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EXECUTIVE SUMMARY 

Co(II)NH4-erionite zeolites with cobalt contents varying from 0.002 to 8.2 wt?? of 

C@) were prepared, and the samples were studied via diffuse reflectance spectroscopy in 

the UV-VIS-NIR region and measurement of magnetic moments of the Co ions. Co(II) ions 

in different sites were distinguished by optical spectra of the dehydrated Co-erionite samples. 

Co(II) cations occupy three different sites in dehydrated erionite, which are in the plane of 

the regular six-ring window (site C), in the plane of the irregular six-ring of the €-cage (site 

H), and in the center of the wage (site B). These cation sites exhibit approximately D,,, C,, 

or Clh, and o h  symmetry, respectively. Sites centered in the deformed six-i-hg are occupied 

preferentially, while sites in the regular six-ring are occupied in the zeolite dehydrated at 

525'C and sites in the €-cage are occupied only at high Co loading. Co(I1) ions located in 

the wage (site B) exhibit a closed coordination shell and do not create complexes with guest 

molecules. Ions located in the six-rings have open coordination shells and form complexes 

with CO and ethylene. Co(Q complexes with CO or ethylene located in the regular six-ring 

windows exhibit different spectral features than those located in the deformed six-rings. 

Samples of Co(II)-ZSM-5 zeolites were also prepared and studied via diffuse 

reflectance spectroscopy after being dehydrated at 350 and 525OC and after adsorption of 

carbon monoxide, water, and ethylene. In general, Co-ZSM-5 contains three different Co 

sites. However, Co-ZSM-5 prepared at acidic conditions contained only two different sites. 

One of these sites is probably identical with the Co site in Co-erionite. After dehydration 
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at 500”C, Co siting in these zeolites was changed. In erionite at this same condition, Co ions 

were located in the plane of the single regular six-ring. Only strong ligands such as water 

could be adsorbed on Co ions in ZSM-5 zeolite dehydrated at 350°C, but Co ions in zeolites 

dehydrated at 525OC were also affected by weak ligands. 

NO adsorptioddesorption studies were carried out, and diffuse reflectance 

spectroscopy was utilized to monitor the spectral changes that occurred during adsorption 

of NO on the Co(rr> cations, which was observed to occur after dehydration treatments at 

350°C and 525°C. Absorption bands in the charge transfer spectral region of NO-Co 

intrazeolitic complexes depended mainly on Co siting in the zeolites. In selective catalytx 

reduction of NO by methane, it was observed that Co-mordenite and Co-ferrierite exhibited 

the highest %NO converted to products and selectivity toward N2 formation, but Co-A 

zeolite and Co-erionite yielded the highest selectivities to NO, formation. Co-ZSM-5 zeolite 

exhibited an intermediate behavior. 

X-Ray photoelectron spectroscopy and Auger analysis demonstrated that the Auger 

line intensities of the 0 K L2,3 L2,3 and Na K L2,3 L2,3 line and the binding energy, Eb, of the 

0 1s photoelectron line of zeolites A, X, Y, and mordenite correlate with structure induced 

charge transfer effects. Changes in the orrygen Auger spectnun also occw upon replacement 

of the Na+ by Co(I1) cations. 
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PROJECT OBJECTIVES 

The principal objective was to obtain the fundamental knowledge for technological 

advancement of selectively converting pollutant NO to N, and 0, under oxidizing or neutral 

environments that exist in exhaust gases and emissions of sources such as power stations. 

These studies involve the preparation, testing, and characterization of transition metal 

exchanged zeolite catalysts. The principal reactions of interest include the following: 

2N0 * N2 + 0 2  

2 N 0  + CH, + 0, =* N2 + C02 + 2H20. 

The first reaction is a highly desirable decomposition reaction. However, selectively 

catalytic reduction of NO by reductants, such as ammonia or hydrocarbons that include 

methane, is also of interest in this research. Current technology uses ammonia as a 

reductant, and development of a catalyst that would provide for replacement of the ammonia 

by methane or other hydrocarbons would be a significant advancement in the selective 

cataly-hc reduction of NO. 
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INTRODUCTION 

Conversion of NO (or NO, in general) to benign products is one of the most important 

goals of environmental catalysis today. Among the prospective catalysts for resolving this 

problem by selective catalytic reduction (SCR) of NO to N, are Co(I1)-containing zeolites. 

Since it is highly desirable to replace the currently utilized ammonia reductant by a more 

environmentally acceptable reductant, SCR of NO by methane over transition metal 

exchanged zeolites has been recently studied (1-5). It has been shown that Co(I1) ions, as 

well as some other transition metal cations, implanted into the zeolite matrix exhibit high 

catalytc activity in SCR of NO by using hydrocarbons instead of ammonia as the reductant 

under some reaction conditions (43). Although the mechanistic features of the catalytx 

activity of Co(E) ions incorporated to the zeolite matrix have not been fully elucidated, it is 

known that the catalytic activity of Co(I1) ions for NO SCR by methane differs in different 

zeolites and also depends on Co loading (1,2) in the zeolite matrix. This indicates the 

important role of siting of the Co ions on their catalytic activity. 

To explain the effects of Co(n> siting and to elucidate the mechanism of SCR of NO, 

the identlfcation of the individual Co(I1) sites in various zeolite matrices and estimation of 

their population in these sites under various conditions is of a great importance. Co(II) ion 

sitings in Type A, X, and Y zeolites were studied using X-ray diffraction (6,7) and using 

UV-VIS-NIR diffuse reflectance spectroscopy (DRS) (8-15), but information on the Co 

siting in other zeolites is lacking. In particular, there appears to be no available information 

about Co(n> cation sites in zeolites such as erionite, ferrierite, and ZSM-5. The main source 
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of information on the location of cations siting in zeolites is usually single crystal X-ray 

difkiction. However, the use of this method for the identification of cation sites in the high- 

silica zeolites encounters difficulties because of the low cation concentrations in these 

matrices. Moreover, high-silica zeolites also often exhibit low crystal symmetry, which 

complicates identification of cation sites. In addition, prepara~on of single crystals suitable 

for X-ray determination of the cation siting in zeolites is unsuccessful for some zeolite 

structural types (16). For dehydrated zeolites other than synthesized A, X, and Y zeolites, 

siting of various cations in dehydrated zeolite was successfully determined (17-20) in 

dehydrated mordenite. In the case of erionite, only sites of potassium and calcium in natural 

erionite were identified (2 1). 

Metal cations in zeolites can be maintained in Werent coordination environments and 

can adsorb gaseous molecules. For example, Co(I1) ions in zeolites are known to assume a 

variety of coordination numbers and symmetries, with distinctly different chemical and 

physical properties (8,22). In particular, open coordination sites in Type A zeolite has led 

to the formation of specific complexes with gas molecules that can enter the zeolite cage 

structure. Such surface complexes are of interest in conversions of the guest molecules, of 

which the high activity for SCR of NO by hydrocarbons is an example (1-5). Earlier 

research centered on cobalt exchanged zeolites dealt with catalytic oxidation of CO (23) and 

Fischer-Tropsch synthesis (24). In each of these cases, the cation siting, the metal cation 

oxidation state, and the state of agglomeration have not been characterized. 

Erionite is taken here as an example of a zeolite with known fiamework structure, but 

for which there is a lack of knowledge of the local geometry of the Co(I1) cations, as well 
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as their accessibility to selected molecules. The erionite fiamework structure is well-known 

(25), but there is considerable uncertainly in regard to the location of transition metal cations. 

In natural erionite, the native calcium is located in an inaccessible position hidden in the E- 

cage, while sodium, magnesium, and potassium occupy open coordination sites (2 l). The 

behavior and distribution of Co(I1) is expected to be different from the closed shell divalent 

cations such as Ca(II) and Mg(I1) because of the extraordinarily high crystal field 

stabilization of Co(Q in near-planar geometries (10). Thus, erionite presents the next degree 

of complexity compared to zeolite A, in which all Co(I1) ions are in p lana  coordination. 

EXPERIMENTALRESULTS 

Identification of Co(11) Ion Sites in Dehydrated Co-Erionite and Their Adsorption 
Properties: an UV-VIS-NIR Spectroscopy Study 

In the present work, we have investigated the location, accessibility, and relative 

populations of the C o o  sites with the use of DRS in the W-VIS-NIR region complemented 

by magnetic susceptibility measurements and by adsorption of probe molecules CO, 

ethylene, and water. In zeolites, the DRS of the d+d* optical transitions in open shell ions 

has been shown to both reflect their electronic structure and provide a signature of local 

geometry (8). In particular, trigonally coordinated Co(I1) ions in the oxygen six-ring 

windows of zeolite A displayed a characteristic optical spectrum that was distinctly different 

from those of Co(I1) in tetrahedral and octahedral coordinations in complexes and solids 

(13). The trigonal Co(TI) spectrum is of special interest in zeolite chemistry as it signals an 

open coordination site accessible to incoming molecules that has no analogue in the 
F 
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coordination chemistry of cobalt elsewhere. Even in zeolites, this open coordination Co(I1) 

structure has been rare. 

Although the evidence presented here is spectroscopic rather than based on diffi-action 

methods, it can be combined with the knowledge of the erionite h e w o r k  structure to arrive 

at a consistent picture of the site accessibility and distribution, which should make it possible 

to correlate these properties with the catalytic function and activity of Co(II) erionite. 

Experimental Methods 

Preparation of Co(I1) Exchanged Zeolites. NH,Na-erionite was ion exchanged 

under different conditions to obtain zeolites with different contents of Co(II) ions. NH,Na- 

erionite (74.83% SO,, 18.36% A1203, 0.72% Na,O, 0.05% CaO, 6.04% NE&+) was first 

prepared fiom Na-erionite (84.27% SO,, 11.09% A.l2O3. 4.57% Na,O, 0.07% CaO, <0.01% 

H,O), provided by the Institute of Oil and Hydrocarbon Gases, Bratislava, Slovak Republic, 

by four equilibriations with 0.5 M NH,NO, for 4 h at room temperature. With each 25 g 

batch of zeolite, 1600 ml of solution was utilized for each exchange step. After filtering, the 

zeolite was washed three times with 2000 ml of hot distilled water and air-dried. Analyses 

by XRD was used to confirm that a pure crystalline material was maintained. 

Co-erionite samples with C o o  concentrations of 0.002-8.2 &! of Co were prepared 

at room temperature by ion exchange of 5 g portions of zeolite with 0.0001-0.02 M aqueous 

solutions of Co(NO3), or 0.1 M aqueous Co(CH,COO), solution. Preparations of the Co- 

erionite samples with high c o  contents were carried out by three-step exchange procedures. 

Exchanged solids were filtered, washed three times with hot distilled water, and air dried. 



The resulting Co concentrations and corresponding parameters of the ion exchange of 

samples No. 1-9 are given in Table 1. The concentration of Na in sample No. 9 with Co 

content of 8.2 wt?? was lower than 0.01 wt?!. Reverse exchange of Co from Co-erionite 

(sample No. 10) was carried out at room temperature by ion exchange of 1 g zeolite with 0.2 

M aqueous solution of NaNO,. The resulting Co concentration was 0.14 wt?? of Co. The 

chemical composition of zeolites was determined after their dissolution by atomic absorption 

spectroscopy at the Institute of Inorganic Chemistry of the Czech Academy of Sciences. 

Dehydration of Zeolites. The erionite samples were dehydrated at two different fmal 

temperatures of 350°C and 525OC. Dehydration at 3500C was carried out under dynamic 

vacuum (approximately 7 x Torr) in a silica optical cell (26) (or in a silica flask in the 

case of magnetic measurements) in three steps: 100°C for 1 h, 22OOC for 30 min., and 350OC 

for 3 h. The heating ramp between these temperatures was S°C/min. The optical cell was 

then sealed by a stopcock and cooled to room temperature. Sealing of the cell by the 

stopcock was adequate over several days, as verified by UV-VIS-NIR DRS (in 14 days after 

sealing, no changes of spectra were observed). For samples dehydrated at 525OC, 

dehydration at 35OOC was first carried out, followed by heating using a ramp of 1CP C/min 

to 525OC, and then holding constant at 525OC for 8 h. After dehydration, samples were pale 

blue or white, and the color depended on the dehydration temperature and on the Co(I1) 

concentration of the sample. 

Adsorption of Carbon Monoxide, Ethylene, and Water. After the Co(I1) erionite 

samples (ca 0.8 g) were dehydrated and cooled to room temperature as described earlier, 

carbon monoxide (99.0+%, Aldrich Chemical Company, hc.) and ethylene (CP grade, 

8 '  



TABLE 1. Co(II) contents of Co(II)-erionite samples and conditions used for their 
preparation (type of Co(I1) salt, concentration and volume of equilibration solution, initial 
pH, and time of exchange). 
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Linde) at pressures from 0.5 to 700 Torr and water at a pressure of 22 Torr were adsorbed 

at room temperature. The amount of gas adsorbed was monitored by adsorption at various 

pressures from volumes of 40, 180, or 1400 ml. Pressures of gases before and during 

adsorption were measured using a Pirani gauge. Adsorption was considered complete when 

no decrease in the pressure of adsorbing gas was observed during a time interval 15 min. CO 

was dried before adsorption by passing through a freezing trap containing liquid nitrogen. 

Water was degassed by freezing in a flask and evacuating. 

Optical Spectroscopy. The diffbse reflectance spectra (DRS) in the UV-VIS-NIR 

region were acquired with a Varian-Carry 2300 spectrometer with a MgO-coated integrating 

sphere, and data were collected by a Zenith 386 computer utilizing Spectracalc software. 

The silica cell containing 0.6-1 g of zeolite was equipped with an lnfrasil window (5 mm 

thick and 24 mm in diameter). The spectra were recorded separately in the UV-VIS region 

(200-850 nm, 1 nm scanning step, and 1 nm/s scan in the case of samples with Co(I1) content 

higher than 2 wf?? or 0.2 n m / s  for samples with lower Co concentrations, using a 

photomultiplier detector, and using hydrated MgO as a standard). In the NIR region (750- 

2200 nm, 2 nm scanning step, and 0.2 or 0.05 nm/s scan), a PbS detector was employed and 

a Teflon standard was used. This method of spectral recording allowed an efficient and 

accurate data collection and removed problems with absorption of dehydrated MgO or 

Teflon in the UV region and with water absorption bands of hydrated MgO in the NIR 

region. 

The absorption intensities were evaluated by the Schuster-Kubelka-Munk theory 

(F(RJ = ( l-RJ2 / 2RJ, where %, is diffUse reflectance fkom a semi-infinite layer and F(R,) 
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is proportional to the absorption coefficient. Final data processing was carried out using the 

Microcal Origin 3.78 software (Microcal Software, Inc., U.S.A.). The UV-VIS spectrum of 

the parent zeolite, dehydrated under the same conditions as utilized for the investigated 

Co(II) exchanged samples, was subtracted from the recorded spectra. In the case of second 

derivative mode analysis, no background subtraction was carried out. 

Magnetic Susceptibility Measurements. The paramagnetic moments of the bare 

Co(Q ions in Co-erionite (8.2 wt?! Co) dehydrated at 350 and 525OC were determined using 

the Gouy method (27). The magnetic field was 4200 Gauss, the internal diameter of the 

sample tube was 6 mm, the sample tube length was 12 cm, and the sample weight was 1.1  

g. Pure HgCo(NCS), was used for calibration. The measurements were carried out at room 

temperature, with measurements for each sample being repeated 5 to 10 times to obtain an 

error of measurement smaller than ~ 5 % .  

The magnetic susceptibility of each hydrated sample was measured using a 1 1  cm 

high column of zeolite in the sample tube. The sample tube was attached to a flask that was 

also connected to a silica cell for DFS measurements. After DRS measurements, the zeolite 

was transferred to the sample tube, which was then sealed off and the magnetic susceptibility 

of dehydrated sample was measured. The sample tube was then opened, sealed again to the 

flask and dehydrated at 525OC. Spectroscopic and magnetic measurements were again 

carried out. The magnetic susceptibility of the parent erionite was also measured using the 

same procedure. Magnetic susceptibility of Co(1I) was taken as a difference between 

susceptibility of Co-erionite and the parent zeolite. The molar magnetic moment and 

paramagnetic moment of the Co(I1) ions were calculated according to the Curie law (28). 
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RESULTS 

Magnetic Properties. The paramagnetic moments (given in Bohr Magnetons) of 

Co(II) in erionite dehydrated at 350 and 525°C are summarized in Table 2 and are compared 

with data from the literature. The value of the paramagnetic moment of cobalt in the 

hydrated zeolite was in good agreement with the magnetic moment of Cop)  in [Co(H,0),l2' 

(29), and the high value of the magnetic moment of Co(I1) in erionite dehydrated at 525OC 

was close to the value characteristic of Co(11) in dehydrated A zeolite (8). 

TABLE 2. The paramagnetic moments of Co(I1) ions in erionite and 
comparisons with literature. 

Paramagnetic Moment of Co(II) 
(BM) 

Co(II) Ion Environment 

Co-erionite hydrated 5.0 

Co-erionite dehydrated at 350OC 5.2 

Co-erionite dehydrated at 525OC 5.7 

dehydrated Co-A zeolite (Ref. 8) 5.65 

II [CO(H,O),]~' (Ref. 28) I 5.1 II 
I I tetrahedral Co (Ref. 28) 4.7 - 4.9 I 

Spectrum of Cu-Erionite Dehydrated at 350OC. The UV-VIS-NIR spectnun of the 

3.2 % Co(I1)-erionite dehydrated at 350OC is shown in Figure 1 and the effect of Co 

concentration on the VIS-NIR spectra of the Co(I1) ions located in the erionite matrix is 

shown in Figure 2. The details of the normalized VIS spectrum with the asymmetric 

absorption band centered at 17,000 cm-* characteristic of optical adsorption of the Co(I1) ions 

c 
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and the effect of Co concentration on this normalized VIS band are given in Figure 3. The 

difference between the spectra of Co(II)-erionite with low (<0.3 % Co) and high (>3% Co) 

I .2 

0.4 

I i I I I 1 ( 0  
10,000 20,000 30,000 40,000 50,000 

wavenumber (cm-') 

FIGURE 1. UV-VIS-NIR spectra of Co(II)NH4-erionite (3.2 wt?? Co) dehydrated at 35OOC 
(-) and 525 O C  ( - 0  -)>- 

13 



1.2 

0.8 

n 
8 

E 
W 
LL 

0.4 

0.0 
5,000 10,000 15,000 20,000 25,000 30,000 

wavenumber (cm-1) 

FIGURE 2. The effect of Co(II) concentration on VIS-NIR spectra of Co(I1)-erionite 
samples dehydrated at 350OC. The spectrum of the parent zeolite was subtracted from the 
spectra shown here. Spectral intensity increases with increasing Co(II) concentration in the 
series of 0.15, 0.30, 1.3,3.2, 7.9, and 8.2 wt% Co in erionite. 
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15,000 20,000 25,000 
wavenumber (cm-1) 

30,000 

FIGURE 3. The effect of Co(It) concentration on normalized VIS spectra of Co(1I)-erionite 
samples dehydrated at 35OOC. The spectrum of the parent zeolite was subtracted. Spectra 
were separately normalized to 1 at maximum intensity. Co(I1) concentrations in the erionite 
were 0.002 (. a)., 0.12 ( -)., 0.15 (- -), 0.30 (- -), 1.3 ( ***e* ), 1.5 ( - - - )., 
3.2 ( ---- )., 6.2 ( -*-e- ), and 8.2 ( -*-e- ) Wto? CO. 
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Co content indicates the presence of two components in the spectrum. Component 01 has 

bands centered approximately at 17,000 cm-' and component p at 20,000 cm-l. Spectral 

features of both components (two maxima and a shoulder in the case of the component a and 

shoulder at higher wavenumbers in the case of the component p) indicate their complex 

structure. This fine structure was further analyzed using the second derivative mode analysis 

(Figures 4 and 5). A minimum in the second derivative mode is localized close to the 

maximum of the absorption band. Wavenumbers corresponding to the optical transitions 

were taken as maxima of Gaussian curves to which the spectrum was deconvoluted. The 

component a is composed of three bands with maxima at 16,050, 17,080, and 18,040 cm-', 

while the component p is composed of two bands with maxima at 19,250 and 20,600 cm-'. 

Areas of the bands at 16,050, 17,080, and 18,040 cm-' were in the ratio 1.9/1.0/1.5 for the 

whole concentration range, and areas of the bands 19,250 and 20,600 cm-' were in the ratio 

1.811.0. This suggest an assignment of these bands to two distinct spectroscopic species a 

and 0. The second derivative mode indicates that species p consists of doublets at 19,000 

and 19,600 cm-' and 20,600 and 21,300 cm-'. The total intensities of the bands associated 

with the species a and Q do not evolve in a parallel fashion with increasing degree of ion 

exchange. At low degrees of exchange, species a dominates, followed by evolution of 

species p that becomes discernible at high than 1 wt% Co(I1) concentrations. 

The VIS spectrum of Co-erionite (0.14 wt% Co) prepared by reverse exchange of Co- 

erionite with high c o  loading (8.2 Wh co) with Na(NO,), solution and subsequently 

dehydrated at 35OOC is shown in Figure 6. This spectrum dramatically differs from that of 

16 
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FIGURE 4. VIS spectrum of Co(I1)-erionite samples with low Co concentrations 
dehydrated at 35OOC. The spectrum of the parent zeolite was subtracted. (a) VTS spectrum 
of the zeolite with 0.12 wt% Co ( - ) and Gaussian bands composing the spectrum ( - ). 
(b) Second derivative mode of VIS spectra of Co(II)-erionite with 0.10 ( - ), 0.12 (- - -), 
and 0.30 ( -*-*- ) wt% Co. 
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FIGURE 5. VIS spectrum of Co(I1)-erionite samples with high Co concentrations 
dehydrated at 35OOC.  The spectrum of the parent zeolite was subtracted. (a) VIS spectrum 
of the zeolite with 6.2 wt% Co ( - ) and Gaussian bands composing spectrum ( - ). (b) 
Second derivative mode of VIS spectra of Co(I1)-erionite with 3.2 ( - ), 6.2 ( - - - ), and 
8.2 ( -0-0- ) Wtoh CO. 
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15,000 20,000 25,000 30,000 
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FIGURE 6. The effect of reverse exchange of Cop)  by Na on the normalized VIS spectrum 
of Co-erionite dehydrated at 35OOC. The spectrum of highly exchanged Co(I1)-erionite (8.2 
wt% Co) ( - a d -  ) is compared with the spectrum of Co(I1)-erionite originally containing 8.2 
wt?? Co after exchange by Na to reduce the Co(II) content to 0.14 wt?! of residual Co(II) 
(-1- 
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the forward-exchanged Co-erionite with similar Co content (0.12 wt?? Co). The VIS bands 

at 19,250 and 20,600 cm-' dominate the spectrum. Thus, species p corresponds to Co(I1) ions 

in sites that are occupied only at high Co concentration in zeolite and fi-om which it is 

difficult to exchange the Co ions back out of the cation sites. 

The absence of the vibrational combination bands of water at 5,300 cm-' (v + 6 )  and 

7,150 cm-' (2v) (30-32) in the NIR DRS spectrum of Co(II) in Co-erionite dehydrated at 

35OOC (cf. Figure 2) is an evidence for complete dehydration of Co-erionite at 35OOC. The 

NIR bands at 5,800 cm-' and 7,500 cm-' that are attributed to electronic transitions of the 

Co(II) species a dominate in the spectra of samples with low Co concentrations. The NIR 

spectra of erionite with high Co content are dominated by bands at 8,500 and 11,500 cm-', 

which correspond to electronic transitions in the species p. 

Spectrum of Co-erionite dehydrated at 525 OC. The UV-VIS-NIR spectrum of Co- 

erionite dehydrated at 525OC was shown in Figure 1. The details of the VIS and NIR bands 

of Co(II> ions of Co-erionite samples dehydrated at 525OC and the dependence of the spectra 

on Co concentration are given in Figure 7. A new asymmetric band between 22,000 and 

27,000 cm-.' appeared as a result of dehydration at 525OC. The absorption band centered at 

17,000 cm-' was shifted to lower wavenumbers and exhibited a complex structure different 

from the absorption spectra of the corresponding Co-erionite samples dehydrated at 350 OC. 

The increasing relative intensity of the band at 17,000 cm-' compared to the band at 25,000 

cm-' with increasing Co(II) concentration (Figure 8) indicates that the spectrum is composed 

of at least two components representing different spectroscopic species. 
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FIGURE 7. The effect of Co(II) concentrations on the VIS-NIR spectra of Co(II)-erionite 
samples dehydrated at 525OC. The spectrum of the parent zeolite was subtracted. The 
spectral intensity increases with increasing Co(II) concentration in the series 0.3 ( - - - ) 1.5 
(-.e-..- ), 3.2 ( -*-a- ), 7.9 (.*** ), and 8.2 ( - ) Wto? CO. 
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FIGURE 8. The effect of Co(lI) concentration on the normalized VIS spectra of Co(I1)- 
erionite samples dehydrated at 525OC. (a) The VIS spectra for 1.2 ( -**-**- ), 3.2 ( -0-0- ), 
7.9 ( - - - ), and 8.2 ( - ) wt% Co samples were separately normalized to 1 at the intensity 
maxima ofthe bands at 25,000 cm-'. The spectrum of the parent zeolite was subtracted. (b) 
Second derivative mode analysis of VIS spectra of the Co(I1)-erionites with 1.3 ( -**-e*- 1, 
3.2 (-*-*- ), 7.9 (- - - ), and 8.2 ( - ) wto/o Co(II). 
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The second derivative mode of the spectra shown in Figure 8 exhibits more complex 

structure than second derivative mode in the case of samples dehydrated at 35OOC (Figures 

4 and 5). To the new asymmetric band at 25,000 cm" correspond bands with maxima 

located at 24,600 and 25,800 cm". In the band at 17,000 cm" , new peaks appear (in the 

second derivative mode) at 14,700, 15,500, 17,250 and probably 13,600 cm-', but peaks at 

16,000 and 18,100 cm-l corresponding to the species a and the doublet at 19,200 and 20,300 

cm-' characteristic of species p are also observable. The peak at 17,400 cm -' is probably 

overlapped by a peak at 17,250 cm-l. It is concluded that the VIS spectrum of Co-erionite 

dehydrated at 525 "C is composed of species a and p, consisting of the VIS spectnun of Co- 

erionite dehydrated at 35OoC, and of one or more new species y characterized by the doublet 

at 25,000 cm-' and by bands near 15,000 cm-I. The bands corresponding to the species y 

prevails at low Co concentrations and the role of species a and p in the VIS DR spectra 

increases with increasing Co content in the zeolite. The low content of species p in the 

spectrum of Co-erionite with 1.3 wto! Co can explain the shift of the maximum of the band 

at 25,000 cm-' to higher wavenumbers. In the case of the spectra of samples with higher 

Co(II) loadings, the band at 25,000 cm-' represents the sum of absorption of the bands 

corresponding to species p and y. 

The NIR spectrum of Co-erionite (cf Figure 7) contains bands at 5,600, 6,400, 8,500, 

and 11,500 cm-'. Bands at 8,000 and 11,500 cm-' are characteristic of high Co(II) loading 

levels and correspond to the species p, while the band at 6,400 cm-' is characteristic of 

species y. The band at 5,600 cm-' probably corresponds to the species a. The presence of 
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the band at 7,500 cm” of the species a in the spectrum of Co-erionite dehydrated at 525OC 

cannot be confirmed or excluded. 

Adsorption of CO and Ethylene on Co-Erionite Dehydrated at 35OoC. 

Accessibility of the Co(II) ions in erionite to guest molecules (CO, ethylene) and the effect 

of formation of complexes on the electronic spectra of Co(1I) ions were investigated. The 

molecules of CO and ethylene were adsorbed at room temperature at a fmal pressure of 30 

Torr on Co-erionite dehydrated at 35OoC, and the DR spectrum of Co ions was affected by 

this adsorption. 

The spectrum of the CO-Co-erionite (0.12 wt% Co) containing spectroscopic species 

a is compared in Figure 9a with the spectrum of bare Co(Q in the Same sample. It is evident 

that Co(I1) ions in this site are accessible to CO and form a CO-Co complex with new 

characteristic bands. The resulting spectrum after CO adsorption onto the Co(I1) species a 

is composed of bands at 15,000, 15,400, 16,300, 17,300, 18,100, and 19,700 cm-’ (in second 

derivative mode). Second derivative mode analysis of the spectra of CO-Co-erionite (3.2 

wt% Co) containing both species a and p (Figure 9b) indicated the superposition of the CO- 

Co(lI), and CO-CO(II)~ species and no minima corresponding to new species appeared in the 

spectrum. 

The absorption spectrum of the ethylene-Co complex in erionite is shown in Figure 

10. Ethylene adsorbed on bare Co(I1) cations and formed the ethylene-Co complex with 

characteristic bands at 14,700, 16,300, 17,000, and 18,600 cm-’. Comparison of the spectra 

of ethylene-Co-erionite with merent Co concentrations (i.e. only with spectroscopic species 

c 
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FIGURE 9. The effect of CO adsorption on the VIS spectnun of Co(I1)-erionite dehydrated 
at 35OOC. The spectrum of the parent zeolite was subtracted. (a) VIS spectrum of Co(11)- 
erionite with 0.12 wto? Co(I1) after dehydration ( - - - ) and after adsorption of CO ( - ). 
(b) VIS spectrum of Cop)-erionite with 3.2 wto! Co(II) after dehydration ( - - - ) and after 
adsorption of CO ( - ). 

E 
2 5  



n 

8 
E z 

0.045 

0.030 

0.01 5 

0.000 

I .o 

0.5 

0.0 

I 1 I I I 1 1 

1 
e- 

I \  
I \ 
I \ 
I \ 
I \ 
I \ 

J \ 
I \ 
I \ 

a 

/ - / \  
I \ 
i \ 
I \ 
i \ I I \ 

15,000 20,000 25,000 
wavenumber (crn-1) 

30,000 

FIGURE 10. The effect of ethylene adsorption on the VIS spectrum of Co(I1)-erionite 
dehydrated at 35OOC. The spectrum of the parent zeolite was subtracted. (a) VIS spectnun 
of Co(I1)-erionite with 0.12 wt% Co(I1) after dehydration ( - - - ) and after adsorption of 
ethylene (- ). (b) VIS spectrum of Co(I1)-erionite with 8.2 wt% Co(II) after dehydration 
( - - - ) and after adsorption of ethylene ( - ). 
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a (Figure loa) and with spectroscopic species a and p (Figure lob)) showed that ethylene 

did not affect the spectrum of species p. The ethylene-Co complex of the sample with high 

Co(II) content (with species a and p) exhibits absorption at wavenumbers higher than 20,500 

cm-', where the ethylene-Co complex of species a does not absorb. Moreover, only bands 

corresponding to the species p and to the ethylene-Co complex of species c1 are present in 

the second derivative mode of the ethylene-Co complex of samples with high Co content. 

Adsorption of CO, Ethylene, and Water on Co-Erionite Dehydrated at 525OC. 

At room temperature, carbon monoxide and ethylene were adsorbed onto Co(I1) cations in 

Co-erionite samples dehydrated at 525OC. The spectrum of Co-erionite containing 3.2 wtoh 

Co(II) after CO adsorption is given in Figure 11. This spectrum is composed of multiple 

bands centered at 16,100 cm-* and of two bands centered at 2 1,000 cm-' (19,950 and 2 1,300 

cm-I). The spectrum of the ethylene-Co complex formed in a 1.2 wt?! Co(II) erionite 

sample is shown in Figure 12. It is seen that the spec- of the ethylene-Co complex in Co- 

erionite dehydrated at 525OC is composed of bands with maxima at 15,100, 16,900, 18,800 

and 20,500 cm-'. 

The effect of water adsorption on Co(II) spectra in Co-erionite dehydrated at 525 OC 

and also the effect of equilibration time of water adsorption was studied in the following 

experiment. A small amount of water (1.5 moVg of zeolite) was adsorbed on Co-erionite 

containing 3.2 wt% Co dehydrated at 525OC. After this water adsorption, the doublet at 

25,000 cm-' characteristic of accessible Co sites disappeared. After one h of equilibration, 

the zeolite was dehydrated at 350OC and its spectrum was recorded. The band at 25,000 cm-' 
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FIGURE 11. The effect on the VIS spectrum of Co(I1)-erionite (3.2 &Xi Co) dehydrated 
at 525OC of CO adsorption at room temperature. The spectrum of the parent zeolite was 
subtracted. The spectra correspond to dehydrated Co(II)-erionite ( - - - ) and Co(I1)-erionite 
with adsorbed CO ( - ). 
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FIGURE 12. The effect of ethylene adsorption at room temperature on the VIS spectrum 
of Co(I1)-erionite (1.5 &? Co) dehydrated at 525OC. The spectrum of the parent zeolite 
was subtracted. The spectra correspond to dehydrated Co(II)-erionite ( - - - ) and to Co(I1)- 
erionite with adsorbed ethylene ( - ). 
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reappeared in the VIS spectrum, but its intensity was ca 50% of the intensity of the initial 

sample dehydrated at 525OC. M e r  22 days of equilibration with adsorbed water and 

dehydration at 350OC the intensity of the 25,000 cm-' doublet was ca 40 % of the intensity 

of the Sample dehydrated at 525oC. The original 25,000 cm-' band was fully recovered after 

dehydration at 525OC. 

Quantification of the Spectroscopically Distinct Species. Estimates of the 

occupancy of individual cation sites corresponding to spectroscopic species via comparison 

of visible bands corresponding to individual species can be made. Assuming that the area 

of the species a is proportional to the content of Co(I1) ions located in the site characterized 

by this species, the concentration of Co(I1) cations corresponding to the species a or Q can 

be approximately estimated. At low Co(I1) concentrations, only species a is present in the 

spectrum, and the areas of bands corresponding to species a exhibit linear a dependence on 

Co concentration in zeolite. Spectra at higher Co loading levels were decomposed into 

Gaussian components, e.g. see Figure 5, and the sums of the total areas of the fKst three 

Gaussian components at 16,050, 17,080, and 18,040 cm-' were plotted to represent species 

a, as shown in Figure 13. The sums of the two Gaussian components at 19,250 and 20,600 

cm-', representing species p, were also plotted in Figure 13. At low Co loadings only species 

a appeared, while at higher loadings (>1.2 wt??) species Q began to evove. The difference 

between the measured area of species a and its area predicted from the extended initial slope 

gives, in principle, the content of Co(Il) species Q. Because of experimental errors involved, 

only at the higher levels of ion exchange was it possible to estimate the concentration of 
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FIGURE 13. Dependence of the spectral areas corresponding to spectroscopic species a 
and f3 in Co(I1)-erionite dehydrated at 35OOC as a function of the Cop)  concentration. 
Species a (U ), species f3 (+ ), and extrapolation of the linear dependence of the 
area of species a at low Co(I1) loading levels ( - - - ). 
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species p by this method. For the 8.2 w-t% Co(II) -erionite sample, the distribution of species 

is estimated to be 82 f 7% species a and 18 f 7% species p. A comparison of the measured 

areas of spectral signals of species a and p gives the ratio of 68/32. This indicates that the 

specific absorption of species p is 2.1 times higher than that of species a. Using this ratio 

of absorption coefficients, the concentrations of species p could be estimated from the 

~ ~~ ~ 

Total Co(II) Co(Q, 
C~QI)  content Relative (wt"/.> (Wt"W Population (%) 

0.002 0.002 100 

0.10 0.10 100 

measured areas, as summarized in Table 3. 

W I ) p  
Co(II) Content Relative 

(wt"/.> Population (%) 

0.00 0 

0.00 0 

TABLE 3. Concentration of Co(II), and CO(II)~ in erionite dehydrated at 350°C. 

0.12 

0.30 

1.0 

0.12 100 0.00 0 

0.29 90 0.03 10 

0.92 92 0.08 8 

1.2 1.09 

3.2 2.77 

6.2 5.14 

8.2 6.70 

A similar approach was used to estimate the population of Co(II) ions corresponding 

to the species y characteristic for some of the Co(I1) cations in Co-erionite dehydrated at 

525OC. The area of the doublet at 25,000 cm-' was plotted in Figure 14 to represent species 

91 0.11 9 

87 0.43 13 

84 1.06 16 

82 1.50 18 
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FIGURE 14. Dependence of the spectral area of spectroscopic species y in the Co(II)- 
erionite dehydrated at 525OC as a hc t ion  of the Cop) concentration in the zeolite. Species 
y (4 ) and extrapolation of the linear dependence of the spectrtal area corresponding 
to the species y at low Co(I1) loading ( - - - ). 
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y. At low Co@) contents (~1.2 wto/o Co), a linear dependence of the Co(II), species on total 

Co(II) concentration was observed. Thus, the absorption coefficient of species y was 

estimated from the initial slope of the area of species y. Using this absorption coefficient 

and the assumption that the content of species p did not change during the dehydration 

process (as will be discussed below), the concentration of the Co(II), species at high Co 

loading levels was estimated as summarized in Table 4. At low Co(I1) levels (<1.2 wt%), 

more than 90% of species y was present in erionite dehydrated at 525°C. At high Co(I1) 

concentrations (% wto/o), only ca 6Oy0 of species y was present, while the rest corresponded 

to species a (28-16%) or p (16-18%). 

TABLE 4. Concentrations of species C0(11)~, CO(II)~, and Co(II), in erionite 
dehydrated at 525 "C. 

CO(II), CO(II)p 
Total Co 
Content Co(LI) Relative Co(I1) Relative 
(wt%) Content Population Content Population h-fw ("A) (Wtoh) (%I 

0.3 0.0 0 0.03 10 

1.2 0.0 0 0.11 9 

3.2 0.6 19 0.40 13 

6.2 1 1.6 I 28 I 1.1 I 16 

8.2 1.3 16 1.5 18 

0.27 90 

1.1 91 

2.2 68 

3.5 56 

5.4 66 

I 
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Discussion 

Magnetic Moments of Co(II) Ions in Erionite. The agreement of the experimental 

value of the magnetic moment of hydrated Co-erionite with the literature value for the 

Co(H20)62+ complex, compared in Table 2, confirms the validity of the method used. The 

values of magnetic moment of Co(II) in dehydrated erionite (5.2-5.7 BM) are significantly 

higher than the spin-only value (3.87 BM) of the high-spin Co(I1) 3d7 configuration, 

indicating a low symmetry coordination with little, if any, quenching of the orbital 

contribution to the magnetic moment. These values are also significantly higher than the 

values of magnetic moments of tetrahedral and octahedral cobalt (29) and approximately 

correspond to the value obtained earlier (8) for Co(I1) in dehydrated A zeolite. 

Different values of the magnetic moment of Co(II) at the various dehydration 

temperatures provide evidence of different environments for the Co(I1) cation in the zeolite 

treated at the different conditions. The magnetic moment of Co(1I) in erionite dehydrated 

at 525OC, with a value that is very closed to that for dehydrated Co-A zeolite, indicates a site 

with trigonal near-planar symmetry. The lower magnetic moment of Co(II) in erionite 

dehydrated at 35OOC could be explained: (i) by a lower orbital contribution to the magnetic 

moment connected with a different type of planar symmetry, (ii) by cobalt located slightly 

out of the planar environment, or (iii) as a superposition of magnetic moments of Co(II) 

cations in various sites. 

Spectrum of Co-Erionite Dehydrated at 525°C: Spectroscopic Species y. The VIS 

spectrum of species y with characteristic bands at 6,400, 17,500, and 25,000 cm-' of Co- 
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enonite dehydrated at 525OC (Figure 7) exhibited bands similar to the spectnun of Co(I1) in 

dehydrated Co-A zeolite (7-12), which was identified by Kzier et al. (10,26) as Co(II) with 

approximately D,, symmetry in regular six-ring windows of A zeolite. The comparison of 

spectral bands of species y of Co-erionite dehydrated at 525OC and spectral bands of 

dehydrated Co-A zeolite is given in Table 5. Generally good agreement was obtained 

between these two spectra, and it is concluded that spectroscopic species y, present in Co- 

erionite dehydrated at 525OC, corresponds to Co(I1) ions in sites with a near-D,h symmetry. 

This is also confirmed by the nearly identical values of the magnetic moment of Co(II) ions 

in dehydrated A zeolite and erionite dehydrated at 525OC (cf. Table 2). The slight 

differences in the fine structure of the bands centered at 17,500 cm-' can be explained by the 

TABLE 5. Comparison of spectral transitions of Co(I1) species y in Co- 
erionite dehydrated at 525OC and of transitions in the spectrum of dehydrated 
Co-A zeolite. 

II Wavenumber of Optical Transition (cm-*) II 
11 Species y of Co(II)-erionite I Co(II)-A Zeolite (Ref. 10) 11 
It 6,400 I 6.800 II 6,400 6,800 

7,500 7,500 

II 14,700 I 14,000 II 
II 15,500 I 16,000 II 
II 17,250 I 18.300 II 
I I 24,600 24,400 

ll 25-800 I 25-500 II 
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small differences in the geometty of the regular six rings in erionite (where all oxygen atoms 

are located in the plane of the ring) and A zeolite (where oxygen atoms are located 

alternating up and down fiom the ring plane) and by the difference in the aluminum 

distribution (SUM = 1 for A zeolite and SUM = 3.5 for erionite). 

The VIS spectnun of Co(I1) in erionite is strongly affected by the adsorption of CO 

or ethylene. It indicates that species y represents low coordinated Co(I1) accessible to guest 

molecules. The spectra of Co-erionite with low Co content (with Co(I1) represented by 

species y) after CO adsorption (Figure 11) and of the CO-Co complex in regular six-rings 

in A zeolite with Co(II) in C,, symmetry (14) are compared in Table 6. The close similarity 

of these spectra indicates an identical geometry of this CO-Co complex in the two zeolites. 

TABLE 6. Comparison of transitions in the spectra of the CO-Co(II) and 
ethylene-Cop) complexes in erionite dehydrated at 525OC and in dehydrated 
Co(I1)-A zeolite in the range 15,000 - 22,000 cm-'. 

Wavenumber of Optical Transition (cm-' ) 

CO-Co@) Complex Ethylene-Co(I1) Complex 

cO-A(ll) Co-A(I1) Zeolite 
(Ref. 14) (Ref. 12) Co(II)-Erio,&e Co(II)-Erionite 

15,500 15,700 15,100 14,750 

16,300 16,500 16,900 15,900 

17,400 17,300 18,800 16,800 

18,100 18,300 20,500 19,250 

19,950 20,100 

21,300 2 1,400 

? 
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The effect of CO adsorption on planar trigonal Co(I1) in this site was discussed by Lin (14), 

who concluded that the bare Co(II) ion with C,, symmetry is pulled out by CO adsorption 

only slightly from the fixmework oxygen plane, and CO is only weakly adsorbed as an axial 

ligand. 

The comparison of the spectrum of the ethylene-Co complex in regular six-rings in 

erionite (Figure 12) and in Type A zeolite (12) is also given in Table 6. Between 15,000 and 

22,000 cm", both spectra show four bands of very similar lineshape, but the absorption band 

of the ethylene-Co-erionite complex is shifted by some 500-1,000 cm-' to higher wave- 

numbers compared to that in A-zeolite. The adsorption of olefrns on Co(IT) ions located in 

the regular six-ring window with D,, symmetry of A zeolite was studied experimentally and 

theoretically by Kelleman and Klier (10). After ethylene adsorption, the Co ions were 

moved from the plane (D3, symmetry) and formed a digonally distorted nearly tetrahedral 

complex. The spectral features of this complex were affected by the presence of ethylene 

n electrons, and the 4P energy levels between 14,000 and 20,000 crn-' above the ground state 

were asymmetrically split. 

These fine interactions between ethylene, Co(I1) ion, and framework oxygen atoms 

are likely affected by the different Si/Al  ratios and by subtle differences in the geometry of 

the trigonal sites in erionite and A zeolite. The total splitting of the band centered at 17,000 

cm-' is larger in Co-erionite (5,400 cm-') than in CoA zeolite (4,500 cm-I), indicating a more 

strongly bonded ethylene-Co-erionite complex. Both the tetrahedral component, which 

primarily affects the ground state, and the digonal component, to which the splitting in the 

excited state is sensitive (12), contribute to the bonding in the complex. Since the adsorption 
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heat of ethylene in the 1: 1 complex ethylene:Co(II)A zeolite was found to be equal to 68 

kT/mol (12), the present shifts and splittings of ca. 1,000 cm-' in Co(I1) erionite add 11 

kJ/mol to the stability of the ethylene-Co(I1) complex. 

It is concluded that the Co(II) ions identified as spectroscopic species y in erionite 

dehydrated at 525OC are located in D,, sites with an open coordination shell. The adsorption 

of CO or ethylene create 1: 1 CO-Co or ethylene-Co complexes with C,, or c3h  symmetry 

as in Type A zeolite. At high Co concentrations, part of Co(II) cations are located in 

different sites, creating different spectroscopic species a and p, as discussed below. 

Co-Erionite Dehydrated at 350OC: Spectroscopic Species a and p. The optical 

absorption band near 20,000 cm-' for Co(II) ions is well-known and is characteristic of 

Co(I1) complexes with octahedral symmetry (33). The comparison of the spectrum of 

species p with the spectrum of Co(Q hexaquocomplex in 0.1 M aqueous C0(N03), solution 

is given in Table 5.  The main bands in the spectrum of species p are similar to those of the 

C o o  hexaquocomplex. The band at = 19,400 cm-' for the Co(I1) hexaquocomplex exhibits 

fine structure, and peaks were identified using second derivative mode analysis. The two 

Gaussian curves produced maxima at 19,350 and 21,400 cm-'. The ratio of the areas of these 

bands was 1.5/1.0, similar to the ratio of the absorption bands of species f3 (1.Wl.O). The 

very weak band of the 0, Co(II) complex at 16,000 cm-' could not be detected due to 

overlapping high intensity bands of species a. It is concluded that the spectroscopic species 

p correspond to Co(I1) ions with octahedral symmetry. The band at 8,000-8,500 cm-' 

corresponds to the 4Tlg (F) .+ 4T,, (F) transition, while the bands at 19,000-21,300 cm -' 
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correspond to the 4T1g (F) -t 4T,g (P) transition. The fine structure of this transition may 

be caused by the Jahn-Teller effect or by a slight deviation of the Co(II) site fkom ideal 

octahedral symmetry. The band at 11,500 cm-' can be attributed to the shifted 4T1, (F) - 
4T2g (F) transition or to the shifted 4T1g (F) -t 4A2g (F) transition. 

The spectra of Co(II) complexes in various zeolites were studied by Klier et al. (8-13) 

and by Wichterlova et al. (15). The spectral features characteristic of the spectroscopic 

species a reported here were not previously observed in the Co(I1)-containing A, X, and Y 

zeolites or for ethylene, CO, N20, H20, and NH3 Co(II) complexes in these zeolites. The 

species a does not correspond to the complexes of Co(II) ions located in regular six rings 

with C,, or 3 symmetry. Thus, this species could, in principle, correspond to (i) Co 

complexes with adsorbed H20, OH-, or NH3 that was incompletely removed, (ii) Co(I1) ions 

affected by defects or intrazeolitic species, or (iii) Co(II) cations in bare sites other than 

regular six rings locations. The pros and cons regarding (i) - (iii) are discussed below. 

Ad (i): The NIR spectra of Co-erionite dehydrated at 35OOC indicate a complete 

absence of molecular water. The spectroscopic species a is accessible to weak ligands such 

as CO and ethylene. Water, the OH group, and ammonia are stronger ligands than these weak 

ligands (12) and CO or ethylene cannot replace them. Thus, species a does not correspond 

to a Co complex with adsorbed molecule. Moreover, the magnetic moment of Co(I1) in 

erionite dehydrated at 350°C corresponds to a bare Co(I1) cation with a planar or octahedral 

symmetry. Thus, species a and p do not represent Co(I1) complexed with adsorbed 

molecules. 

4' 
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Ad (ii): The intensity of the bands corresponding to the species a decreases with 

increased dehydration temperature. The number of defects usually increases with increase 

of treatment temperature (34). Both defects and intrazeolitic species cannot be removed by 

dehydration at high temperature and mild hydration. However, the spectra of Co-erionite 

samples dehydrated at 35OOC and at 525' C and then subsequently slightly hydrated and 

dehydrated at 350 "C are different. The spectrum of species y appeared and the intensity of 

species a decreased as a result of this treatment. Moreover, the intensity of species a 

depended only on the Co loading and was not affected by the conditions of ion exchange 

(cobalt nitrate or cobalt acetate solutions used for ion exchange or pH of these solutions). 

This shows that spectra were not affected by extraii-amework species or defects created 

during the ion exchange. The XKD diffraction pattern of the parent zeolite did not indicate 

the presence of the extraframework species in the parent zeolite. Thus, species a and p do 

not represent Co(II) ions affected by intrazeolitic species or defects. 

Ad (iii): Species a appeared at certain loadings (I 1 wt%) as single spectroscopic 

species and were accessible to weak ligands. The value of the magnetic moment of Co(I1) 

in zeolite dehydrated at 35OOC also corresponded to the value of magnetic moment of Co(I1) 

ion. Since it is spectroscopically distinct fiom the planar y sites, it is concluded that the 

species a, present in the spectrum of Co(I1) erionite dehydrated at 35OoC, are Co(I1) ions in 

the bare sites with symmetry other than trigonal planar. 

The CO and ethylene molecules are adsorbed on Co(II) ions located in the erionite 

matrix and the DR spectrum of Co(II) ions is affected by this adsorption. It was observed 

I 
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that CO was adsorbed only on Co ions corresponding to the species c1 and not on Co ions 

corresponding to the species p (Figure 9). Thus, the Co(I1) ions species c1 exhibit open 

coordination shell. The inaccessibility of Co cations corresponding to the species p is in 

agreement with closed coordination shell of Co ions surrounded by six oxygen atoms in a 

site with 0, symmetry. 

Structural Aspects of C o o  Ion Siting in Dehydrated Erionite. The sites available 

to cations in dehydrated erionite are schematically shown in Figure 15 with the notation used 

by Mortier (22). The location of these sites consist of the following: 

Site A 

Site B 

Site C 

Site E 

Site H 

in the hexagonal prism, 

in the center of the E-cage, 

in the center of the the regular six-ring in the plane of oxygen atoms, 

on the three-fold axis of the regular six-ring out of oxygen plane, 

in the deformed six-ring of €-cage, 

Site I 

Site J 

boat-shaped site created by two four-rings in the wall of the main cavity, 

in the eight-ring of the main cavity. 

Site D in the center of the eight-ring cannot be occupied by small cations such as Co(I1) in 

dehydrated erionite. 

Spectroscopic species y is easily attributed to the Co cations located in site C. After 

adsorption of a guest molecule, the Co(I1) ion is pulled out of the plane to site E with a C,, 

C, or Td symmetry. The number of the sites C or E is smaller than the number of the Co(I1) 

ions in highly exchanged Co-erionite. The unit cell of the erionite framework of chemical 
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FIGURE 15. Notation of cation sites in erionite according to Ref. 22: A -- hexagonal 
prism, B - center of €-cage, C - plane of regular six-ring, E -- three-fold axis of regular six- 
ring, H -- deformed six-ring center of €-cage, I -- two four-rings in the wall of the main 
cavity, and J - eight-ring. 
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formula [Al,$i36-x072]x- contains two oxygen six-rings associated with site C, two €-cages, 

one eight-ring, and one hexagonal prism. For S i / A l =  3.5 for this erionite, x = 8 and the unit 

cell accommodates up to 4 Co(II) cations at full exchange. Only two of the Co(I1) ions can 

fill sites C, i.e. corresponding to 50 % of the ion exchange capacity. Thus, at Co loadings 

higher than 50% ion exchange, part of the Co(II) ions cannot be located in site C. This is in 

a good agreement with the observed presence of the species a and f3 in highly exchanged Co- 

erionite dehydrated at 525OC. It is concluded that absorption bands at 5,800 and 7,100- 

7,500, 14,700, 15,500, and 17,250 cm-' and the doublet at 24,600 and 25,800 cm-' of Co- 

erionite dehydrated at 525T correspond to the species y of Co(1I) ions with D,, symmetry 

located in the plane of regular six-ring. 

The spectroscopic species p with the spectrum indicating 0, symmetry may be 

attributed to the sites A in hexagonal prism or B in the €-cage for the following reasons. 

First, the erionite sample exchanged with ammonium ion contained residual Na+, which is 

likely to be located in sites A or B (21,25,35,36) and whose concentration began to decrease 

significantly at high Co loading levels. Second, once the Co(I1) cations enter sites A or B 

in the closed cages, they are difficult to back-exchange with excess Na (see Figure 6), 

showing both kinetic and thermodynamic preference of these sites for Co(I1). Both sites A 

and B can be represented by six neighboring oxygen atoms creating two staggered trigonal 

bases and arranged in approximately octahedral symmetry. Site A exhibits symmetry only 

slightly different from that of the site B. The angle between the three-fold symmetry axis 

and a line between the Co ion and oxygen is 49' in the case of the &-cage and 5 1' in the case 



of the hexagonal prism, and the oxygen-atom triangles are identical. The Co-0 distances are 

0.298 nm in the €-cage and 0.291 nm in the hexagonal prism (the geometric parameters of 

sites were calculated from XRD data (37)). Thus, optical properties of the Co(I1) ions in 

these sites are expected to be very similar. The only factor discriminating between sites A 

or B is the fact that in dehydrated erionite, site A is unoccupied by metal cations and only 

site B is occupied by Ca ions in dehydrated KCa-erionite (21). The ionic radii of Ca(II) 

(0.09 nm, (25)) and Co(I1) (0.069 nm, (29)) are close, thus indicating that site B is more 

likely to be occupied by the Co ions. It is concluded that species p represented by the 

doublet at 19,250 and 20,600 an-' and by the band centered at 8,000-8,500 cm-' corresponds 

to Co(I1) ions with Oh symmetry in the center of €-cages (site B). 

The spectroscopic species a of the Co(Q ions accessible to guest molecules and with 

symmetry different fi-om D,, and 0, could correspond to Co(II) cations located in sites H, 

I, or J. The assignment of species a to Co(11) cations in the eight-rings connecting the main 

cavities (site J), analogous to Ca siting in sites B or D of dehydrated Ca-mordenite (17), is 

ruled out for the following reasons. The species a are most populated in Co-erionite 

dehydrated at 350 "C. In the case of highly loaded zeolites, ca. 7 wt% of Co(II), i.e. 70 YO 

of Co cations exchangeable to erionite corresponds to this species. There is only one eight- 

ring (site J) per unit cell, which can accommodate only Co(II) ion, i.e. 25% of full ion 

exchange. However, 70% of maximum theoretical exchange gave rise to the spectroscopic 

species a, far in excess of the available J-sites, Therefore, the Co ions must occupy some 

other sites, of which the so far unassigned ones are sites H or I. The exclusion of the J sites 

I" 
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is also corroborated by the low occupancies of sites with similar geometry in Co chabasite 

(38) and in Ca-erionite with high Ca loading (17). 

The distinction between sites H or I is Micult to make because both have an open 

coordination for the Co(11) ions and their geometries are quite complex, especially in view 

of the lack of knowledge of the Co ion elevation above the plane of the nearest oxygens. 

Tentatively, it is proposed that site H is favored because (i) it is closer to planar hexagonal 

and would favor high orbital contributions to the Co magnetic moment, in agreement with 

the measured 5.2 BM (Table 2) and (ii) site I of erionite is similar to the site E in mordenite, 

where the Co ions exhibit a strong absorption band at 14,800 cm-', as observed in other 

studies carried out here, and which is absent in the spectrum of Co(II) species a. 

Conclusions 

Base on the present optical study, the measured magnetic moments, the knowledge 

of the framework structure of erionite, and reference spectra in earlier investigations of other 

Co-zeolites, the Co(I1) cations in Co(II)NH,-erionite are proposed to occupy three types of 

cation sites consisting of 

+ Species cc in the deformed six-ring of the €-cage (site H). The Co(II) ion is 

coordinated to oxygen atoms of this ring approximately in the oxygen plane. The symmetry 

of this site is Clh. For Co(I1) in this site, a triplet observed in the VIS spectrum at 16,050, 

17,080, and 18,040 cm-' is characteristic. 

+ Species y in the regular six-ring (site C). The Co(I1) cation is coordinated to 6 

oxygen atoms of this six-ring and is located approximately in the oxygen plane. Symmetry 
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of this site is close to D,,, A doublet centered at 25,000 cm-' (24,600 and 25,800 cm-' ) is 

characteristic of Co(II) in this site. This site is similar to the Co(II) site in dehydrated A 

zeolite. 

+ Species p in the wage (site B). The Co(II) ion is coordinated to 6 oxygen atoms with 

approximately octahedral symmetry. Co(II) in this site exhibits weak absorption bands at 

19,250 and 20,600 cm-*. 

After dehydration at 35OoC, the Co(Q species a are located in the deformed six-rings 

(site H). During dehydration at 525OC, the Co(II) cations migrate to the regular six-rings 

(site C )  -- species y, but the number of these sites is limited to a maximum concentration of 

Co ions of ca 5 wt%, or 50% of the total ion exchange capacity. Thus, some of the Co(I1) 

ions are forced into sites H. 

The Co(n) species p located in the sites B in the €-cage exhibits a highly coordinated 

geometry and are not accessible to guests molecules. The Co(I1) ions centered in sites C 

(species y) and H (species a) in the regular and deformed six rings exhibit open coordination 

shells. Moreover, both types of the six-rings form walls of the erionite cavity. Thus, all 

molecules that can enter the internal erionite structure can be adsorbed by the Co(I1) ions in 

these sites and make complexes with C o o  ions. Complexes of Co(Q with CO and ethylene 

formed by the Co(I1) ions in sites of merent  types of six-rings exhibit different electronic 

properties. Thus, the Co(1I) ions in regular and in deformed six-rings create two different 

possible catalytic centers. 
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Optical Study of Co(II) in Dehydrated ZSM-5 Zeolite 

Ever since Iwamoto et al. (39,40) found that Cu-exchanged ZSM-5 zeolites exhibited 

higher catalytic activity for NO decomposition than any zeolite catalysts studied previously, 

NO abatement studies with zeolites have tended to be centered on this Cu(II) ion exchanged 

zeolite. Commercial NO abatement catalyix processes utilize ammonia as the reductant, but 

there is much interest in replacement of ammonia by a more benigh reductant such as a 

hydrocarbon. It was observed that the Cu-ZSM-5 catalyst that was active for NO 

decomposition under model conditions and for NO reduction by methane in the absence of 

oxygen (1) did not effectively reduce NO with methane in the presence of excess oxygen (2), 

as would exist under industrial conditions. In contrast, Co-ZSM-5 zeolites, as well as Co- 

fenierites, were found to be surprisingly good for NO reduction by methane in the presence 

of excess oxygen (1,3). Thus, Co-ZSM-5 catalysts have been prepared and investigated here 

by optical spectroscopy todetennine the locations of the cations and possibly improve the 

activity and stability of the catalysts. 

Experimental Methods 

Preparation of Co-ZSM-5 Zeolites. A series of Co(NH,)-ZSM-5 samples with a 

wide range of Co contents (0.25-2.6 wt%) was prepared under acidic conditions by ion 

exchange. Samples were prepared fiom NH,-ZSM-5 (S i /Al  = 10) prepared at Air Products 

and Chemicals, Inc. by exchange from aqueous Co(NO,), solutions with molarities of 0.01 

or 0.02 at room temperature. The detailed conditions of the preparations are described in 

Table 7. The acid pH = 4.5 of the exchange solution was obtained by addition of 0.02 M 



HNO, to the mixture of 5 g zeolite with a corresponding amount of Co(I1) solution. The pH 

= 4.5 represents the natural pH of a mixture of 1 g of zeolite with 8.5 mlO.01 M solution of 

CoQVO,),. Samples 40,44, and 45 were prepared by double or triple exchange treatments, 

and values in Table 7 represent the condition of each step of the preparation. At the end of 

each step of exchange, the zeolite mixture was filtered and new cobalt nitrate solution was 

added. All samples were filtered, washed with 1000 ml of distilled water, and dried at 

110°C. 

The Co(II) concentration in each zeolite was estimated via difhse reflectance 

spectroscopy (DRS). The integrated intensity of the VIS absorption band of fully hydrated 

Co-ZSM-5 was compared with a calibration curve using previously prepared and well- 

characterized Co(@ zeolites (Co-ZSM-5: SUM= 10, Co 4.4 wt?/o; Co-ZSM-5: Si/M = 22.5, 

Co 0.75 wto/o; Co-erionite: Si/M = 3.5, Co 3.2 wt?/o) that were obtained from the laboratory 

of Dr. B. Wichterlova of the Institute of Physical Chemistry in Prague, Czech Republic. This 

method of estimating the Co(I1) content in prepared samples was used due to the small 

amount of zeolites prepared. Additional Co-ZSM-5 samples were prepared by ion exchange 

but some of the experimental conditions, e.g. pH, were not as closely monitored as those 

listed in Table 7. The additional samples are listed in Table 8. 

DRS Spectroscopy. Procedures used for the optical measurements at room 

temperature were described in the previous section of this report. Spectra were evaluated by 

the Schuster-Kubelka-Munk theory; F(RJ = ( l4J2/(2RJ. Samples were dehydrated at 

350 O C as described earlier. Co-erionite, Co-ZSM-5/45, and Co(NH,)-ZSM-5/28 zeolites, 

where /xx indicates the sample number given in Table 7 or Table 8, were dehydrated at 
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TABLE 7. Conditions used to prepare Co(II)-ZSM-5 zeolites from (NH,)-ZSM-5 (with 
SUM = 10) and the resultant Co(II) content of the zeolites achieved by ion exchange under 
acidic conditions. 

Conditions of Preparation 

COP) 

(W 

Initial exchange 
PH solution 

Time of 
exchange 

co(n> VOl. of 
content in exchange Number Zeolite (wto/o) 

of zeolite (h) 

35 1.69 135 2 4.50 0.01 

36 0.3 8.5 2 4.5 1 0.01 

37 0.8 25.5 2 4.22 0.01 

38 1.7 76.5 2 4.50 0.0 1 

39 2.3 272 3 4.15 0.0 1 
272 3 4.42 0.0 1 

40 2.4 400 2 4.50 0.0 1 
400 3 4.50 0.01 
400 3 4.52 0.0 1 

41 0.24 3.6 2 4.33 0.0 1 

42 1.24 36 3 4.40 0.01 

43 1.8 16 2 4.47 0.0 1 

44 1.6 76 2 4.54 0.01 
26 2 4.55 0.01 

45 2.6 76 2 4.49 0.01 
800 12 4.52 0.02 
800 12 4.52 0.02 
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TABLE 8. Co-ZSM-5 zeolites prepared at different conditions. 

I Ratio 
Co Concentration Zeolite I Sample 

Number 

28 I Co(NH,)-ZSM-5 I 4.4 I 10 It 
29 

30 

31 

32 

33 

Co(NH4)-ZSM-5 4.0 10 

Co(NH&ZSM-5 2.0 10 

Co(NH&ZSM-5 0.5 10 

CoNa-ZSM-5 4.0 10 

CoNa-ZSM-5 0.6 10 

34 I CoNa-ZSM-5 1 0.6 I 22.5 11 

temperatures ranging fiom 400 to 550°C. In these cases, the zeolite was first dehydrated at 

350"C, and after this it was dehydrated at higher temperature for 1 to 12 h. 

An additional experhent was carried out in which Co(NH,)-ZSM-5/29 was 

dehydrated for 1 h in a stream of helium at 5 15 "C. The zeolite was first evacuated at room 

temperature for 30 min, and then under evacuation it was heated at a rate of 5"C/min to 

5 15 "C. This treatment corresponds to the procedure of sample calcination before testing 

catalytic activity. 

The UV-VIS spectrum of Co(NH,)-ZSM-5/29 was recorded at low temperature. A 

quartz cuvette with evacuated double fiont window and with a through-flow jacket cooled 

by a flow of liquid nitrogen was used for this measurement. A flow of dry gaseous nitrogen, 

20 Q/mh was maintained through the analysis chamber of the spectrometer in which the 

temperature of the sample cell was 85K. 
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Adsorption and Desorption of CO, H,O, and C,H,. Adsorption and desorption of 

CO and H,O with Co(NH4)-ZSM-5 samples were studied in detail via UV-VIS-NIR DRS 

spectroscopy. After the zeolite was dehydrated at 350 or 550°C, the amount of gas adsorbed 

by ca. 0.8 g of dry sample was regulated by adsorption of gas at pressures of 0.5-700 (NO, 

CO) or 0.5-22 Torr from 40, 180, and 1400 ml volumes at atmospheric pressure. Carbon 

monoxide (99.0+%, Aldrich Chemical Company, Inc.) was purified by freezing liquid 

nitrogen and then thawing. After adsorption at room temperature, desorption of gas was 

studied at temperatures ranging from room temperature to 440 "C. Samples were evacuated 

from 30 min to 3 h. 

Results 

Concentration Dependence of UV-VIS DR Spectra of Co-ZSM-5 Dehydrated at 

350OC. Spectra of Co-ZSM-5 samples with Co contents from 0.24 to 2.4 wt% exhibits two 

maxima in the 12,000-30,000 cm-' spectral region. The first maximum (A) was at about 

17,000 and the second maximum @) was located at approximately 20,000 cm-' (Figures 16 

and 17). Upon normalization of the spectra, little difference connected with concentration 

changes was observed (Figure 18). The dependence of the area of the VIS absorption band 

of the dehydrated samples as a function of Co(I1) concentration is given in Figure 19. This 

dependence is nonlinear and indicates the presence of at least one more spectroscopic species 

in the spectra of the more highly exchanged samples of Co(NH4)-ZSM-5. The existence of 

more components in the spectra is also confirmed by the linear decrease of the position of 

band B located at =20,000 cm-' with increasing Co(II) concentration (Figure 20). 

b 52 



1.4 

1.2 

1.0 

0.8 

n 
0.6 

0.4 

0.2 

0.0 

I, I 

,I 

-0.2 ’ I * I I I I I t I 

fO000 20000 30000 40000 50000 
wavenumber (cm-’) 

FIGURE 16. The UV-VIS reflectance spectra of Co-ZSM-5 zeolites with different 
contents of Co(TI). The spectra were obtained after dehydration of the samples at 
350°C. The spectnun of the parent zeolite was substracted. 
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FIGURE 17. The UV-VIS reflectance spectra obtained in the range of 13,000- 
34,000 cm-' for Co-ZSM-5 zeolites with different contents of Co(I1). The spectra 
were obtained after dehydration of the samples at 350°C. The spectrum of the parent 
zeolite was substracted. 
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FIGURE 18. The normalized UV-VIS reflectance spectra obtained in the range of 
13,000-34,000 em-' for Co-ZSM-5 zeolites with different contents of Co(I1). The 
spectra were obtained after dehydration of the samples at 350°C. The spectrum of 
the parent zeolite was substracted. 
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spectra of Co-ZSM-5 zeolites with different contents of Co(I1) as a function of the 
Co@) concentration. The spectra were obtained after dehydration of the samples at 
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the Co(II) concentration in Co-ZSM-5 zeolites. The spectra were obtained after 
dehydration of the samples at 350°C. The spectrum of the parent zeolite was 
substracted. 
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The dependence of the ratio of maximum intensity of the 20,000 cm-* spectral band 

(B) to the maximum intensity of the 17,000 cm" spectral band (A) on the Co(II) 

concentration in the Co-ZSM-5 zeolites is shown in Figure 21. This concentration 

dependence exhibiting a linear increase with increasing concentration is characteristic for 

two different sites, one of which is occupied preferentially at low concentration, but its 

occupation is saturated at high concentration. It can be concluded that Co(II)-ZSM-5 zeolites 

prepared from (NH,)-ZSM-5 contain Co(II) ions in a minimum of two different sites. 
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FIGURE 21. The dependence of the ratio of the intensity of Band B located at 
=20,000 cm-' to the intensity of Band A located at = 17,000 cm-' on the Co(I1) cation 
concentration in Co-ZSM-5 zeolites. The spectra were obtained after dehydration of 
the samples at 350°C. The spectrum of the parent zeolite was substracted. 



Detailed Analysis of the VIS Spectrum of Co(NF&)-ZSM-5. In the VIS spectra of 

Co(NH4)-ZSM-5 zeolites, two main optical bands were present as described above, but the 

irregularities in features of these spectra indicate the presence of a number of overlapping 

bands. To distinguish these individual bands and to approximately determine the location 

of the maxjma of these bands in wavenumbers, the second derivative mode of these spectra 

was determined. The validity of this method was confirmed by comparison of second 

derivative mode of fully hydrated Co-ZSM-5 containing 1.69 Wto! Co(I1) (Figure 22). All 

bands corresponding to transitions of complexes of octahedral cobalt(I1) observed in the VIS 

spectral region at room temperature (33) were found and no extraneous spectral band was 

observed here. 

Second derivatives plots of the VIS band of Co(NH,)-ZSM-5 zeolites dehydrated to 

350°C are shown in Figure 23. It is possible to identifl derivative absorption bands with 

minima around 15,900, 17,000, 17,400, 17,800, 18,350, 19,500, 20,000, and 21,000 cm-'. 

The presence of this large number of individual spectral features in the spectra of Co-ZSM-5 

zeolites was confirmed by recording the spectrum of Co-ZSM-5/38 (1.7 wt% Co(I1)) at a 

temperature of 85K after dehydrating the sample at 350°C. This DRS spectrum is shown in 

Figure 24, and its second derivative mode with data points and a smoothed curve is shown 

in Figure 25. Eight bands with minima corresponding approximately to the minima recorded 

at room temperature (Figure 23) are observed in this spectrum. Moreover, three additional 

bands are evidenced using this second derivative mode. Bands with minima near 15,500, 

16,500, and ~22,280 cm-.' are much more evident in the low temperature spectrum than in 

the spectra recorded at room temperature. It is evident that this large number of apparent 
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FIGURE 22. The VIS diffuse reflectance spectrum and second derivative 
mode analysis curve for fully hydrated Co(II)-ZSM-5/35. 
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FIGURE 23. The second derivative mode of the VIS diffuse reflectance 
spectrum of Coo-ZSM-5 zeolites with different contents of Co(II), obtained 
after dehydration at 350°C. 
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FIGURE 24. The VIS diffuse reflectance spectrum of Co(II)-ZSM-5/38 
zeolite recorded at 85K, obtained after dehydration of the zeolite at 350°C. 
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FIGURE 25. The second derivative mode of the VIS diffuse reflectance 
spectrum of Co(ll)-ZSM-5/38 zeolite recorded at 85K, obtained after 
dehydration of the zeolite at 350°C. 



spectral features cannot be attributed to only Co(II) ions located in different lattice sites in 

the ZSM-5 zeolite Without further experiments. Although the VIS spectnun of Corn4) -  

ZSM-5 zeolite dehydrated at 350°C is composed from many overlapping bands (at 

approximately 15,500, 15,900, 16,500, 17,000, 17,400, 17,800, 18,350, 19,500, 20,000, 

2 1,000, and 22,300 em-') these bands probably correspond to Co@) ions in only two or three 

different environments. 

Adsorption of CO and H,O. Adsorption studies were carried out using CO at 

pressures of 20, 100 (180 ml) and 600 Torr (1400 ml) over Co-ZSM-5/45 dehydrated at 

350°C. There was no significant effect on the Co(II) spectnun caused by exposure of the 

sample to a CO environment, as is shown in Figure 26. This result agrees with the 

observation that the only decrease of pressure of CO corresponded to expansion of CO to the 

volume of the spectroscopic cell. 

In contrast, adsorption of water affected the Co(II) spectrum in the zeolite dehydrated 

at 350°C, as shown in Figures 27 and 28. The effect was observed for adsorption of a small 

amount of water (22 Torr, 180 ml), as well as in the presence of a large excess of water. 

Upon water adsorption, the intensity of the Co(I1) absorption bands decreased, and there 

were also observable changes in the spectrum shape. The decrease in intensity of absorption 

in the VIS region and the absence of a symmetric triplet centered around 17,000 em-' 

indicate that a tetrahedral cobalt(I1) complex was not present in the partially hydrated Co- 

ZSM-5 zeolite. This is in agreement with observations of sample dehydration when the high 

intensity blue band (typical for tetrahedral coordinated cobalt) was not observed in any stage 

of sample dehydration. 
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FIGURE 26. Comparison of the UV-VIS diffuse reflectance spectrum of the 
Co-ZSM-5/38 sample dehydrated at 350°C before and after exposure to CO. 
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FIGURE 27. Effect of water adsorption on the UV-VIS diffuse reflectance 
spectrum of the Co-ZSM-5/38 sample that was dehydrated at 350°C. The 
spectrum of the parent zeolite dehydrated under the same conditions was 
subtracted fi-om these spectra. 
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Adsorption of water, along with the absence of adsorption of CO, on the Co(I1) ions 

I indicate that most of the Co(II) ions are located in environments accessible only to strong 

ligands (i.e. H,O), but not to weak ligands such as CO. The absence of CO adsorption might 

be due to Co(Q ions being in inaccessible sites or by blocking of the Co(I1) ion by a stronger 

guest molecule (possibly an OH group). 

VIS Spectrum of Dehydrated Co-ZSM-5 at Higher Temperatures. Samples of Co- 

ZSM-5/30 and Co-ZSM-5/45 were dehydrated for 4 h at 510°C and 12 h at 525°C. 

Compared with the Co-ZSM-5 zeolites dehydrated at 35OoC, the high temperature 

dehydration induced dramatic changes in the Co(I1) spectrum, as is shown in Figures 29 and 

30 for Co-ZSM-5/45. Absorption bands characteristic for the low temperature dehydrated 

Co-ZSM-5 disappeared and new bands with low intensity appeared, consisting of a complex 

band centered at 17,500 cm-* (composed fiom bands at 16,000, 17,000 and 19,000-20,000 

cm-'), a single weak band at 22,200 cm-', and a multiple band centered at 24,800 cm-'. The 

differences in appearance of the two spectra shown in Figure 29 indicate that the spectrum 

of Co-ZSM-5 dehydrated at 525 "C represents Co(lI) in more sites. A distinct band at 22,500 

cm-' was not observed in these cobalt-containing zeolites. The band at ~25,000 cm-' might 

be a doublet that would be similar to the doublet observed for dehydrated Co-A zeolite. This 

doublet was identified as 4E'' --+ 4E'' transitions of the Co(II) ion in an environment with 

D,, symmetry, which arises when the Co(II) cation is localized in the trigonal oxygen plane 

of the regular six-ring window of A-zeolite (8). There is no evidence for the presence of 

regular six-ring windows in the ZSM-5 framework. Explanation of this spectrum requires 

further experiments and computations of term diagrams of cobalt(II) ions in crystal fields 
t 68 
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dehydration to only 350°C. 
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with various low symmetries. 

Adsorption of CO and H,O on Co-ZSM-5 Dehydrated at 525OC. The effect of 

exposure of CO to the Co-ZSM-5/45 zeolite dehydrated at 525 "C on the spectrum is shown 

in Figures 31 and 32, and it is seemed that CO strongly affected the cobalt(II) spectrum. 

Bands at 22,200 and 24,800 cm-I disappeared, and the complex band consisting of at least 

a triple in the 15,500-18,500 cm-' region was broadened into a more distinct asymmetric 

triplet (probably quartet) with bands at 16,000, 18,000, (19,500) and 21,000 cm-'. These 

dramatic changes indicate that the Co(lI) cations in the ZSM-5 matrix dehydrated at 525 "C 

were easily accessible to guest molecules such as CO. 

The spectrum of Co-ZSM-5/45 with adsorbed water is given in Figure 33. As in the 

case of CO adsorption, the spectrum of cobalt(II) in dehydrated zeolite was strongly affected 

by adsorption of water molecules. As shown is Figure 34 in the normalized spectra, bands 

at 22,200 and 24,800 cm-' disappeared upon water adsorption, and the triplet centered at 

about 17,000 cm-' was increased in intensity and the higher wavenumber conponent was 

shifted from = 18,000 cm-' to = 19,800 cni' . The spectrum obtained upon water exposure 

exhibited features similar to the spectrum of Co-ZSM-5 dehydrated at 350 "C, as well as of 

the band at = 17,000 cm" observed with the Co-ZSM-5/45 sample dehydrated at 525 "C. It 

indicates that after adsorption of water, the Co(I1) sites corresponding to the zeolite 

dehydrated at 350°C are restored, but this needs further confiiation. 
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FIGURE 31. Comparison of the W-VIS diffuse reflectance spectrum of the 
Co-ZSM-5/45 sample dehydrated at 525°C before and after exposure to CO. 
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FIGURE 32. Comparison of the normalized UV-VIS difise reflectance 
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dehydrated at 525°C before and after exposure to CO. The spectrum of the 
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spectrum in the 13,000-29,000 cm-' spectral range of the Co-ZSM-5/45 sample 
dehydrated at 525 "C before and after exposure to water vapor. The spectrum 
of the parent zeolite treated under the same reaction conditions was subtracted. 

t 7 5  



Adsorption of Ethylene. Ethylene at pressures of 0.5 Torr (40 ml), 0.95 Torr (180 

ml) and 450 Torr (1400d) was adsorbed onto Co-ZSM-5/30 after dehydrating the zeolite 

at 525°C. The resulting spectra are shown in Figures 35 and 36. The band centered at 

22,500 cm-' was most sensitive to adsorption of the guest molecule and disappeared at low 

pressure of ethylene. At the high pressure of 450 Torr of ethylene that was employed, the 

band at ~25,000 cm-' also disappeared, and the broad band centered at 17,500 crn-' increased 

in intensity and split into a distinct symmetric triplet with maxima at 15,100, 16,900, and 

18,750 cm-I. 

The ethylene-Co(1I)A zeolite complex was studied by Klier et al. (12), and an 

asymmetric triplet was reported to be characteristic for ethylene adsorbed on cobalt(II) in a 

regular six-ring window. A symmetric triplet for a ethylene-Co-ZSM-5 complex does not 

correspond to this report. Moreover, the observed spectrum of Co-ZSM-5 with adsorbed 

ethylene was distinctly different from the spectrum of the ethylene-CoA complex. The 

Symmetrical triplet shown in Figure 36 for this ethylene-Co-ZSM-5 complex indicates that 

Co(11) ions are not located in regular six-rings and that the absorption band at 25,000 cm-' 

in the spectrum of dehydrated Co-ZSM-5 corresponds to a symmetry different from D,, 

symmetry- 

Dehydration of Co-ZSM-5 in Helium and in Vacuum. There were no significant 

differences observed between the spectrum of Co(I1)-ZSM-5 zeolites dehydrated at 5 15°C 

in flowing helium and the spectrum of the corresponding zeolites dehydrated at 350°C in 

vacuum. Thus, it appears that the siting of the Co(I1) cations in ZSM-5 zeolites is the same 

for these methods of preparation. 
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reflectance spectra of Co-ZSM-5/30 after dehydration at 525°C. 
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diffuse reflectance spectra of Co-ZSM-5/30 after dehydration at 525 "C. The 
spectrum of the parent zeolite was subtracted. 



The influence of dehydration temperature on the DRS observations was investigated 

while maintaining the Co@)-ZSM-5/28 zeolite under a dynamic vacuum. The spectra of the 

Co-ZSM-5/28 zeolite dehydrated in vacuum at temperatures ranging from 30°C to 540°C 

are present in Figures 37 and 38. The spectrum for the zeolite evacuated at 30°C (room 

temperature) corresponded to the spectrum of a hydrated sample with only a low intensity 

band at 19,500 cm-'. The spectrum of the sample dehydrated at 100°C exhibited features 

characteristic for hydrated zeolite and of the zeolite dehydrated at 350°C and represents the 

transition stage of dehydration of Co-ZSM-5 samples. Samples dehydrated at temperatures 

fiom 180 to 360°C were similar, and the spectra correspond to that of a sample dehydrated 

at standard conditions that were previously used (vacuum for 3h at 350°C). Spectra of 

samples dehydrated at high temperatures (424-540 " C) exhibited different fme structure than 

spectra obtained with a sample dehydrated at the standard condition of 350°C. 

It is evident that there are a number of different Co(II) sites in Co-ZSM-5 depending 

on conditions, particularly the temperature, used for dehydration of the samples. 

Dehydration at 350°C might not result in complete dehydration of the Co-ZSM-5 zeolite. 

The DRS results indicate that the spectra of Co-ZSM-5 zeolites are more complex that the 

Co-erionite spectra. However, some of the bands and second derivative peaks appear to 

correspond to similar species. 
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It appears that Co(II)-ZSM-5 after dehydration at 350°C has a minimum of three 

cobalt sites with different environments. One site is characterized by the presence of a 

spectral band at 15,000 cm-', and it is observed with samples prepared under basic 

conditions of ion exchange, preferentially in high silica ZSM-5. In Co-ZSM-5 samples 

exchanged at acid pH, there are at least two other cobalt ion sites present with different 

environments. These sites are characterized by 7-10 absorption bands. Co(I1) cations in 

these sites easily interact with strong guest molecules such as water. 

After dehydration at 525 "C, cobalt(I1) ions in different environments are present in 

zeolites. These Co ions are also easily accessible to weak guest molecules such as CO and 

ethylene. Siting of the Co(I1) ions in ZSM-5 is different from the siting of Co(I1) in A 

zeolite. Co erionite (dehydrated at 350°C) exhibits a much simpler spectrum than Co-ZSM- 

5, but some of the spectral bands observed with these zeolites appear to be common for both. 

Thus, there is at least one type of Co(I1) site common for both zeolites. Co(I1) ions in this 

site in ZSM-5 zeolite were accessible only to strong guest molecules. The spectrum of Co- 

erionite dehydrated at 500°C is similar to the spectrum of co-A zeolite, and this corresponds 

to Cop)  ion with D,, symmetry located in the plane of six-ring windows. Cobalt in this site 

is easily accessible to guests molecules. 

These studies provide input into the NO adsorptioddesorption studies and NO 

catalytic decompositionlreduction studies over Co(II) zeolites thatwere carried out. 
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Adsorption and Conversion of NO on Co(II) Zeolites 

This section of the report summarizes our research centered on (i) investigating the 

adsorption of NO on Co(II) zeolites, (ii) determining the effect of NO adsorption on the 

diffuse reflectance spectral (DRS) features of Co(II) in zeolite sites, and (iii) examining the 

catalytic activity of the Co(II) zeolites for NO reduction by methane in the presence of 

excess 0, in a flowing gas stream. In particular, the catalytx activity of Co-ZSM-5, Co- 

erionite, co-mordenite, and co-ferrierite was investigated for NO decomposition and for the 

selective reduction of NO by methane. 

In general, the spectral features of the Co(1I) zeolites were presented in the previous 

sections of this report. It was shown that strong ligands such as water adsorb onto Co(II) 

sites after dehydration at 350°C and 500"C, but weak ligands such as CO and C,H, only 

exhibit adsorption after the high temperature dehydration treatment. It is shown here that 

NO adsorption occurs after both treatments and that strong absorption bands in the UV-VIS 

spectral region corresponding to charge transfer spectra are characteristic of the formation 

of NO-Co intrazeolitic complexes. 

The Co(I1) exchanged zeolites were prepared under acidic conditions by ion 

exchange, generally fiom aqueous Co(NO& solutions with molarities of 0.01 or 0.02 at 

room temperature. In particular, the detailed conditions employed for the preparations 

utilized for the Co(I1)-ZSM-5 and Co(I1)-erionite zeolites were given earlier in this report. 

Adsorption of NO on Co-Containing Zeolites 

Procedures used for the optical measurements at room temperature were described 
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previously in this report. Adsorption and desorption of NO with the dehydrated Co- 
I containing zeolites was carried out while simultaneously monitoring the samples by DRS in 

the UV-VIS-NIR spectral regions. Typically, after the zeolite was dehydrated at 350 or 

525"C, the amount of gas adsorbed by ca. 0.8 g of dry sample was regulated by adsorption 

of gas at pressures of 0.5-700 Torr from 40, 180, and 1400 ml volumes at atmospheric 

pressure. Nitric oxide (98.5%, Aldrich Chemical Company, Inc.) was purified by freezing 

it in a glass tube using liquid nitrogen, evacuation, and then thawing. After adsorption of NO 

at room temperature, desorption was studied at temperatures ranging fiom room temperature 

to 440°C. Samples were evacuated from 30 min to 3 h. 

Initially, the adsorptiorddesorption of NO on the following three zeolites was probed: 

Co-erionite S i /A l=  3.5 2.5 wt% Co(II) 

CO-ZSM-5 SUM = 22.5 0.75 wt% Co(II). 
CO-ZSM-5 si/Al= 10 4.4 wt% Co(I1) 

After dehydration of the zeolites under vacuum at 350"C, the samples were exposed to 

excess NO at atmospheric pressure for 30 min. As shown in Figures 39-41, the adsorption 

of NO strongly influenced the optical absorption of the zeolites in the 12,000- 50,000 cm-' 

spectral range. The characteristic DRS bands centered about 16,000-17,000 cm-* of "bare" 

Co(I1) disappeared, and new bands centered at 13,500, 22,000, 26,000, and 39,000 cm-' 

appeared after NO adsorption. The latter band is a very intense charge transfer band. 

The positions of the new bands are given in Table 9, where the data for the Co-A 

zeolite were obtained by analysis of spectra reported elsewhere (41). It is evident that the 

bands of the NO-Co(II) complexes depend on the zeolite matrix. This dependence might be 

due to different Co(II) siting in the different zeolite structures or by the influence of 
I 
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FIGURE 39. The DRS spectrum of Co(II)-erionite (2.5 wt% Co(II)) upon 
adsorption of excess NO and desorption by evacuation for 30 min at room 
temperature and at 190°C. 
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FIGURE 40. The DRS spectrum of Co(II)-ZSM-5 (4.4 wt% Co(I1); SUA1 = 
10) upon adsorption of excess NO and desorption by evacuation for 30 min at 
room temperature and at 190°C. 
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fi-amework acidity (different Si/Al  ratio) on the charge transfer spectra of the NO-Co-zeolite 

complex. 

TABLE 9. Charge transfer bands of NO-Co(I1) complexes in zeolites. 

Matrix CT Bands (cm-') I1 
Zeolite Si/M "1 v2 v3 v4 

CO-A 1.0 37,000 24,000 2 1,000 13,000 

Co-erionite 3.6 41,000 26,700 22,000 13,000 

13,500 CO-ZSM-5 10 40,000 27,500 22,500 

CO-ZSM-5 22.5 39,000 --- 23,000 12,500 

Desorption was carried out by evacuating at 90, 140, and 190°C. Partial desorption 

of NO was observed at temperatures I 140°C. Desorption at 190°C resulted in removal of 

all of the NO and the spectra of the dehydrated zeolites were regenerated, as shown in 

Figures 39-41. Upon evacuation at ambient temperature, only a slight decrease in the 

intensity of the spectra was noted, while the spectral features remained the same. 

Comparison experiments were carried out with the Co-erionite dehydrated at 350 O C 

and at 525 "C, in which the pressure of NO was increased stepwise fi-om 0 to 700 Torr. The 

resulting spectra are shown in Figures 42 and 43. Distinct differences between the spectra 

of the two samples are evident. This is clearly seen in Figure 44, which compares the optical 

spectra for the samples exposed to 700 Torr of NO. The maxima of the DRS bands of the 

NO-Co complexes in erionite are shifted to lower wavenumbers for the sample dehydrated 

at 525°C as compared with the sample dehydrated at 350°C. This result indicates that the 
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charge transfer complex of Co(I1) in erionite is mainly affected by the siting of the cations 

in the zeolite matrix. 

Catalytic Testing of NO Selective Reduction by Methane 

Selected Co(I1)-containing zeolites were tested for the selective catalytic reduction 

(SCR) of NO using methane as the reductant. The catalysts tested consisted of the following: 

Co(NH4)-erionite SUM= 3.5 3.2 wt?? Co 

CoH-mordenite SUA1 = 8.5 2.1 wto/o c o  
Co-A zeolite 2.6 wt% Co 
Co-ferrierite 5.1 wt?? Co. 

Co(NH,)-ZSM-5 SUM = 10 4.4 wt?? c o  

Samples were dehydrated in a stream of helium using a temperature ramp of 5 "C per min 

from room temperature to 5OO0C, which was then maintained for 1 h. Weights of samples 

used were 300 mg of Co-A zeolite, 240 mg of Co-erionite, and 360 mg of the other zeolites. 

SCR of NO by methane in an oxidative atmosphere was carried out at 400°C using a reaction 

mixture of 1000 ppm of NO, 1000 ppm of CH,, and 2.5 vo1Y0 of 0, in helium flowing at a 

rate of 100 d m i n ,  corresponding to a gas hourly space velocity (GHSV) of 20,000 Q/kg 

c a m  in the case of the Co-A zeolite. NO and NO, were detected by chemiluminescence. 

The catalytic activity of cobalt(I1)-containing erionite, ferrierite, mordenite, ZSM-5, 

and A zeolites for the selective reduction of NO in an oxidative atmosphere is given in Table 

10. These results were obtained under steady state conditions that were maintained for at 

least 30 min. All of the Co(I1) zeolite catalysts exhibited some activity for the reduction of 

NO under these reaction conditions. 
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TABLE 10. CatalyQc activity of cobalt(II)-containing zeolites for selective 
reduction of NO in an oxidative atmosphere at 400°C using a reactant mixture 
of 1000 ppm NO + 1000 ppm CH, + 2.5 vol% Q in He flowing at 100 
ml/min at ambient pressure. 

~~ - ~ 

NO Converted Co Content Wt of Catalyst 
in zeolite in Reactor NO Converted 

(mol%) to NO, 
(mol%) (wto/o) (I?) 

Zeolite 

CO-A 16 58 2.6 0.30 

Co-erionite I 25 I 47 I 3.2 I 0.24 

Co-mordenite 1 44 I 14 I 2.1 I 0.36 

Co-ferrierite I 70 I 8 I 5.1 I 0.36 

CO-ZSM-5 39 20 I 4.4 I 0.36 

Due to varying contents of Co(It) in the catalysts and the different masses of catalysts 

~ 

that were used in the reactor, the conversion of NO was recalculated on the basis of the mass 

of catalyst and also on the basis of only the cobalt content of the zeolites contained in the 

reactor. These results are given in Table 11 in terms of rates of NO converted and N, 

I formed. 

Large differences in conversion of NO relative to the cobalt(I1) content in zeolites 

indicate the presence of different catalytic centers in these zeolite matrices. Very interesting 

is the high conversion of NO to NO, by Co-erionite and Co-A zeolite. This behavior might 

coorelate with the fact that erionite and A zeolite contain Co(II) ions in a similar site (regular 

six-ring windows). The high catalytic activity of cobalt@) ions in Co-mordenite is also of 

interest, and determination of cobalt sites in this zeolite and population of Co(I1) cations in 
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these sites is of a great importance in optimizing these catalysts for the selective reduction 

of NO. 

TABLE 11. Catalytic activity of cobalt(II)-containing zeolites for selective 
, reduction of NO by methane in an oxidative atmosphere related to the weight 

of catalyst and to cobalt(II) content. 

mol of NO mol of NO mol of NO mol of NO 
Zeolite converted converted to converted converted to 

/g of zeolite N,/g of zeolite /mol of Co N,/mol of Co 
per second per second per second per second 

CO-A 0.44. 10-~ 0.18 . 1 0 - ~  0.27. 10-~ 0.11 . 1 0 - ~  

Co-erionite I 0.87 I 0.46 I 0.46 I 0.24 

Co-mordenite 1 .OO 0.86 0.78 0.67 

Co-ferrierite 1.60 1.47 0.52 0.48 

CO-ZSM-5 0.90 0.72 0.33 0.26 

Summary Conclusions 

The optical bands observed upon equilibration of Co(I1)-erionite and C(II)-ZSM-5 

with excess NO exhibit a strong dependence on the zeolite matrix and upon the temperature 

utilized for dehydration of the zeolites. The dependence of these on the cobalt siting in 

erionite indicates that the NO-Co complex is affected mainly by Co(II) siting in zeolites. 

Among the Co-exchanged zeolites,Co-erionite and Co-ZSM-5 exhibit similar catalytic 

conversions of NO to products under the reaction conditions employed. However, Co- 

mordenite and co-ferrierite exhibited the highest catalytic activities in the selective reduction 

of NO by methane in the presence of oxygen. 



X P S  and Auger Analyses of Zeolites 

X-ray photoelectron spectroscopy ( X P S )  was used to monitor the relative 

concentrations and oxidation states of transition metals in zeolites using the Scienta ESCA- 

300 spectrometer located in our laboratory. Photoelectrons were excitated by a 

monochromatic Al K, X-ray source (1486.7 eV) with a rotating aluminum anode operated 

at 5.6 kW. A high resolution hemispherical electrostatic analyzer with a diameter of 600 mm 

was used. The take-off angle of the photoelectrons and Auger electrons was 45 O .  The 

background pressure during the experiment was <l Om9 Torr. To estimate integral intensities 

of the Auger and core level lines, the Shirley background was subtracted. The spectra were 

fitted by the Voight function, and the number of Auger lines in the spectrum was estimated 

from the second derivatives. The C 1s line at 284.4 eV was used as a calibration point. 

Quantitative analysis of the samples by X P S  was carried out using the core level integral 

intensities of the pertinent elements (Si 2s, 0 2s, Na Is, Na 2p, and Al2p), corrected for the 

appropriate values of the sensitivity factors (42). 

Samples were measured in the form of self-supporting pellets. Quantitative analysis 

was carried out with the sodium forms of A zeolite from Linde and X, Y, and mordenite 

zeolites from PQ Corp. The zeolites were dehydrated in the preparation chamber of the 

spectrometer at 100°C for 30 min and at 250°C at = Torr. The quantitative results are 

summarized in Table 12. 

Analyses of Co exchanged zeolites were carried out to probe the surface electronic 

state and surface chemistry of the zeolites. It was observed that substantial changes in 

intensities of oxygen Auger lines occurred upon ion exchange replacement of Na' ions with 
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Co2' ions. This can be seen by comparing Figures 45 and 46. However, in curve fitting the 

0 K L2,3 L2,3 spectral line for Werent zeolites, it was observed that the most intense line at 

-509 eV ('D2) was influenced primarily by changes in the SUAl ratio. Plotting the results 

for the four zeolites listed in Table 12 gives the curves shown in Figure 47. The Auger line 

intensity of the four Na zeolites could also be related to the oxygen binding energy. The 

correlation of the intensity of the 0 K L2,3 L2,3 Auger line, normalized to the intensity of the 

0 K L, L, Auger h e ,  with the bind energy (Eb) of the 0 1s photoelectron h e  is shown in 

Figure 48. The linear relationship shows that both the 0 'D2 K L2,3 L2,3/0 K L, L, ratio and 

the E, values increase along the series of zeolites. 

It is demonstrated here that chemical effects influence the intensities of Auger lines 

and core level binding energies of oxygen and sodium in zeolites. It is proposed that the 

Auger line intensity ratio and the binding energy values are influenced by spatial 

distributions of charge in the zeolite frameworks, i.e. by structure-induced charge transfer 

effects. This has been discussed in detail elsewhere (43). 

TABLE 12. The SUA1 and NdAl atomic ratios as determined by X P S  line 
intensities. The estimated error in intensity ratios is h0.2. Bulk analysis is 
also given for comparison. 

A 1 .o 1 .o 1.0 

X 1.5 1.4 1.0 

11 Y I 4.3 -1--4.2 ~ ___ I 0.9 

Mordenite I 12.3 I 12.4 I 1.0 
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FIGURE 47. The dependence of the 0 K L2,3 L2,3 Auger line intensities on 
the SUAl intensity ratio of the zeolites utilized here. 

8.0 

530.5 531 .O 531.5 532.0 532.5 533.0 
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