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SPECTROSCOPIC STUDIES OF METAL/ZECLITE

CATALYSIS MATERIALS AND PRODUCTS

By
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John M. Stencel

= The bifunctional catalysts Co/ZSM-5 and Fe/ZSM-5 are known to be -
o capable of convertins'synthesis gas (CO + B>) to a bydrocarbon product that
) has a carbon number cut-off at approximately Cjz- The product selectivity
- in the Cg to é12 range is dependent on catalyst preparation techniques,
' catalyst activation procedures, and reactor conditions. This paper will -
b diacuss the effects of catalyst preparation on the product selec:tivity,by

investigating the acidity of :the zeolite with infrared monitoring of
= chemisorbed pyridine. A formulism will be developed to estimate the con-
. centration of metal ions interlor to the chamnels of the ZSK'S and data will
bl 7 v

be discussed to determine the oxidation state and association of this metal.
r In addition, preliminary results on the labile nature of the acidic protons

in ZSM-5 will be presented. .
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The ZSM-5 support was prepared using techniques described in the liter-

#h

ature. Aqueous solutions (AQ) of cobalt (IT) nitrate or’ iron (I) nitrate
" were loaded onto NH{-ZSH-S by incipient wetnéss impregnation techniques. srh

The Co/ZSM-5 and Fe/ZSM-5 catalysts were also prepared !Qy carbonyl extrac—

Yeu

tion (CE) of Cop(CO)g and‘AFe3(CO)1z onto the ZSM-5. These catalysts will be

designated as Co/ZSM-5/AQ, Fe/ZSM-5/BQ, Co/ZSM-5/CE, and Fe/ZSM-5/CE,

e

respectively. Samples from Co/ZSM-5/AQ .were also prepared by successively
washing these catalysts in distilled HpO before heated decomposition of the
cobalt nitrate; these samples will be desigpated Co/ZSM-5/W. The samples.
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for infrared (IR) analyses h&f‘-‘-ehem:isorbed pyridine and of adsorbed Hz0 or He
were prepared by pressing 20-30 mg of the catalysts into thin, self-
te;x’pporting wafers. Surface sensitive techniques, including ion scattering
spactrometry (ISS) and X-ray photoelectron spectroscopy (XPS) were used to
m;anitor cor;centration of metals on the surface of the ZSM-5 and to determine

oxidation states of the metals.
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The ratio ‘(‘ig"/‘{;ﬁ_, of intensities (I) for the Bronsted (B) and Lewis (L)

ufrared peaks at ca. 1550 ém~1 and 1450 cm~1, resepectively, after pyri?ine
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chemisorption are listed in Table 1. 1?113 comparison of IR/IL ratios shgws
that In/I; is similar for the washed or parent Co/ZSM-5/AQ, Fe/ZSM-5/AQ, and
Co/ZSM-5/CE. -However, the Ig/Ii, ratio for Fe/ZSM-5/CE after 02 calcination
is-similar to that for ZSM-5; after Hp reduction of Fe/ZSM-5/CE the Ip/Ij,
“Fatic decreases to a value ‘similar to that in the other metal/zsM-5

catalysts. :

The XPS characterization of Co/ZSM-5/AQ after Oz calcinationm indicates
that the Co is in a combination of Co2+ and Co3* states. For co/zsn-s;w,
thé -oxidatich state :of the cobalt is Co2+¥; independent of whether the
catalyst is calcined or réduced. In addition, the position and intensities
.61‘ ~the Co 2p3/2 peiks for 'r'e'duééci 158 Co/ZSM-5/% suggests that nearly 802
of theédobalt s in.a highly oxidized eavirofment. The ISS data in Figure 1
shows the ifiténsity ratio, -éo/Si, vfypieal‘ ‘of these catalysts. '

"Thé IR; XPS, and ISS data suggest ‘that a portion of the Fe or Co enters

| tHé"éHInAels &f tHe ZSMsS. < The Ip/Ij ratics ia Table 1, and infrared data

on«ene:mtensuies “of -08 ' bands.‘in the 3500 ém*1 to 3800 &1 region, suggest




that ion exchange of metal ions for Bt occurs during metal impregnation.

Figure 2 shows a schematic representation of this ion exchange.

To calculate the amount of ion exchange that occurs during cobalt
nitrate Impregnation onto ZSM-5, the infrared data in Table 1 have to be
integrated with f.undamental properties of the ZSM-5. For this calculation
it is assumed that the non-acidic form of ZSM-5, NBE-ZSM—S, has been acti-
vated in such a way as to create only protonic sites; such ZSM~5 has been-

made by controlled calcination of highly crystalline N'E{-’-ZSHéSa ‘For ;

purposes of the following calculation, the calcined ZSM-5 is assumed to con-

tain maximum Bronsted acidity. In such a case and with Si05/81503 = 22, the

aber ,o: Bronsted acid sites per unit cell, Np, would be equal to the
number of acid sites per unit cell, N. This pumber will depend on the
oumber of aluminum atoms per unit cell, Naj, which for S105/A1203 = 22 will

be eight, i.e.,
N=Ng =Na; =8 : (1)
Simultaneously, N, = 0, where Np, is ‘the number of Lewis sites per unit cell.

Upon calcination of the. ZSM=5 at a. sufficiently high-temperatuie-to ‘create

E*-ZSM-5, Lewis . acid sites- will Be ‘created .by dehydroxylaticon; such a

process requires that for each Lewls acid site created, two Bronsted sites

have to be destroyed. Hence, denoting -numbers of acid sites in T+-ZSMs5 by -

primed symbols, the following set of equations is obtained:

Nz E'p+NL (2




N'B:N-ZN'L=8-2N'L (3)

From Table 1, the Bronsted~to-Lewis intensity ratio for the calcined or
reduced ZSM-5 used in this study is Ig/Iy, = 1.74. (In the present context.
this ratio would be more appropriately labeled I'g/1'y = i.78.) As a result

of assuming that the relative absorption coefficient associated with the

Lewis and Bronsted acid sites in ZSM-5 is similar to that in mordenite,

]

I
i.e., eL/eB = 1.5, and of assuming that N'g/N'L = (eL/eB) :—[-,E, the ratio
L
N'p/N'[ becomes the following: /
N'p/N'L = 2.6 J %)

Combining Equations 2, 3, and 4 gives the number of Brdnsted and Lewis acid
"sites per umit cell for the H*-ZSM-5 of N'p = 4.52 and N' = 1.74. EHence,

N' = N3+ N'p = 6.26.

Infrared results on the chemisorption of pyridine show that cobalt
impregnation changes the Bronsted-to-Lewis:- acidity distribution. The
resulting distribution is governed by a set of equations similar to those in
'2Quaﬁions 2 and 3. Denoting the numbers of acid sites per unit cell in

1.4% Co/ZSM-5/W by double primes, thé following equations are found:
N" = K'g + N[ (3)

N = By + Bgy = N'ge + N'L (6)
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where N"c, 1s the number of Lewls sites per unit cell associated with

cobalt, and N"p; is the number of Lewis sites associated with aluminum, and
it is assumed that no aluminum sites are lost or ecreated during cobalt

impregnation. Combining Equations 5 and 6 gives the following:
N" = R + Ngg + 1.7 (N

If Co2+ ions exchange for 2B+, the number of Bronsted sites destroyed should

equal twice the number of cobalt ions involved in ion exchange: /

N'B - N"B = 2N"co (8

Since

s . __ U
N"A]_ + N¢q N'L + NCon

N"g/N"L = = 0.3 (9

for reduced or calcined Co/ZSM-5-W, the combining of Equations 8 and 9 gives

the following:

N'B - 2N" o A
—B-=C_q.3 (10)
N + Nogo

Then, substituting the values for N'g and N'[ permits the calculation of

N"co» N"p, N"L, and N"; these values are

N"co = 1.78, N"g = 1.0, N[ = 3.48, and N" < 3.52 for 1 By/Co2%,

s
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" A value of 1.74 for K'g, is approximately 1.65 wt% cobalt. This is in
reasonable agreement with the 1.3 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 Co2+. Such an assumption, though reasonable,

§
1
|
|
is not the only possibility. For example, two pyridine molecules could l
possibly be adsorbed per Coz+; more than two may be stericdally hindered by '
channel size restrictions of the ZSM-5. In this case, a calculation similar

to Equations 6 through 10, with Equati;:an 6 modified to reflect the adsorp- l
tion of two molecules per Co2+, - iced, N"L = 2N"go + N"a1 = 2N"co + N'/L, )
will s:ive the mumber of Co2+ within the channels of ZSM-S. With such'.a,n l
adaption, the following values are obtained: §

N'Co = 1.54, N"B = 1.84, "L = 4.82, and N"L = 6.26 for 2Py/Co2+

A value N"co = 1.54% translates into approximately 1.46 wt% cobalt. This

value is slightly closer to the known 1.4 wt$ cobalt than that caloulated

"Additionally, with two pyridine molecules per Co2*, N" = N' = 6.26, i.e.,

the number of pyridine molecules calculated to be adsorbed per unit cell is

when only ope pyridine molecule was assumed to be chemisorbed per Co2+ ion. ‘ l

identical in calcined ZSM-5 or in Co/ZSM-5. HNo data exist at the present

timie to determine quantitatively whether the total amount of chemisorbed

pyridine remains constant as ion exchange occurs in 2ZSM-5. If it is the
same in B+-ZSM-5 as in cobalt ion—-exchanged ZSM-5, the above calculation

shows that two pyridine molecules would be chemisorbed per Co2+ iom,

Table 2 summarizes the results of these calculations. I :
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The number of OH stretc.ﬁing modes in the IR region from 3200 cmr1 to
3800 em~1 for samples which bave been O» calclned and evacuated is generally
two. This characteristic is shown in Figure 3. Chemi.sorbed pyridine
elminates the band due to acidic OH at 3610 cm—1 but does not affect the
band at 3720 cm-l. However, larger. exposuzies of pyridine, 1i.e., when
physically adsorbed pyridine is present, causes a perturbation of the
3720 em~1 band. A similar perturbation is also observed after adsorption of
Ho0 (Figure 3), Be (Figure %), and other gases such as N2, Oz, Bz and D>.
The general behavior of the OH bands during such adsorption is a weak?nj.ng
intensity at 3610 cm~!, an increase in band intemsity at 3680 cm~1, foiio‘ued
by band formation and broadening at 3560 cm-1, 2900 cm-1, and 2480 cm-1.
Such changes suggest that the OH groups are easily perturbed by even inert
gases such as HBe. These effects will be investigated further to elucidate
their causes and . to detez'miné whether such f_actors influénce eataiytic

activity.
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TABLE 1. The ratio Ip/Ip after pyridine
chemisorption on ZSM-5 supported catalysts

Catalvyst Pretreatment Ig/Ir .
ZSM-5 Calcined 1.78 :
ZSM-5 Reduced ' 1.7 |
2.8% Co/ZSM-5/1Q Calcined 0.24 f
5.1% Co/ZSM-5/4Q Calcined 0.27 ‘

1.4% Co/ZSM-5/W Caleined 0.17 t
1.4% Co/ZSM-5/W Reduced 0.22

3.8% Fe/ZSM-5/EX Calcined 2.07 !
6.6% Co/ZSM-5/EX Calcined , 0-26 |

6.6% Co/ZSM-5/EX Reduced 0.24% , . ' ]
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FIGURE 1. The Co/Si intensity ratias from 1SS depth praofiling
' studies of Co/ZSM-5. :9% Co/ZSM-5,m:6%
Co/ZSM-5, 0:9% Co/ZSM-5-washed, 0:6%
Co/ZSM-5 - washed .
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FIGORE 3. The effect of H,O on the
.~ infrared spectra of acidic
OH (3605 em™) and .
, other OH groups in ZSM-5;
I Si0,/ALO, = 70.
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FIGURE 4 Effect of He on the infrared -spectra of the OH
groups in ZSM-5; SlOzIAI,O3 = 70.
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