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TPR/TPD and FTIR are used to characterize “‘excessively ion-exchanged” Cu/Na-ZSM-
5. After calcination in O, at 773 K at least two copper—oxygen species are present in
addition to Cu?* ions; these have been identified as CuO and [Cu—O-Cu]?**. Reduction in
H, transforms all these into Cu? below 773 K. [Cu-O-CuJ?** is autoreduced to Cu* during
outgassing. Reoxidation of Cu® by zeolite protons to Cu™ is observed above 723 K in He or
Ar; in the presence of CO this process is considerably enhanced and observed at much
lower temperature, because CO is strongly adsorbed on Cu™. At 293 K CO adsorption
causes reversible changes in the FTIR spectra.
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1. Introduction

The class of copper containing zeolites of MFI structure type, conventionally
described as Cu-ZSM-5, shows high promise for the catalytic abatement of NO,
emission even in O, containing gas [1]. Iwamoto showed that higher N, yields
are obtained with “excessively exchanged” Cu-ZSM-5, ie. samples with a
Cu/Al ratio exceeding 0.5. The formation of [Cu(OH)]* ions was recently
proposed in these catalysts [2,3] in accordance with the earlier suggestions for
ion-exchanged Cu-Y [4,5]. Thermal decomposition of this complex results in the
formation of [Cu—O-Cul**, a proposed active species for NO decomposition [2].
This species has also been suggested for Cu-Y [4-8], Cu-X [9,10], as well as for
systems containing Cu on amorphous supports, e.g., CuO/MgO [11] and
Cu/SiO, [12]. In the case of Cu-Y, the concentration of [Cu—O-Cu]** species
increases with the Cu-loading, but it is also present at low ion-exchange levels

[7].

1 On leave from: Center for Catalysis, Surface and Material Science, Department of Organic
Chemistry, Jozsef Attila University, Dém tér 8, Szeged, H-6720 Hungary.
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Zeolitic protons are a coproduct of the reduction of copper ions by H,. It has
been shown with other metal /zeolite systems that this reduction is, in part,
reversible [13]; for instance, Cu atoms in Pd /Cu-NaHY are oxidized by zeolitic
protons to Cu ions. The equilibrium of this reduction and reoxidation is affected
by the presence of CO, because the relative bond strength of CO with the
reduced and the oxidized metal will be different. In the present study TPR /TPD
and FTIR are used to monitor the reduction of excessively ion-exchanged
Cu/Na-ZSM-5 with H, and CO. Attention is focussed on characterizing the
copper species present in the calcined sample and the reoxidation of Cu® by the
combined action of zeolitic H* and CO.

2. Experimental
2.1. MATERIALS

Excessively ion-exchanged Cu/Na-ZSM-5 was prepared from a slurry of
NaNO,-washed MFI (UOP) and an aqueous solution of Cu-acetate (Aldrich) at
pH = 7, following the method of Iwamoto et al. [2]. According to the nomencla-
ture of Iwamoto et al., the degree of excess Cu loading is calculated under the
assumption that one Cu?* is exchanged for two Na* ions. The chemical
compositions and contaminations of the samples (table 1) were determined by
inductively coupled plasma (ICP) (Atomscan 25 spectrometer, Thermo Jarrel
Ash Corp.). Iron was the largest impurity, =2 at% of the total Cu content
(Cu/Fe =52 and Fe /Al = 1.44 X 10~2). The concentrations of other impurities
were more than two orders of magnitude less.

Gases (He, Ar, O, and H, (Linde) and the 0.9790 vol% CO in He (Mathe-
son)) were ultra high purity grade, and further purified as described in refs.
[14,15]. The CuO used for the TPR /TPD calibrations was a product of Mathe-
son Coleman & Bell.

Table 1
(A) Chemical composition of ZSM-5 zeolites. (B) Impurity analysis data of H-ZSM-5 as-received
(A)
Sample Cu (wt%) Si/Al Cu/Al Na/Al Cu/Fe
H-ZSM-5
as-received 20 0.07
NaNOQO,-washed 20 0.50
Cu/Na-ZSM-5 3.1 20 0.75 0.09 52
(B)
Fe/Al Cr/Al Mn /Al Co/Al Cu/Al

1.44%x1072 9.97%10~* 222x10~4 7.76 %1073 7.20% 1073
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Fig. 1. H,-TPR (1), CO-TPR/MS (2) and H,-TPD (3) patterns of Cu/Na-ZSM-5: after (a)

calcination, (b} calcination followed by a 20 min degassing at 773 K in Ar; (c) reoxidation (O,, 473

K, 1 h), (d) prereduction in CO, and (¢) H,-TPR. (Positive signal means H, consumption for
H,-TPR, H, formation for H,-TPD and CO, formation for CO-TPR.)
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2.2. APPARATUS AND PROCEDURE

The TPR(MS) /TPD equipments, the FTIR instrument, the IR cell, and the
procedure were described earlier [14,15]. The catalyst was calcined in flowing O,
(180 ml/min) from 293 to 773 K at 0.66 K/min, held at 773 K for 2 h, then
cooled to 293 K in O,. For FTIR the temperature was increased (8 K/min)
after a purge with He in H, (40 ml /min) to 723 K, held for 20 min followed by a
20 min purge with He (40 ml/min) and cooling to 293 K.

3. Results and discussion

3.1. TPR/TPD (FIG. 1)

Fig. 1/1a shows for calcined Cu/Na-ZSM-5 three H,-TPR peaks. The total
H, consumption obtained from peak integration corresponds to complete re-
duction of Cu™ to Cu®. The color change from light green to red-purple and the
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FTIR results below support this total reduction to Cu’. Outgassing of the
calcined sample in Ar at 773 K for 2 h prior to a H,-TPR run eliminates peak I
almost totally, leaving peaks II and III essentially intact (fig. 1/1b). Heating the
reduced sample in O, to 473 K (temperature ramp 1.5 K/min) and holding for
1 h regenerates only peak II (fig. 1/1c), which becomes wider; its area increases
by 38%. In order to distinguish copper ions from oxygen containing Cu moieties,
a calcined sample was reduced with CO. The H,-TPR profile subsequent to this
CO treatment is shown in fig. 1/1d. The elimination of peaks I and II suggests
that these are due to the reduction of oxygen containing Cu species, whereas
peak III is attributed to copper ions.

On the basis of these data and the concomitant color changes, the following
assignments are made: I; [Cu—O-Cu]**; II: CuO; III: Cu™ ions. A separate
peak attributed to the reduction of Cu®* ions to Cu* is not observed, suggesting
formally that any Cu?" species are reduced at the same temperature as Cu* or
in a step leading to peak broadening between peaks II and III. The water
formed during the reduction of the O-containing species may influence the
transformation of Cu?* to Cu™. The presence of CuO in a calcined sample
suggests that along with the exchange of Cu?* and [Cu(OH)]* at pH = 7, some
Cu(OH), may also form and/or some Cu-acetate may remain in the ZSM-5
zeolite after rinsing. Subsequent calcination leads to the formation of small CuO
particles. Similarly, for Cu-Y prepared from Cu-nitrate, “excess exchange” was
observed and attributed to the precipitation of a hydroxide species followed by
dehydration to the oxide [16].

With H, the following reduction processes are thus discerned:

[Cu-O-Cu)** +H,=2Cu*+H,0 (293 K); (1)
CuO +H,=Cu’+H,0 (443 K); (2)
Cu®*+1H,=Cu*+H" (> 443 K); 3)
Cu™+iH,=Cu’+H" (608 K). (4)

By assigning peak I in fig. 1/a to process (1), peak II to (2) and (3), and peak
III to (4), we arrive at the following rough estimation for the distribution of the
three Cu-species prior to reduction: [Cu~O-Cul**=35%, CuO =25%, and
Cu?*=40%.

With CO the following reduction processes are proposed:

[Cu-O-Cu]*" + CO =2Cu*+ CO, (343 K); (5)
CuO + CO = Cu® + CO, (508 K). -~ (6)

]2+

In Ar, thermal decomposition of [Cu-O-Cu]** also takes place:

[Cu-0-Cu]** =2Cu*+ 20, (773 K). (7)



J. Sdrkdny et al. / Redox chemistry of Cu / Na-ZSM-5 245

O, formation is detected by MS when heating the calcined sample in Ar; the
FTIR data confirm the formation of Cu* by the characteristic band for
CO-Cu™ which is obtained after CO exposure at 293 K of an outgassed sample.
Eq. (2) is also in good agreement with the earlier findings [2,17,18]. An FTIR
band at 2295 cm~! was identified and may be attributed to a superoxide in
analogy to findings on Ce-oxide [19]. We refrain from speculating on how
formation and decomposition of Cu-superoxide might take part in the selective
reduction of NO. MS analysis of the gas formed during CO-TPR (fig. 1/2a) also
shows a wide CO, peak centered at 763 K, which might indicate formation and
decomposition of a carbonate.

Wendlandt et al. [20] recently found that after thermal treatment to 773 K
only 73% of the Cu in ion-exchanged Cu/Na-ZSM-5 was reduced during
H,-TPR, but after heating the sample in O, to 523 K for 2 h, the extent of
reduction calculated from H, consumption was 100%. Although their samples
contained only 0.5 wt% Cu and the Si/Al ratio of the zeolite was 47, these
results agree with ours.

H,-TPD in Ar (fig. 1/3e) reveals H, evolution above 723 K suggesting
reoxidation of Cu® by zeolite protons to Cu* (see also below). The extent of
reoxidation is kinetically limited, viz., a higher maximum TPD temperature
results in a greater degree of reoxidation.
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Fig. 2. FTIR spectra of Cu/Na-ZSM-5 in He in the regions of (A) 4000-2640 cm ! and (B)
2250-2100 cm ™~ !: after (a) H -reduction; (b) a 20 min CO exposure at 293 K; (c) CO admission at
723 K for 20 min. Difference spectra (C) between A/c and A/a.
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3.2. FTIR (FIGS. 2 AND 3)

3.2.1. Reoxidation of Cu’ to Cu* (Fig. 2)

After H,-reduction to 723 K, three OH bands are found in the FTIR
spectrum (fig. 2A /a) assigned to: silanol (band I; 3743 cm™!), protonic (bridged,
Si(OH)AD) (band II; 3610 cm™!; absorbance, A,y =0.3529) (fig. 2A /a), and
H-bonded (band III; = 3330 cm™') OH groups [21-25]. Following exposure to
CO at 293 K a very small CO band (Ao = 0.0337; half-width, Ay, ,=11.4
cm™!) is detected at 2157 cm ™! (fig. 2B /b) due to Cut-CO species [25] Upon
cooling the reduced sample from 723 to 293 K in H,, this band becomes even
smaller (Aqg=0.0009); it is not observed for a Cu-free sample. In good
agreement with temperature programmed studies, this shows that the Cu!!
Cu/Na-ZSM-5 is totally reduced in H, at 723 K, whereas the extent of
reoxidation of Cu’ by protons to Cu* in He is very small at 723 K and slightly
larger at 773 K.

However, we observed a significant increase of the band Cu™-CO (A¢y =
0.5611; Av,,,=8.3 cm™') at 723 K in CO /He (fig. 2B/c) accompanied by a
decrease of 6 7% in Aqy(ID) (figs. 2A /a,c and 2C/d). This is clear evidence for
a combined effect of zeolite protons and CO in the reoxidation of Cu® to Cu™.
The strong chemisorption of CO on Cu™ [26] provides a thermodynamic driving
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Fig. 3. FTIR spectra of Cu/Na-ZSM-5 in 7.5 Torr CO / He (A) in the region of 2250-2100 em™ L

after (a) a 20 min CO exposure at 293 K; and (b) CO-treatment at 723 K for 20 min (see figs. 2/b

and 2/c). (B) and (C) difference spectra between those obtained in the presence of 7.5 Torr

CO/He and only in He: (c) after (a) (i.e. fig. 3/a—fig. 2/b) and (d) after (b) (i.e. fig. 3/b—fig.
2/¢) in the regions of (B) 2250-2100 cm ! and (C) 40002640 cm .
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force for this process. Similar results were obtained with Rh/Na-Y [13]. The
reoxidation of Cu® by zeolitic protons is also really observed at lower tempera-
ture, e.g., at 570 K. At 723 K it is accompanied by a decrease in A,4(I1D) and a
small increase in Ao4(D) (fig. 2C). As these OH bands are complex, it is not
clear what fraction of band III is due to acidic protons, and how much to
bridged [24], internal silanol [23] OH groups, or non-framework Al-OH groups.
The small band at around 3835 cm ™! (band IV, A, = 0.005) in the difference
spectrum in fig. 2C may be due to OH groups related to extra framework
aluminum [27].

A very weak CO band (band D, Ao = 0.0056) is present at 2108 cm ! in fig.
2B /c. Bands in this frequency region have been attributed to Cu’-CO [28,29].
However, we find it only for partially reoxidized or reduced samples, but never
in totally reduced Cu/Na-ZSM-5. Moreover, this band shows a high thermal
stability, viz., it is still present after heating the sample in flowing He at 473 K
for 10 min.

3.2.2. Effect of gaseous CO on the IR spectra (Fig. 3)

In CO/He at 293 K new CO bands appear at 2177 (band C, 4o(C) = 0.1433)
and 2151 cm™! (band A, Aqo(A)=0.5016), whereas the band at 2157 cm™*
(band B, A.o(B)=0.2917) decreases in intensity (see figs. 3/A and 3/B).
Simultaneously, a small decrease in Ay at 3300-3200 cm ™! is accompanied by
small increases of bands at 3610, 3743 and 3835 cm ™! (fig. 3C), suggesting some
destruction of the H-bonds at 3300-3200 cm~!. This effect seems to be some-
what larger for the reoxidized sample having more Cu*-CO, but less zeolitic
protons (fig. 3C/d). However, these changes alone do not provide sufficient
explanation to the very high sensitivity of the interconversion B=A + C to
temperature and CO pressure. This interconversion presumably implies a migra-
tion of Cu™-CO induced by a weak CO adsorption, increasing the coordination
number of Cu®, while also changing its charge and the extent of backdonation
to the 2w *-CO. It is worth noting that the three-band CO-structure is also
observed with support-free Cu-oxide [30,31].

In CO/He at 293 K band D also shifts from 2108 (fig. 2B/c) to 2111 cm™!
(fig. 3A /b), while the CO band of Cu™-CO shifts from 2157 to 2151 cm ™!, This
might support some kind of electronic interaction between the two species,
which seems to be larger in the presence of gaseous CO. Consequently, more
charge would be donated from Cu® to Cu* which might increase the direct
donation of CO to Cu’ and the backdonation from Cu* to the 2w *-CO
contributing to the opposite shifts of the two CO bands.

4. Conclusions

“Excessively ion-exchanged” Cu/Na-ZSM-5 contains copper oxide in addi-
tion to copper ions. In a calcined sample, the excess Cu is primarily present as
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Cuo and [Cu-O-Cu]**. The latter species is transformed to Cu* during
outgassing in He or Ar. Further work is necessary to establish which of the
copper species identified in this work is involved in the catalysis of NO
abatement. Reoxidation of Cu’ to Cu* by zeolitic protons is enhanced by CO
adsorption.
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