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X-Ray diffraction, X-ray photoelectron spectroscopy, and infrared spectroscopy are used to 
investigate cobalt speciation in ColZSM-5 catalysts containing 1.4 to 9.5 wt% cobalt. These cata- 
lysts, metal-impregnated using incipient wetness techniques with C&NO& * 6H20, are shown to 
contain highly dispersed, ion-exchanged, non-reducible Co*+ species interior to the ZSM-5, and 
large, reducible cobalt oxide crystal&es on the exterior of the ZSM-5 crystallite surface. The 
number of Co*+ ions located inside a unit cell of ZSMJ and the number of pyridine molecules that 
coordinately bond to each of these ions are estimated by using infrared data characterizing pyridine 
chemisorption. The crystalline forms of cobalt on the surface of the ZSM-5 are identified and their 
sizes estimated after 02 calcination, HI. reduction, and CO + H2 exposure. These data are then 
scrutinized for correlations of chemical and physical properties of the Co/ZSM-5 catalysts with 
conversion activity and selectivity for synthesis of hydrocarbons from CO + Hz gas. 

INTRODUCTION 

The preparation of synthesis gas conver- 
sion catalysts, Co/ZSM-5, by impregnation 
of aqueous or acetone solutions of cobalt 
nitrate incorporates some cobalt into the in- 
terior of the ZSM-5 crystallites (2, 2). This 
incorporation is the result of ion exchange 
of H+ by ionic cobalt, the oxidation state of 
which has not been firmly identified. If the 
amount of cobalt interior to the ZSM-5 
channels is limited by an ion-exchange ca- 
pacity, the maximal amount of cobalt able 
to be incorporated into the zeolite can be 
calculated knowing its Si/Al atomic ratio. 
Thereby, assuming a 1: 1 ratio between the 
number of H+ and aluminum in H+-ZSM-5 
and the exchange of 2H+ for Co*+, a maxi- 
mum of four Co*+ ions could be incorpo- 
rated per ZSM-5 unit cell for the-catalysts 
described herein with Si/Al = 11. This con- 
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centration is approximately 4 wt% of the 
ZSMJ. Such a concentration has not been 
obtained to date, since infrared results have 
shown that Brgnsted acid sites still exist 
when the Co/ZSM-5 catalysts contain as 
much as 9 wt% cobalt (I, 2). The present 
study discusses these ColZSM-5 catalysts 
and shows that they contain a dual cobalt 
speciation consisting of (1) finely dispersed 
cobalt interior to the ZSM-5 crystallites, 
the amount of which can be estimated from 
infrared data, and (2) large cobalt crystal- 
lites exterior to the ZSM-5 cry&all&es. This 
discussion includes surface and bulk char- 
acterization of the catalysts after catalyst 
synthesis, calcination, reduction, and expo- 
sure to 1: 1 CO + Hz synthesis gas, in addi- 
tion to microreactor activity testing for the 
conversion activity of 1 : 1 CO + H2 to hy- 
drocarbons . 

The interaction of iron with ZSMJ de- 
pends upon the method of impregnation (I, 
2). As a result of these previous studies, it 
was believed that Co/ZSM-5 catalysts 
could be prepared with cobalt on only the 
external crystallite surface of ZSMJ or en- 
tirely interior to its pore structure. These 
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preparations are discussed herein, along 
with the identification of the cobalt species 
that are formed during these preparations. 
Such identification is then used to examine 
the results of microreactor tests for the con- 
version of 1: 1 CO + Hz to hydrocarbons. 

EXPERIMENTAL 

Catalyst preparation. The ZSM-5 sup- 
port was prepared using techniques de- 
scribed in the literature (3). It was con- 
verted into the ammonium form by ion 
exchange using NH&I solution. Atomic ab- 
sorption (AA) techniques were used to 
identify its Si and Al concentration, with a 
resultant WA1 = 11. The degree of crystal- 
linity, as estimated by X-ray diffraction, 
was 80%. Aqueous solutions of cobalt(H) 
nitrate were loaded onto NH4+-ZSM-5 by 
incipient wetness impregnation techniques 
to produce catalysts containing 2.8, 5.1, 
7.3, and 9.5 wt% cobalt as determined by 
AA. These catalysts will be designated 
2.8% CoiZSM-S/AQ, 5.1% CoIZSM-SIAQ, 
7.3% ColZSM-SIAQ, and 9.5% CoIZSM-51 
AQ. 

Two other catalysts were prepared from 
those listed above. These were obtained by 
washing the as-synthesized catalysts con- 
taining 5.1 and 7.3% cobalt prior to calcina- 
tion-and hence still containing cobalt ni- 
trate-in copious quantities of distilled 
H20. This washing was done in successive 
batches until the water solution after wash- 
ing no longer contained a pink coloration 
typical of hydrated cobalt nitrate. The re- 
sultant Co/ZSM-5 catalysts prepared by 
this procedure contained approximately 1.4 
wt% cobalt irrespective of whether the 
starting parent catalyst contained 5.1 or 
7.3% cobalt. In the remainder of this manu- 
script, catalysts prepared thus shall be de- 
scribed as 1.4% ColZSM-S/W. Two more 
catalysts were prepared by physically mix- 
ing precipitated Co304 with the ZSMJ; 
these catalysts will be designated 8.5% Co/ 
ZSM-S/PM and 1.6% CofZSM-S/PM. 

Characterization. Samples for infrared 
(ir) and X-ray photoelectron spectroscopy 

(XPS) analyses were prepared by pressing 
approximately 20-30 mg of the catalysts 
into thin wafers using a 13-mm-diameter 
die. The cell and techniques used during ir 
data acquisition of chemisorbed pyridine 
have been described (I, 2). The ir data 
were obtained on catalysts that had been 
calcined in flowing O2 at 450°C or calcined 
and then reduced with flowing H2 at 45O”C, 
followed by evacuation for at least 1 h. The 
chemisorption of pyridine was done by ex- 
posing the catalysts to pyridine vapor at 
several millimeters of pressure for 1 h at 
150°C and then evacuating for 1 h at the 
same temperature. A Perkin-Elmer 180 
spectrophotometer was used for data acqui- 
sition; frequencies reported herein are re- 
peatable to within -~2 cm-l, while the preci- 
sion of intensity ratios is approximately 
k 15%. 

The XPS data were acquired on McPher- 
son ESCA 36 and AEI ES200A electron 
spectrometers equipped with Mg anodes 
(MgKcu = 1253.6 eV). All binding energies 
were corrected for charging by assuming 
the binding energy of the carbon 1s band to 
be 284.6 eV. The baseline pressure in the 
XPS chambers during spectral acquisition 
was 5 X 10v6 Pa. The XPS analyses of re- 
duced Co/ZSM-5 samples was also accom- 
plished. These studies were facilitated by 
use of a specially designed sample probe, 
similar to that described by Patterson et al. 
(4), that can be placed in a tubular furnace 
during treatment of the catalysts. The sam- 
ple probe can then be transferred to the 
XPS vacuum chamber for spectral acquisi- 
tion from the samples without exposing 
them to atmospheric conditions. 

Because of weak XRD signals from the 
cobalt and interference from ZSM-5, XRD 
data could only be obtained from 7.3% Co/ 
ZSM-5/AQ and 9.5% ColZSM-SIAQ. These 
XRD spectra were acquired on a Picker X- 
ray diffractometer outfitted with a single 
bent graphite, diffracted beam monochro- 
mator. These data were obtained using a Cu 
source operated at 35 kV and 15 mA, and 
by step scanning through 213 angles with (11 
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30)” increments. An in situ camera attach- 
ment enabled XRD data to be obtained 
from the same volume of material in the H2 
reduced, 0, oxidized, and CO + Hz ex- 
posed catalysts. Subtraction of the ZSMJ 
spectrum from that of Co/ZSM-5 was ac- 
complished by Fourier-unfolding the ZSM- 
5 spectrum from that of Co/ZSM-5 (5). This 
technique provided cobalt peaks with defi- 
nition suitable for crystallite size analysis. 
Size analysis involved measurement of the 
unfolded breadths at half intensity for 
Bragg diffraction from the (002), (IOl), and 
(100) planes of hexagonal close packed 
(hcp) cobalt. 

Activity evaluation. The catalysts were 
pressed into Q-inch-diameter pellets and re- 
duced under Hz at 300 psig and 350°C for 24 
h. Catalytic data were obtained by using a 
Chemical Data Systems, Inc., Series 810 
Continuous Flow-High Pressure microreac- 
tor system. Conditions employed were 300 
psig pressure of 1: 1 synthesis gas, a 
GHSV of 1000 h-i, and a reactor tempera- 
ture of 280°C. The products were mainly 
CO2 , HrO, and hydrocarbons. A hot trap at 
175°C collected wax and heavy oil. It was 
followed by a cold trap at 0°C which col- 
lected water, gasoline range products, and 
light oil. Samples of the exiting gas were 
analyzed for Hz, CO, COz; and Ci-C, hy- 
drocarbons using a gas chromatograph. The 
liquid product collected in the cold trap was 
separated into aqueous and hydrocarbon 
fractions. The hydrocarbon product was 
analyzed by simulated distillation. It was 

also separated into aromatics, olefins, and 
saturates using FIA chromatography. 

RESULTS 

The XRD patterns of ZSM-5 and 9.5% 
Co/ZSM-5/AQ after Ht reduction at 350°C 
are shown in Figs. la and b, respectively. 
These complex spectra are the result of the 
many peaks associated with orthorhombic 
ZSMJ. To obtain-well-defined peaks asso- 
ciated with cobalt and/or cobalt com- 
pounds, the ZSMJ spectrum has to be sub- 
tracted from that of the Co/ZSM-5. This 
subtraction can be accomplished by 
Fourier-unfolding the ZSM-5 spectrum 
from the Co/ZSM-5 spectrum. The unfold- 
ing technique, developed specifically to ob- 
tain the cobalt spectrum, is discussed else- 
where (5). After unfolding, the data shown 
in Fig. 1 produce the peaks shown in Fig. 2. 
These peaks can be identified as the (lOO), 
(082), and (101) Bragg planes from hexago- 
nal cobalt and the (111) and (200) peaks 
from COO. The crystallite size of the cobalt 
calculated from the (002) peak breadth is 
29.6 nm, while a 23.5~nm size was obtained 
from the (100) peak. Both the (002) and the 
(100) peak breadths are not affected by 
faults on the basal plane, while the breadth 
of the (101) is alfected by the existence of 
basal plane faults (6). A 3.9~nm particle size 
determined from the (101) indicates that 
faults exist in the cobalt particles, since the 
plane affected by faults gives a much 
smaller cobalt particle size than those not 
affected. A summary of the particle sizes 
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FIG. I’. The X-ray Wfmction pattern of (a) ZSM-5<SiOz/Al& = 22) and (b) 9.5% ColZSM-SIAQ 
after lit rednction at 350°C for 16 h. 
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FIG. 2. The X-ray diffraction pattern obtained after Fourier unfolding of the pattern of H2 reduced 
ZSM-5 from that of 9.5% Co/ZSM-S/AQ. The peaks labeled (loo), (002), and (101) are from hcp cobalt 
metal, and (111) and (200) are from Cob. 

measured from the hexagonal cobalt is pre- 
sented in Table 1. These data show that no 
significant change in particle size occurs 
during prolonged reduction times under hy- 
drogen at 350°C. After CO + H2 exposure 
at 280°C for 24 h, the XRD patterns for the 
(IOO), (lOI), and (002) Bragg planes were 
the same as shown in Fig. 2. Cobalt oxide, 
COO, is also observed to exist in reduced 
and CO + Hz exposed catalysts. The crys- 
tallite size of this oxide is approximately 9.0 
nm. No cobalt carbide is detected if the 
temperature of the catalysts is maintained 
below 320°C during CO + H2 exposure. 

The XPS spectrum of the Co 2p region 
from 5.1% ColZSM-SIAQ in its as-synthe- 
sized nitrate form and after 150°C calcina- 
tion is shown in Fig. 3. The binding energy 

TABLE 1 

Summary of X-Ray Diffraction Data for 9.5% 
ColZSM-SIAQ 

Treatment Cobalt Particle size (am) 
species 

em (101) WI) 

24WC-Calcined, 1 h 
3WC-Reduced, 2 h 

35O’=C-Reduced, 6 h 

35CPC-Reduced, 24 h 

Z&WC-CO + Hz. 2 h 

2SOT-CO + I& 22 h 

co304 
hcp metal 

+ coo 
hcp metal 

+ coo 
hcp metal 

+ coo 
hcp metal 

+ coo 
hcp metal 

+ coo 

27.8-41.2 
23.9 3.9 23.5 

23.9 3.9 32.4 

25.5 3.9 25.5 

22.6 

22.6 

of the Co 2p3,* peak in the as-synthesized 
catalyst is 782.0 _+ 0.3 eV. A separation of 
approximately 15.7 eV is found for 2p1j2- 
2p3,2. An intense shoulder appears approxi- 
mately 5.0 eV above the Co 2p312 peak for 
the as-synthesized catalyst; this shoulder is 
indicated by the vertical line in Fig. 3. In 
the calcined catalyst, Fig. 3b, the shoulder 
on the 781.1-eV, 2psj2 peak is less intense 
than found in the as-synthesized catalyst, 

co 2p 

b. 

796 766 760 
BINDING ENERGY WI 

FIG. 3. The XPS spectra of the Co 2p region for 
5.1% Co/ZSM-S/AQ (a) in its as-synthesized state still 
while containing CO(NO~)~ . 6H20, and (b) after 150°C 
calcination in air. 
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and it is separated from the 2p3a peak by 
approximately 5.8 eV. The separation 
2pIR-2pU2 is 15.0 eV in this calcined cata- 
lyst. 

The XPS spectrum of the Co 2px region 
for 1.4% CoESM-5/W after 100°C drying 
in air is shown in Fig. 4a; calcination of 
this catalyst at 450°C does not alter the XPS 
spectrum from that shown. This spectrum 
has a peak maximum centered at approxi- 
mately 783.4 eV, a value 1 to 2 eV greater 
than that of the spectra in Fig. 3. The spec- 
trum in Fig. 4a also contains a repeatable, 
complex structure that coincides in binding 
energy with the Co 2pJn peaks of the XPS 
spectrum of 450°C Hz-reduced 1.4% Co/ 
ZSM-S/W shown in Fig. 4b. In particular, 
the center of the maximum of the spectrum 
in Fig. 4b occurs at approximately 782.4 t 
0.4 eV. The low binding energy side of the 
Co 2~3, peak for the reduced 1.4% Co/ 
ZSM-5/W catalyst does not contain discrete 
bands below 781.5 eV but rather a broad 

I I I I I I I 
CO2%/2 

I I I 1 I 

788 784 780 77 
BINDING ENERGY, rV 

FIG. 4. The XPS spectra of the Co 2p region for 
1.4% Co/Z!%%5iW after (a) air drying at 100°C for 16 h 
and (b) H2 reduction at 450°C for 4 h. 

and tailing structure. The positions of Co 
2pa peaks for CO~O, (781 eV) and for co- 
balt metal (778 eV), and a shoulder at 787 
eV are indicated by vertical lines in Fig. 4. 
These reference positions show that the co- 
balt peak positions are significantly differ- 
ent from those in Fig. 3, and as can be 
noted by the differences in peak shapes be- 
tween those in Figs. 3 and 4, the Co/Z!%&51 
W catalyst must contain detectable specia- 
tion completely different from that 
observed by XPS in the 5.1% Co/ZSM-5/ 
AQ catalyst. Similar results have been ob- 
served for the 7.3% ColZSM-5lAQ catalyst 
and its Co/ZSM-5/W component. 

Infrared spectra of chemisorbed pyridine 
on a 1.4% Co/ZSM-5/W catalyst after it had 
been calcined and reduced are shown in 
Fig. 5. Comparison of the ratio (ZB/JL) of 
intensities (I) for the Bronsted (B) and 
Lewis (L) infrared peaks at ca. 1550 and 
1450 cm-‘, respectively, with previously 
published spectra (I, 2) shows that Za/ZL is 
similar for the washed and parent Co/ZSM- 
5/AQ catalysts independent of whether the 
sample was calcined or reduced. The fre- 
quencies of the bands for chemisorbed pyri- 
dine and associated intensity ratios from in- 
frared studies of these catalysts prepared 
by aqueous metal nitrate impregnation are 
shown in Table 2. 

WAVENUMEER 

FIG. 5. Infrared spectra of pyridine chemisorbed on 
1.4% Co/ZSM-5/W (a) after 450°C cakination of the 
catalyst in 02, and (b) after 450°C reduction of the 
catalyst in HI. 
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TABLE 2 

ColZSM-5 Catalysts Studied by Acquisition of 
Infrared Spectra of Chemisorbed Pyridine 

Catalyst Pretreat- Br@sted Lewis I& 
ment band band 

(cm-‘) (cm-‘) 

ZSM-5 Calcined 1547 1454 1.74 
ZSMJ Reduced 1547 1454 1.74 
2.8% ColZSM-SIAQ Calcined 1548 1453 0.24 
5.1% ColZSM-5lAQ Calcined 1.545 1450 0.27 
1.4% ColZSM-5/W Calcined 1548 1450 0.17 
1.4% CoIZSM-5/W Reduced 1548 1450 0.22 

Note. The ratio IBM,. is the intensity of the Brensted peak 
divided by that of the Lewis peak. 

DISCUSSION 

Characterization 

The equivalence, within experimental er- 
ror, of the Z,JZ,+ ratios for the ColZSM-5lAQ 
catalysts independent of cobalt concentra- 
tion (Table 2) indicates that only a portion 
of the total amount of cobalt causes modifi- 
cation of the acidity of ZSM-5 in the 5.1% 
Co/ZSM-S/AQ catalyst. This modification 
is the result of ion exchange of a fraction of 
the total amount of cobalt for H+ in ZSM-5, 
as has been previously discussed (I, 2). To 
determine the amount of ion exchange, the 
intensity ratios ZB/ZL from infrared analysis, 
the Si02/A1203 ratio of the ZSMJ, and the 
ionic form of the ion-exchanged cobalt have 
to be integrated with fundamental equa- 
tions governing Lewis acid site formation 
during calcination of the ZSM-5 and gov- 
erning ion exchange during cobalt impreg- 
nation. 

First, the ionic state of cobalt in these 
Co/ZSM-5 catalysts will be discussed to de- 
termine the form of the ion-exchanged spe- 
cies. The XPS spectrum of the Co 2p region 
for the as-synthesized, nitrate-containing, 
Co/ZSM-5 catalyst in Fig. 3a indicates that 
Co2+ species are present, since the main 
2pJn peak has a binding energy similar to 
that for cobalt nitrate, and it has an intense 
shoulder at 787 eV (7, 8). In addition, the 
2pln-2p3,, spin-orbit splitting of 15.7 eV for 

this catalyst suggests Co2+ species (7, 8). 
After calcination at 150°C the relative in- 
tensity of the 787 eV shoulder decreases, 
and the 2~,,~-2p~,~ splitting decreases to 15 
eV. These results suggest less intensity 
contributions to the XPS spectrum from 
Co2+ species and more from Co3+. The 
XRD measurements confirm this interpre- 
tation by showing that calcined Co/ZSM-5/ 
AQ catalysts contain large Co304 crystal- 
lites. Since Co,04 contains two Co3+ for 
every Co2+, the influence of Co2+ in the 
XPS spectra of the calcined catalyst in Fig. 
3b should be greatly decreased from that 
observed in the spectra of as-synthesized 
catalysts, Fig. 3a; hence, the intensity of 
the 787 eV shoulder should be less in the 
calcined catalyst than in the as-synthesized 
catalyst. This is observed. However, the 
34.5-nm-sized Co304 crystallites will be lo- 
cated on the exterior of the ZSM-5 crystal- 
lites, not inside the 0.6-nm channels of the 
ZSM-5. 

Large cobalt crystallites are not present 
on the 1.4% CoIZSM-5/W catalyst and, as a 
result, will not shield detection of cobalt 
interior to the ZSM-5 during XPS measure- 
ments on this catalyst. Hence, possible de- 
tection of the cobalt speciation inside of 
ZSM-5 should be enhanced with the Co/ 
ZSM-5/W catalysts relative to the Co/ZSM- 
5/AQ catalysts. Additionally, as shown in 
Fig. 5 and Table 2, the 1.4% Co/ZSM-5/W 
catalyst contains a Bronsted-to-Lewis in- 
tensity ratio (Za/ZL) equal to that found in 
the Co/ZSM-5/AQ catalysts. Thus, the pro- 
portion of ion-exchanged cobalt relative to 
the total amount of cobalt is greatly in- 
creased in the washed catalysts. However, 
the XPS spectra of 1.4% CoIZSM-5/W are 
somewhat unusual and cannot be inter- 
preted unambiguously. The higher-than- 
normal binding energy of the most intense 
band in Fig. 4a at 783.4 eV is suggestive of 
cobalt in a highly oxidized environment, as 
has recently been discussed for Ru in NaY- 
zeolite (9). Reduction decreases only 
slightly the intensity at 783.4 eV and shifts 
the center of the Co 2p3,2 band to 782.7 eV. 
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This position is higher than that expected 
for normal ionic species of Co*+ or Co3+ 
(7, 8). In addition, a very small amount of 
cobalt metal is formed during reduction at 
450°C whereas magnetic measurements of 
5.1% Co/ZSM-5JAQ and 7.3% Co/ZSM-51 
AQ after 350°C reduction show 60 to 70% 
metallic cobalt (10). This percentage of re- 
duction can also be observed in the XRD 
data shown in Fig. 2. That portion of cobalt 
reduced to a metallic species in the 1.4% 
Co/ZSM-5/W catalyst may be on the exte- 
rior of the ZSMJ crystallites in the form of 
small crystallites. 

The XPS spectra of 1.4% Co/ZSM-S/W 
contain a significantly intense shoulder near 
787 eV. This intensity suggests that bare 
Co*+ species exist as the ion-exchanged 
form of cobalt in the ZSM-5. Other possibil- 
ities also exist, for example, a [Co*+(OH)]+ 
species. This form of cobalt could also pro- 
duce an intense shoulder near 787 eV. 
However, such a cobalt hydroxyl species 
would not be expected to increase the num- 
ber of Lewis acid sites in the ZSM-5 but 
instead would create protonic sites similar 
to those in H+-ZSM-5. Other arguments 
that are presented below also suggest that 
[Co*+(OH)]+ is not the ion-exchanged form 
of cobalt. Thus, two major cobalt species 
exist in the Co/ZSM-5/AQ catalysts. On the 
external surface of the ZSMJ crystallites 
are large cobalt-containing crystallites that 
reduce to cobalt metal and Co0 at 350°C. 
Interior to the ZSM-5 are highly dispersed 
Co*+ species in an ion-exchanged form that 
does not reduce to cobalt metal at 450°C. 
Remnants of externally located cobalt are 
expected to cause the other species dis- 
cussed for 1.4% ColZSM-S/W. 

To calculate the amount of ion exchange 
that occurs during cobalt nitrate impregna- 
tion onto ZSMJ, the infrared data in Table 
2 have to be integrated with fundamental 
properties of the ZSM-5. For this calcula- 
tion it is assumed that the non-acidic form 
of ZSM-5, NH.,+-ZSM-5, has been acti- 
vated in such a way as to create only pro- 
tonic sites; such ZSM-5 has been made by 

controlled calcination of highly crystalline 
NH4+-ZSM-5 (II). In our laboratory, the 
controlled calcination of Fe/ZSM-S/EX cat- 
alysts at 300°C has also produced only pro- 
tonic sites (22); however, the infrared spec- 
tral region near 1450 cm-’ showed that 
NH4+-ZSM-5 had not been completely 
transformed into H+-ZSM-5 by this treat- 
ment. This result implies that creation of 
only protonic acidity by controlled calcina- 
tion may not produce the maximal concen- 
tration of protonic acid sites. For purposes 
of the following calculation, the calcined 
ZSMJ is assumed to contain maximum 
Bronsted acidity. In such a case and with 
Si02/A1203 = 22, the number of Bronsted 
acid sites per unit cell, Na , would be equal 
to the number of acid sites per unit cell, N. 
This number will depend on the number of 
aluminum atoms per unit cell, NAI , which 
for Si02/A1203 = 22 will be eight, i.e., 

N = NB = NA, = 8 (1) 

Simultaneously, NL = 0, where NL is the 
number of Lewis sites per unit cell. Upon 
calcination of the ZSM-5 at a sufficiently 
high temperature to create H+-ZSM-5, 
Lewis acid sites will be created by dehy- 
droxylation; such a process requires that 
for each Lewis acid site created, two 
Bronsted sites have to be destroyed. 
Hence, denoting numbers of acid sites in 
H+-ZSM-5 by primed symbols, the follow- 
ing set of equations is obtained: 

N’ = Nf, + Ni (2) 

Nb = N - 2Ni = 8 - 2Ni (3) 

From Table 2, the Bronsted-to-Lewis inten- 
sity ratio for the calcined or reduced ZSM-5 
used in this study is Is/IL = 1.74. (In the 
present context, this ratio would be more 
appropriately labeled Zb/Zi = 1.74.) AS a 
result of assuming that the relative absorp- 
tion coefficient associated with the Lewis 
and Bransted acid sites in ZSM-5 is similar 
to that in mordenite, i.e., E&B = 1.5 (I, 
13, Z4), and of assuming that NiJNi, = (EJ 
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~a) IL/Z;, the ratio NiJNi becomes the fol- 
lowing: 

NblNi = 2.6 (4) 

Combining Eqs. (2), (3), and (4) gives the 
number of Bronsted and Lewis acid sites 
per unit cell for the H+-ZSM-5 of Nf, = 
4.52 and Ni = 1.74. Hence, N’ = Nb + Ni 
= 6.26. 

Infrared results on the chemisorption of 
pyridine show that cobalt impregnation 
changes the Bronsted-to-Lewis acidity dis- 
tribution. The resulting distribution is gov- 
erned by a set of equations similar to those 
in Eqs. (2) and (3). Denoting the numbers of 
acid sites per unit cell in 1.4% Co/ZSM-5/W 
by double primes, the following equations 
are found: 

N” = N” + N” 
B L (3 

Ni = N& + N”, = Mb0 + Ni (6) 

where N&, is the number of Lewis sites per 
unit cell associated with cobalt, and Nil is 
the number of Lewis sites associated with 
aluminum, and it is assumed that no alumi- 
num sites are lost or created during cobalt 
impregnation. Combining Eqs. (5) and (6) 
gives the following: 

N”=N;;+N&,+ 1.74 (7) 

If Co*+ ions exchange for 2H+, the number 
of Bronsted sites destroyed should equal 
twice the number of cobalt ions involved in 
ion exchange: 

Nf, - N;; = 2N&, (8) 

Since 

N’; 
= Ni + N~o = o.3 (9) 

for reduced or calcined CoIZSM-5-W, the 
combining of Eqs. (8) and (9) gives the fol- 
lowing: 

Nf, - 2N’&, 
Ni + No, = o.3 (10) 

Then, substituting the values for Nb and Ni 
permits the calculation of N$, N’h, Nk, 
and N”; these values are N&, = 1.74, N’; = 
1.04, NL = 3.48, and N” = 4.52 for 1 Pyl 
co*+. 

A value of 1.74 for N&, is approximately 
1.65 wt% cobalt. This is in reasonable 
agreement with the 1.4 wt% AA measured 
concentration of cobalt in the 1.4% Co/ 
ZSM-5/W catalyst. However, the above 
calculation assumed that one pyridine was 
adsorbed per Co*+. Such an assumption, 
though reasonable, is not the only possibil- 
ity. For example, two pyridine molecules 
could possibly be adsorbed per Co2+; more 
than two may be sterically hindered by 
channel size restrictions of the ZSM-5. In 
this case, a calculation similar to Eqs. (6) 
through (IO), with Eq. (6) modified to re- 
flect the adsorption of two molecules per 
CO*+, i.e., NL = 2N& + N”, = 2N$ + Ni, 
will give the number of Co*+ within the 
channels of ZSM-5. With such an adaption, 
the following values are obtained: NE0 = 
1.54, IV; = 1.44, Ni = 4.82, and Ni = 6.26 
for 2Py/Co*+. 

A value NE, = 1.54 translates into ap- 
proximately 1.46 wt% cobalt. This value is 
slightly closer to the known 1.4 wt% cobalt 
than that calculated when only one pyridine 
molecule was assumed to be chemisorbed 
per Co*+ ion. Additionally, with two pyri- 
dine molecules per Co*+, N” = N’ = 6.26, 
i.e., the number of pyridine molecules cal- 
culated to be adsorbed per unit cell is iden- 
tical in calcined ZSMJ or in Co/ZSM-5. No 
data exist at the present time to determine 
quantitatively whether the total amount of 
chemisorbed pyridine remains constant as 
ion exchange occurs in ZSM-5. If it is the 
same in H+-ZSM-5 as in cobalt ion-ex- 
changed ZSM-5, the above calculation 
shows that two pyridine molecules would 
be chemisorbed per Co*+ ion. 

The XPS data suggest that some of the 
cobalt in the 1.4% Co/ZSM-5/W catalysts is 
on the surface of the ZSM-5 and not in an 
ion-exchanged form. A rough estimate of 
the amount of this externally located cobalt 
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can be obtained from the XPS data of Hz The speciation of cobalt on the external 
exposed 1.4% Co/ZSM-5/W by assuming surface of ZSM-5 between approximately 5 
that the portion of cobalt reducible to me- and 10% cobalt loading is, according to 
tallic species is not ion-exchanged. With XPS and XRD data, independent of cobalt 
this assumption, at least 80% of the cobalt concentration. Sintering of this cobalt does 
is expected to be in ion-exchanged form. not occur during prolonged reduction peri- 
This estimate would then decrease the ex- ods (see Table l), and calcination in oxygen 
tent of agreement between the actual and or atmosphere is sufficient to recreate 
calculated amounts of ion exchange. Such a Co304 crystallites after H2 reduction and H2 
discrepancy may be the result of Lewis + CO exposure. Absence of cobalt carbide 
acidity contributed by some amorphous sil- during 1: 1 CO + H2 exposure suggests that 
ica-alumina phase, as discussed in the pre- such a carbide is not important in CO re- 
viously reported data on ZSM-5 from this duction over cobalt as has been proposed 
laboratory (1, 2), or due to a non-maximal for iron-containing catalysts (15). How- 
concentration of Bronsted acid sites in the ever, this Hz + CO exposure does increase 
H+-ZSM-5 used as a reference for obtain- the amount of Co0 species, the importance 
ing intensity ratios in the above calcula- of which in catalytic reactions is yet un- 
tions . clear. 

TABLE 3 

Microreactor Results on Conversion and Product Distribution from Co/ZSM-5 Catalysts 

1.4% Co/ZSM-5/W 7.3% ColZSM-YAQ 8.5% ColZSM-S/PM 1.6% ColZSM-S/PM 
(Metal nitrate (Physical (Physical 
impregnation) mixture) mixture) 

CO Conversion Trace 56.5 55.0 19.9 
Hz Conversion Trace 85.8 66.5 32.4 

Product composition 
(wt%) 

co2 0 18.6 12.0 12.0 
Hz0 0 46.1 51.3 52.3 
CHn Trace 35.2 36.6 35.7 

Composition of CH. 
(wt%) 

CH, Trace 24.4 31.2 37.2 
W4 0 0.0 0.0 0.0 
CZH6 Trace 2.7 3.9 3.9 
C3Hs 0 0.8 0.0 0.0 
C3Hs Trace 2.7 7.1 13.4 
c&S 0 0.8 0.0 0.0 
C4Wo Trace 5.4 15.7 25.2 
c5+ Trace 63.3 42.0 20.3 
Aromatics (1 12.1 19.9 a 

Liquid product 
composition 
(vol%) 

Aromatics 0 19.5 48.5 0 
Olefins L1 32.5 0.5 0 
Saturates L1 48.0 51.0 n 

Note. Hz/CO = 1; P = 21 atm, T = 280°C Feed Rate, GHSV = 1000 h-i. 
D Quantity too small for FIA analysis. 
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Catalytic Testing 

Table 3 summarizes the catalytic data for 
the conversion of 1 : 1 CO + H2 synthesis 
gas at 280°C over four different Co/ZSM-5 
catalysts during a 0- to 24-h test. These data 
show that when the cobalt is primarily in 
the interior of the ZSM-5, as for Co/ZSM-51 
W samples, the activity for conversion of 
synthesis gas is negligible. Thus, the ionic 
Co2+ species interior to the ZSM-5 is not 
active for CO hydrogenation. When the 
same amount of cobalt (column 4 of Table 
3) is physically admixed with ZSM-5, the 
resultant sample shows significant catalytic 
activity. The Co/ZSM-5 catalysts contain- 
ing cobalt exterior and interior to the ZSM- 
5 crystallites, as in the parent 7.3% Co/ 
ZSM-5/AQ catalyst prepared by metal 
nitrate impregnation, also have reasonable 
conversion activity. Presumably the cobalt 
exterior to the ZSM-5, in its partially re- 
duced state, is the active location for initia- 
tion of CO reduction and hydrogenation. In 
the third column of this table, describing 
activity for Co/ZSM-5 prepared by physi- 
cally mixing precipitated Co304 with ZSM- 
5, the conversion activity is similar to that 
found for Co/ZSM-S/AQ. However, the ar- 
omatic content of the liquid product is 
larger from 8.5% Co/ZSM-S/PM than from 
7.3% Co/ZSM-S/AQ. This difference is as- 
cribed to the inability of cobalt to ion-ex- 
change for H+ during preparation of this 
physically mixed catalyst and, hence, to its 
high Bronsted-to-Lewis acidity ratio. In- 
ability to ion exchange has also been ob- 
served in physically mixed Fe/ZSM-5 cata- 
lysts (2). Therefore, the Bronsted acid sites 
are responsible for aromatization of the pri- 
marily olefinic compounds produced on the 
cobalt crystallites exterior to the ZSM-5. 

CONCLUSIONS 

The use of surface sensitive and bulk ex- 
perimental techniques has enabled the dif- 

ferentiation of two distinct cobalt species in 
Co/ZSM-5 catalysts. Cobalt interior to the 
ZSM-5 is in an irreducible, ionic Co2+ form 
created during ion exchange for H+ . Cobalt 
exterior to the ZSM-5 is in the form of large 
Coj04 crystallites that are reducible under 
H2 at 350°C to hcp cobalt metal and COO. 
By varying the preparation methods, either 
of these cobalt forms can be obtained. It 
may now be of interest to study the conver- 
sion of other reactants over these types of 
catalysts and possibly to investigate the ef- 
fect of particle size of the exterior-located 
cobalt on CO + H2 conversion activity and 
selectivity. 
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