR spectra of the OH stretching region of the ma-
terials are shown in Fig. 10. Four important peaks are ob-
servable for H-MF1/473 K. The 3738 cm~! band, which is
present in all of the samples shown, has been attributed
to hydroxyl groups attached to terminal silicon atoms (4,
11, 20-22). The 3610 cm~! has been attributed to stretch-
ing of the acidic hydroxyl group in MFI zeolites (22). Two
other minor bands at 3694 cm~! and 3661 cm™! are also
observed. Previous investigations have assigned bands at
3690 cm~! (21) and 3656 cm~! (11) to vibrations associ-
ated with AIOH groups, suggesting that the minor bands
are also due to these species. The Na-MFI material dried
to 473 K does not possess the 3610 cm™! band, which
is consistent with the replacement of all of the zeolitic
protons with Na't ions. The increase in the IR bands at
3670 cm~! and 3660 cm~! for the Na-MFI are possibly

Absorbance

T T T T T
3700 3600 3500 3400 3300

3800 3200
Wavenumbers/cm™
FIG. 10. IR results: (1) H-MFI/473 K; (2) Na-MF1/473 K; (3) Cu-MF1/

AIE/4A73 K; (4) Cu-MFI/AIE/T73 K; (5) Cu-MFI/VIE/773 K; (6) Cu-MFI/
AIE/473 K partially reduced to 484 K; (7) Cu-MFI/VIE/473 K partially
reduced to 533 K; (8) Cu-MFI/VIE/473 K.

due to hydroxylation of extraframework alumina by NaOH
during sodium exchange. The bands between 3590 cm™!
and 3575 cm~! may be due to water bound to the sodium
ions.

The partial restoration of the 3610 cm~* band for the
Cu-MFI/AIE/473 K relative to Na-MFI indicates that ze-
olitic protons are reintroduced into the Na-MFI mate-
rial by the CuCl, aqueous ion-exchange process, while
the bands at 3737 cm™%, 3692 cm~!, and 3658 cm~? in-
dicate that the SiOH and AIOH species were not sig-
nificantly affected. The 3590 cm~! and 3575 cm~! bands
observed for the Na-MFI material are not present after
the copper exchange, which is consistent with their as-
signment to water coordinated to sodium ions and re-
placement of sodium by copper in the exchange process.
The broad band between 3600 cm~! and 3300 cm™! has
been previously observed for copper ion-exchanged MFI
and was attributed to water and hydroxide ions associ-
ated with Cu?* ions (11). Cu-MFI/AIE/773 K shows sig-
nificantly weaker bands at 3600 cm~! to 3300 cm~, com-
pared to Cu-MFI/AIE/473 K, in agreement with previous
studies (11). Other bands in Cu-MFI/AIE/773 K are similar
to those present in Cu-MFI/AIE/473 K. Partial reduction
of the Cu-MFI/AIE/473 K at 483 K results in the forma-
tion of a broad band between 3600 cm~! and 3300 cm™?,
possibly due to water produced by the reduction of copper
hydroxides. The zeolitic proton peak at 3610 cm~* does not
appear to be significantly affected by the partial reduction
process.

Cu-MFI1/VIE/A73 K possesses asilanol band at 3739 cm ™!
and only a small band due to zeolitic protons at 3610 cm 2.
Two pronounced absorption regions are observed, one at
3448 cm~! and another at 3360 cm~1—3319 cm~L. Similar
peaks at 3440 cm~! and 3350 cm~! have been observed
for “excessively” ion-exchanged copper mordenite (3, 4).
The latter absorption peak was attributed to bridged OH
groups coordinated between two Cu?* ions (3, 4). The for-
mer peak was assigned to water coordinated to the cop-
per ions in a copper hydroxyl dimer (3, 4). The occur-
rence of several peaks in the 3360 cm™! to 3319 cm™
region may be due to the multiple crystallographic loca-
tions in the zeolite in which the Cu?* ions can reside. Par-
tial reduction to 533 K of Cu-MFI/VIE/473 K results in
the elimination of the bands which appear to be associ-
ated with a copper hydroxyl dimer. The 3610 cm™* acidic
proton band is not restored by the partial reduction. Cu-
MFI/VIE/773 K shows no bands that could be associated
with the copper hydroxyl dimer peaks or significant pro-
tons.

The spectra of materials after CO adsorption is shown in
Fig. 11. Neither the H-MFI nor the Cu,O/H-MFI materials
show any significant CO absorption bands. In agreement
with the microbalance results, Cu-MFI/AIE/473 K shows
some absorbance, with peaks at approximately 2175 cm™?
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Absorbance
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FIG.11. IR CO adsorption results: (1) H-MFI1/473 K; (2) Cu,O/H-
MF1/473 K; (3) Cu-MFI/VIE/4T3 K; (4) Cu-MFI/AIE/AT3 K; (5) Cu-MFI/
AIE/7T73 K; (6) Cu-MFI/AIE/473 K partially reduced to 484 K; (7) Cu-
MFI/VIE/773 K; (8) Cu-MFI/VIE/473 K partially reduced to 533 K.

and 2150 cm~1. Previous investigations indicated that some
of the Cu? ions in MFI can interact with CO to form
[Cu(CO),]* ions with absorption peaks at 2177.5 cm~! and
2151 cm™! (10). The absorption attributable to adsorbed
CO increases for the Cu-MFI/AIE/773 K relative to Cu-
MFI/AIE/4A73 K, and partial hydrogen reduction of the
Cu-MFI/AIE/473 K also results in an increase in these
absorption bands. Cu-MFI/VIE/473 K also shows some
adsorbed CO absorption bands, which is consistent with
the microbalance results indicating that some CO is ad-
sorbed on this material. Cu-MFI/VIE/773 K gives a signif-
icant increase in the absorption bands associated with the
[Cu(CO),]* ions relative to Cu-MFI/VIE/473 K. An ab-
sorption band at 2137 cm™! is also present, which is not
normally observed for MFI samples with low copper con-
centrations and has been attributed to CO adsorbed on
associated Cu™ ions (10). Partial reduction to 533 K of Cu-
MFI/VIE/473 K also produces similar bands with absorp-
tion intensities that are somewhat greater than that of the
Cu-MFI/VIE/T73 K.

DISCUSSION

Cu-MFI/VIE/473 K and Cu-BEA/VIE/473 K give rise to
similar H, TPR spectra that consist of a low temperature
band at 490 K and a high temperature band at about 610 K.
These individual bands in each material have similar areas.
This result is consistent with the reduction of Cu?* ions to
Cu' ions in the first peak and Cu* ions to copper metal for
the second, and we expect Cu?* ions to be present in the
VIE materials because of the oxidation step after the CuCl
vapor exchange, which was performed in order to eliminate
disproportionation of the Cu™ ions caused by exposure to
humid air. The stepwise reduction of Cu?* ions in hydrogen

has been previously reported (11, 14, 23-27). The relatively
small amounts of CO adsorbed on Cu-MFI/VIE/473 K and
Cu-BEA/VIE/A73 K as observed via microbalance and IR
is also consistent with most of the copper ions being in the
+2 oxidation state under these conditions, since Cu?* ions
do not strongly adsorb CO (10, 11, 22). Partial hydrogen re-
duction of Cu-MFI/VIE/473 K to 533 K (which corresponds
approximately to the maximum of the first TPR peak of
Cu-MFI/VIE/473 K) results in a considerable increase in
the CO adsorption capacity which is also consistent with
Cu?* to Cu™ reduction, since zeolite-coordinated Cu* ions
have been shown to strongly adsorb CO (10-12, 18, 22, 28,
29). The IR bands at 2175 cm™!, 2146 cm™!, and 2137 cm ™!
which are observed when CO is adsorbed on partially
reduced Cu-MFI/VIE/473 K are also consistent with the
presence of a significant quantities of zeolite-bound Cu™
ions (10).

The mass to charge ratios of 18.6 and 16.1 for the first and
second reduction peaks for the Cu-MFI/VIE/473 K and the
mass to charge ratios of 19.5 and 14.4 Cu-BEA/VIE/473 K
are consistent with the loss of a coordinated water or a
hydroxide group for each reduction step. Further, the IR
data for Cu-MFI/VIE/473 K shows OH bands previously
attributed to bridging copper hydroxyl dimers and water
coordinated to them (3, 4). Oxygen bridges between cop-
per atoms have also been observed in copper exchanged
mordenite by single crystal X-ray diffraction experiments
(30). These results suggest that most of the copper atoms
in Cu-MFI/VIE/473 K and Cu-BEA/VIE/473 K (recalling
again that these materials are treated in O, after the CuCl
exchange) exist as dimers like those shown in Fig. 12a, which
are similar to dimers proposed by Kuroda et al. (3, 4). Since
it is unlikely that all of the copper hydroxyl species are suf-
ficiently close to form dimers, isolated copper hydroxyl ions
like in Fig. 12b are likely present as well. The reduction of
these isolated copper hydroxyl species may be the origin of
the shoulder at 463 K observed in the hydrogen TPR spec-
trum for the CuCl vapor ion-exchange materials. The num-
ber of hydrogen atoms consumed by Cu-MFI/VIE/473 K
material in both the first and second peak is fairly close to
the number of protons present in the zeolite, suggesting that
nearly all of the zeolite ion exchange sites are occupied by
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FIG. 12. Copper hydroxyl dimer (a) and monomer (b).
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one copper ion, and is also consistent with the weakness of
the 3610 cm~! IR band associated with zeolitic protons. The
amount of hydrogen consumed by the reduction of copper
in Cu-BEA/VIE/473 K material is less than the initial num-
ber of protons in the H-BEA base, which may be the result
of dealumination of the zeolite by the high temperatures
and also the presence of HCI which is the product of the
vapor ion-exchange process. The loss of crystallinity of this
material relative to the H-BEA material as indicated by
X-ray diffraction also supports this suggestion.

The results presented are consistent with the hydrogen
reduction of copper hydroxyl ions and copper hydroxyl
dimers to (Cu-H,O)*Z~, where Z~ represents an anionic
zeolite site. The second TPR reduction peak corresponds
to reduction of these species to Cu® and H*Z~. The weight
loss is likely due to loss of the coordinated water molecule.

When Cu-MFI/VIE and Cu-MFI/VIE are pretreated in
vacuum or an inert atmosphere at 773 K instead of 473 K,
we believe that restoration of Cut occurs. The relative
decrease in the amount of hydrogen consumed during
reduction which occurs upon pretreatment of Cu-MFI/VIE
and Cu-BEA/VIE to 773 K rather than 473 K is consistent
with the thermal reduction of the Cu?* ions to Cu* ions by
this treatment. The 2175 cm~1, 2146 cm~!, and 2137 cm™!
IR bands present after exposure of the Cu-MFI/VIE/773 K
to CO is also consistent with this hypothesis. Both Cu-
MFI/VIE/773 K and Cu-BEA/VIE/773 K possess weight
loss peaks on reduction at approximately 602 K. Heating
the Cu-MFI/VIE/773 K in CO to 773 K does not signifi-
cantly affect this weight loss peak. The general assumption
that oxygen containing copper species are reduced by
heating in CO (25) suggests that the weight loss peak is
not due to loss of oxygen and is probably due to reduction
of small amounts of Z~[CuClI]" ions produced by reaction
of the zeolite with the residual CuCl which was observed
by XRD.

The reaction pathway leading to the formation of the
copper hydroxyl ions and dimers in the CuCl VIE mate-
rials likely proceeds through several steps. Previous inves-
tigations have shown that CuCl vapor reacts with zeolitic
protons to form HCI and Cu* ions coordinated to zeolite
ion exchange sites (31-33), which we also expect in the first
step of the formation process for the VIE materials. In the
second step, which is oxidation at 373 K, we expect that
[Cu-O-Cu]?* oxonium ions are formed, because previous
reports (19, 34, 35) have shown that this reaction occurs.
Other investigations have demonstrated that [Cu-O-Cu]?*
ions can react with water to form [Cu(OH)]" ions (20)
which we expect happens when the catalyst is removed from
the furnace and exposed to humid air in the final step of the
formation process. The unique feature of these materials
is that they can be taken off the shelf and converted back
to materials with a very high Cu* ion content by simple
treatment in vacuum or an inert atmosphere at 773 K.

Cu-BEAJ/AIE/A73 K behaves similar to Cu-BEA/VIE/
473 K, only with a lower overall copper concentration. The
similar hydrogen consumption of the first and second TPR
peaks and the mass to charge ratios suggest that this ma-
terial is also composed predominantly of copper hydroxyl
ions and dimers. As with the CuCl vapor ion-exchange ma-
terials, these ions thermally reduce to Cu™ ions on heating to
773 K. [Cu(OH)]* ions have also been previously proposed
to be the major copper species present in ion-exchanged ze-
olites (14, 17, 19, 24, 27, 36, 37). The copper hydroxyl ions
in this material possibly stem from reaction of the Cu?*
ions exchanged into the zeolite with H,O to form zeolitic
protons and [Cu(OH)]* ions (21, 25, 27).

The Cu-MFI/AIE/473 K is more complicated than the
other materials. The hydrogen consumption correspond-
ing to the low temperature TPR peak is significantly less
than that of the second. Further, two weight loss peaks are
observed in the high temperature region and the mass to
charge ratio of the reduction region, 9.31, is much less than
the ratios of 14.4-19.6 which we have attributed to the loss
of coordinated water and hydroxyl groups for the other ma-
terials. Previous investigations have indicated that thermal
reduction of Cu?* ions in aqueous ion-exchanged MFI be-
gins at temperatures slightly greater than 373 K (11, 12).
The reduction temperature of the first high temperature
peak observed on the microbalance, 589 K, is fairly close to
the reduction temperature of Cu,0, 602 K. Further, if Cu,O
were present and the O atom was lost as water on reduc-
tion, the expected mass to charge ratio of 8 could account
for this observed mass to charge ratio.

Previous investigations have indicated that during the
thermal reduction of Cu?* ions to Cu™ ions in Cu®* ion-
exchanged MFI, the EPR signal associated with zeolite co-
ordinated Cu?* ions disappears prior to the formation of
photoluminescence bands associated with zeolite coordi-
nated Cu™ ions (9). These results and the results published
in this paper are consistent with the thermal reduction of
at least some [Cu(OH)]* ions to Cu,O, oxygen, water, and
zeolitic protons in Cu-MFI/AIE/473 K. Oxygen desorption
from ion-exchanged Cu-MFI materials during heating has
been previously reported (11, 18). The Cu0O, which is not
found in Cu-MFI/AIE/773 K, may react with zeolitic pro-
tons to form zeolite coordinated Cu* ions and water. The
lower stability of the [Cu(OH)]" ions in MFI relative to
BEA may be due to the lower pore volume of MFI and the
absence of significant reduction of [Cu(OH)]* to Cu,O in
the Cu-MFI/VIE material may be due to the greater sta-
bility of the dimer (Fig. 12a) with respect to the isolated
copper hydroxyl ions (Fig. 12b).

Previous reports have suggested that under the reaction
conditions used for the 1-propanamine conversion, the Cu*
ions are reduced to copper metal and zeolite acid sites (2).
The acidic sites were postulated to catalyze the condensa-
tion of the 1-propanamine to dipropanamine and ammonia,
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and the copper metal acts as a mild dehydrogenation cata-
lyst that selectively removes the hydrogen atoms attached
to the nitrogen and adjacent carbon. The results in this pa-
per are consistent with those findings. For both the MFI
and BEA materials the amount of imine formed increases
with increasing copper loadings. Further, the maxima in the
dipropanamine partial pressure curves observed for the Cu-
MFI/VIE and Cu-BEA/VIE are consistent with the conver-
sion of dipropanamine to the imine by dehydrogenation.

CONCLUSIONS

A process has been developed for exchanging one cop-
per atom per zeolite ion-exchange site via CuCl vapor
ion-exchange followed by oxidation to convert the cop-
per to a form stable in humid air. These ions exist in
the form of copper hydroxyl and copper hydroxyl dimers
which are stable in air. The Cu*" ions can be reduced
to Cu'* ions by either thermal treatment in an inert at-
mosphere or partial hydrogen reduction. Catalytic reac-
tions of copper zeolites with a 1-propanamine reactant
induces the reduction of the copper ions to dispersed cop-
per metal and regenerates the zeolite acid sites, resulting
in a bifunctional catalyst. The zeolite acid sites selectively
dimerize 1-propanamine to dipropanamine and the dis-
persed copper metal dehydrogenates the dipropanamine to
1-propanamine, N-(1-propylidene) by the selective removal
of the hydrogen atoms attached to the nitrogen and adjacent
carbon.
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