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Interaction of zinc ions with y-alumina has been investigated using the surface spectroscopic
techniques of X-ray photoelectron spectroscopy (ESCA or XPS) and low energy ion scattering
spectroscopy (ISS). In addition, the **bulk’’ techniques of laser Raman spectroscopy (LRS) and X-
ray diffraction (XRD) were employed. Surface characteristics of Zn/Al,O; catalysts are affected by
both metal loading and calcination temperature. The Zn/Al intensity ratio was examined as a
function of zinc content and calcination temperature. Plots of both ESCA and ISS intensity ratios
(Zn/Al) vs metal loading show changes in slope at high loadings, indicating a change in surface
structure. ESCA, LRS, and XRD all show the ability to distinguish between ZnO and ZnAl,O,.
Results indicate that at low zinc loadings (<20%), a strong interaction occurs between zinc and -
alumina resulting in the formation of an ‘‘aluminate type” phase (i.e., a ‘‘surface spinel’’). This
interaction involves diffusion of zinc ions into the tetrahedral lattice sites of the support. At higher
loadings, bulk-like ZnO segregates on top of the interaction species and the support. ESCA has also

been used to study the effects of reduction and sulfiding on the catalysts.

INTRODUCTION

During the past decade much work has
been published on alumina-supported tran-
sition metal catalysts. This growing interest
has arisen because of the increasing number
and variety of industrial applications for
which supported catalysts are used. Major
interest has centered on catalysts such as
CO/MO/A1203, CU/A1203, Ni/A1203, and sim-
ilar catalysts because of their importance
for many industrial processes (I). Most
studies have focused on interactions be-
tween the metal and support, since metal-
support interactions are known to have a
pronounced effect on the surface properties
and reactivities of supported catalysts.

The present study involves investigation
of the interaction between zinc ions and y-
alumina. In contrast to other supported cat-
alysts, Zn/Al,O; catalysts have not been ex-
tensively studied, although they have been
studied briefly by X-ray photoelectron
spectroscopy (ESCA or XPS) (2) and low
energy ion scattering spectroscopy (ISS)
(3). This lack of study is probably due to
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the lack of application of Zn/Al,O; catalysts
in industrial processes compared with other
transition metal catalysts. However, Zn/
AlLO; catalysts have been shown to be ac-
tive for the elimination of HCI from 1- and
2-chlorobutane and for the isomerization of
1-butene to isobutene (2, 4, 5).

Despite the limited application of Zn/
Al,O; catalysts, the interaction of zinc ions
with y-alumina is of considerable interest
for several reasons. By determining what
types of metal-support interactions occur
in Zn/ALO; catalysts, a better understand-
ing of metal-support interactions in similar
catalytic systems (i.e., Ni/ALLO;, Co/AL,O4)
can be gained. Also, Cu/Zn/Al,O, catalysts
are important industrial catalysts for the
low pressure synthesis of methanol and the
low temperature water—gas shift reaction
(6, 7). The Zn/AlL,O; system represents a
useful starting point for characterizing the
more complex Cu/Zn/Al,O, system. Also, it
has been shown recently that addition of a
smail quantity of Zn** ions to y-Al,O; can
drastically influence the surface properties
of both Ni/ALLO; (8) and Co/ALO; (3, 9)
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catalysts. By studying the interaction be-
tween zinc and y-alumina, the influence of
zinc addition on these catalytic systems
may be better understood. The effect of
zinc content on the dispersion and nature of
surface species formed on Co/Al,O, cata-
lysts is currently being investigated (10).

The surface properties of two series of
Zn/Al,O; catalysts have been investigated
in the present study. Surface characteriza-
tion of these catalysts has been performed
as a function of metal loading (1-26%) and
calcination temperature (400 or 600°C).
Empbhasis is on how these two factors affect
metal-support interactions. The surface
spectroscopic techniques of ESCA and
ISS, as well as the ‘‘bulk’ techniques of
laser Raman spectroscopy (LRS) and X-ray
diffraction (XRD), have been employed to
characterize the catalysts. In addition to
spectroscopic investigations, reactivity of
the catalysts to H, reduction and sulfiding
with H,S/H, and SO,/air mixtures has
been evaluated. The reactivity of the cata-
lysts is of interest as a diagnostic tool to
distinguish between different surface spe-
cies by taking advantage of changes in
ESCA spectra caused by differences in
chemical reactivity.

EXPERIMENTAL

Catalyst preparation. Two series of Zn/
AlLO; catalysts were prepared by wet im-
pregnation of y-AlL,O; (Harshaw Chemical
Co., Alumina #AL-1401P, BET surface
area: 195 m%g) with an aqueous zinc nitrate
solution. Excess water was evaporated at
90°C, with stirring. Samples were dried for
24 hr at 110°C, finely ground, and subse-
quently calcined in dry air for 5 hr at either
400 or 600°C. Zn(NOs), decomposed com-
pletely after calcination as indicated by the
lack of a N 1s signal in the wide scan ESCA
spectrum,

Standard materials. All reference com-
pounds, with the exception of ZnAl,Qy,
were obtained from Alfa Products and were
used without further purification. The com-
position of all standard compounds was con-
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firmed by XRD. Experimental XRD pat-
terns of all reference compounds matched
the appropriate ASTM powder diffraction
file, with no stray lines being present.
ZnAl,O, was prepared by mixing stoi-
chiometric amounts of ZnO and y-Al,0,
with a small amount of deionized H,O and
mulling into a paste. The paste was dried
for 8 hr at 110°C, finely ground, and subse-
quently calcined for 72 hr at 900°C. Forma-
tion of zinc aluminate was confirmed by
XRD. The XRD pattern also showed sev-
eral weak peaks which were assigned to
Zn0. ZnO is readily soluble in aqueous am-
monia, whereas ZnAl,Q, is only slightly
soluble in ammonia (/). The ZnAl,O, was,
therefore, repeatedly washed with 1 M
(NH,),CO;, rinsed with deionized H,O, fil-
tered, and dried at 110°C overnight. The
XRD pattern of the resulting solid exactly
matched the ASTM powder diffraction file
for ZnAlLOy; ZnO peaks were absent.
ESCA spectra. ESCA spectra were ob-
tained with an AEI ES200A electron spec-
trometer equipped with an AEI DS100 data
system interfaced to an Apple II plus (48K)
microcomputer. The spectrometer utilized
nonmonochromatized AlKa radiation
(1486.6 e¢V). The anode was operated at 12
kV and 22 mA. The instrument typically
operates at pressures below 5 X 1078 Torr.
Samples were mounted in the form of a
powder on a water-cooled aluminum probe
using Scotch brand double-sided tape.
ESCA binding energies and intensity ra-
tios are reported as the average of at least
three separate determinations. Binding en-
ergies were measured with a precision of
+0.15 eV or better. For catalyst samples,
the Al 2p line (74.5 eV) of the alumina sup-
port was used as an internal reference for
determination of binding energies. The
binding energy of the Al 2p line was deter-
mined by vacuum deposition of gold on vy-
ALOs;, referencing to the Au 4f;, line (83.8
eV) (3). The average C 1s binding energy
obtained on y-Al,O; and all catalyst sam-
ples was 285.1 eV. Therefore, binding ener-
gies for all standard compounds were refer-
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enced to the C 1s line (285.1 eV). ESCA
intensity ratios were determined using the
total integrated areas of the Zn 2py, and Al
2p lines. Integrated peak areas were calcu-
lated assuming that the background was lin-
ear over the peak width. Intensity ratios
were reproducible to +8% (r.s.d.) or better.

ISS spectra. 1SS spectra were recorded
using a 3M Model 525/610 ISS/SIMS spec-
trometer which employed a cylindrical mir-
ror analyzer (CMA) to measure the energy
of the backscattered ions. Monoenergetic
“He* ions were used with a primary-ion en-
ergy of 2.0 kV. The primary ion current
density was ca. 2.0 X 1077 A/cm?. A typical
base pressure of 5 x 1072 Torr was
achieved before the helium was admitted to
the spectrometer. Spectra were obtained
with a helium pressure in the sample cham-
ber of 2.0 X 107° Torr. Samples (ca. 50 mg)
were pressed into pellets (6 X 15 mm) under
approximately 5000 psi and mounted on an
aluminum probe with double-sided tape.
Charge neutralization was accomplished by
thermal electron emission from a resistively
heated thoriated tungsten filament operated
at 2 mA. The E/E, region from 0.3 to 1.0
was recorded with a scan time of approxi-
mately 3 min. ISS intensity ratios were de-
termined using the Zn and Al peak heights.
Peak heights were manually measured, as-
suming a linear background over the peak
width. Plotted peak height intensities are
the averages of at least three separate de-
terminations.

Laser Raman spectra. Raman spectra
were recorded with a Spex Ramalog spec-
trometer equipped with holographic grat-
ings. The 514.5 nm line from a Spectra-
Physics Model No. 165 argon-ion laser was
used as the excitation source. Approxi-
mately 45 mW of power (measured at the
sample) was employed. The spectral slit
width was typically 4 cm~!, and reported
peaks are accurate to *2 cm~!. Samples
were pressed into pellets with a small
amount of KBr as a support. To avoid de-
composition from the laser beam, samples
were rotated off axis during analysis.
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X-ray diffraction. X-Ray powder diffrac-
tion patterns were obtained at room tem-
perature using a Diano Model 700 diffrac-
tometer employing Ni filtered CuKa
radiation (1.54056 A). The X-ray tube was
operated at 50 kV and 25 mA. Samples
were packed into a plastic holder having a
18 X 18 X 2 mm opening. No binder or
adhesive was used. Spectra were scanned
at a rate of 0.4° min~! (in 26). Spectra were
compared with the ASTM powder diffrac-
tion files for compound identification.

Chemical analysis. Bulk Zn concentra-
tions (wgt %) were determined by atomic
absorption spectroscopy using a Perkin
Elmer Model 2380 AA spectrophotometer.
Catalyst samples were dissolved by diges-
tion in concentrated nitric acid. For the
sake of simplicity, all metal concentrations
are reported as integral values. Actual con-
centrations are within =0.2% (absolute) of
the stated values.

Chemical reactions. All samples were
pressed into pellets prior to gas-phase reac-
tions. To confirm that the pelleting process
did not induce chemical changes in the cat-
alyst, the ESCA binding energies and Zn/Al
intensity ratios for samples dusted onto
double-sided tape were compared with the
values obtained for samples pressed as pel-
lets. No differences were observed; hence,
it was assumed that the original powdered
catalysts were identical with the pressed
catalysts.

Samples were mounted on an air-cooled
sealable probe with stainless-steel clips.
The probe allows the transfer of samples
from the reaction chamber to the ESCA
spectrometer without exposure to air. The
probe and reaction chamber have been de-
scribed previously (7/2). The sample probe
was inserted into the reaction chamber in
the sealed position, while the chamber was
heated to the desired temperature and al-
lowed to equilibrate under gas flow (50 ml/
min). Once the desired temperature was
reached (ca. 30 min), the probe was opened
and the reaction was allowed to proceed for
a specified length of time. After the reaction
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was completed, the probe was closed, al-
lowed to cool, and then transferred to the
spectrometer.

For reduction studies, pure H, (Air Prod-
ucts 99.999%) was employed for 5 hr at
500°C. Sulfiding reactions were accom-
plished with either 15% H,S/H, (Air Prod-
ucts) or 1.5% SO,/air (Matheson) for 1 hr at
350°C. All gases were used as received
without further purification.

RESULTS
XRD Results

Lo Jacono and Schiavello have reported
that when transition metal ions (Mn?*,
Co?*, Ni**, Cu?*) are supported on alu-
mina, formation of a ‘‘surface spinel”” or
bulk-like metal-oxide occurs, often concur-
rently (13). Hence, when Zn?* ions are dis-
persed on y-Al,Os, two likely reactions are
formation of an ‘‘aluminate-type’’ phase
(i.e., a “‘surface spinel’’) or formation of
bulk-like ZnO.

XRD is used routinely to examine the
build-up of bulk oxides at high metal load-
ings; however, identification of surface
spinel phases by XRD has been difficult due
to the lack of long-range order and because
v-ALO; itself has a defect spinel structure.
Consequently, the lattice parameters of alu-
mina are virtually identical to those of
spinels (13, 14). Some of the major XRD
lines for y-Al,O;, ZnAl,0,4, and ZnO are
summarized in Table 1 (ASTM File Nos.
10-425, 5-0664, 5-0669); the peaks at d = 2.4
and 2.8 A (ca. 37 and 32°, 26) closely coin-

TABLE 1
Major XRD Lines for Reference Compounds
(CuKeo Radiation)
v-ALO, ZnALO, ZnO

dA) 20 U, dA 20 11, dA 20 I

280 319 20 2.86 31.2 84 282 317 7
239 376 80 2.44 368 100 260 344 56
228 395 50 248 36.2 100
1.97 46.0 100 191 475 29
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cide for all three compounds. Lo Jacono
and Schiavello (13) have shown that the rel-
ative intensities of certain diffraction lines
show characteristic behavior which indi-
cates formation of spinel-like structures.
They found that the intensities of the lines
at approximately d = 2.4 and 2.8 A (strong
lines for spinels) increase for aluminas con-
taining transition metal ions. We have ob-
served this effect for Zn/Al,O; catalysts.
The experimental XRD patterns obtained
for ZnALOy, ZnO, y-Al,0;, and several Zn/
Al,O; catalysts are shown in Fig. 1. The -
Al O, support gave broad, diffuse, diffrac-
tion lines (Fig. 1C), indicating poor
crystallinity. For catalysts having zinc
loadings below 10%, XRD patterns were
virtually identical to the support pattern. At
these low loadings, zinc is probably too
highly dispersed to cause any noticeable
change in the alumina structure. At zinc
loadings greater than 10%, the intensities of
the lines at approximately 32 and 37° begin
to increase, relative to the main alumina

Intensity (arbitrory units)
i | |

1 1 1 1

50 a5 40 35 30
28

FiG. 1. X-Ray powder diffraction patterns of refer-
ence compounds and Zn/Al,0; catalysts: (A) ZnAl,O,;
(B) ZnO; (C) y-ALO;; (D) 18% Zn/AlO; (600°C); (E)
22% Zn/Al, O (400°C).
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line (20 = 46°). With increased zinc loading,
the lines at 32 and 37° became narrower and
more intense, consistent with formation of
a spinel-like phase. An example of this be-
havior is seen in Fig. 1D, which shows the
XRD pattern of an 18% Zn/Al,O; (600°C)
catalyst. One can easily see the significant
increase in intensity of the lines at ca. 32
and 37° compared to the pattern for -
Al O;. This increase in intensity cannot be
attributed to ZnO formation, as the other
major lines in the ZnO pattern (34.4 and
47.5°) were absent.

Neither y-Al,O; nor ZnAl,O, has lines at
34.4 or 47.5°, therefore, these lines are con-
venient for determining segregation of bulk-
like ZnO. No lines were seen at 34.4 or
47.5° for catalysts containing less than 20%
Zn. At 20% loading, however, weak peaks
became evident at approximately 34 and
47°, becoming more intense with increasing
Zn content (>20%). In addition, shoulders
appeared on the spinel lines at ca. 32 and
37° (see Fig. 1E), because the most intense
peaks of the surface spinel and ZnO over-
lap. Comparison of Fig. 1E (22% Zn/Al,0s,
400°C) with 1B (ZnQ), confirms build-up of
a ZnO phase at high zinc loadings. XRD
patterns of catalysts having identical zinc
loadings but calcined at different tempera-
tures, showed little difference.

The colors of the catalysts were consis-
tent with formation of ZnO at high Zn load-
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ings. Following calcination, all catalysts
were white with the exception of those con-
taining greater than 20% Zn (both 400 and
600°C). These catalysts were slightly yel-
low; ZnAl,O4 and ZnO are both normally
white, but ZnO is known to become yellow
on heating (15). It was also observed that
upon removal from the muffle furnace after
calcination, catalysts containing greater
than 20% Zn thermoluminesced bright yel-
low for several minutes while cooling. ZnO
thermoluminesces whereas ZnAl,O, does
not; ZnAl,O4 shows no color change during
or after heating.

ESCA Results

The ESCA binding energies of relevant
zinc reference compounds and of y-Al,0,
are summarized in Table 2. ZnAl,O, and
Zn0O are useful reference compounds to
model phases which may exist on oxidic
Zn/Al, 0, catalysts, whereas Zn°, ZnS, and
ZnS0O, are useful models for reduction and
sulfiding studies. However, exact matching
of ESCA binding energies is not a sufficient
criterion to confirm species on a catalyst
surface. Vinek et al. have reported ESCA
binding energies for the Zn 2ps, and Zn 3p
lines of both ZnO and ZnAlLO, (2). They
found chemical shifts (relative to the C 1s
line) between ZnO and ZnAl,Q, of 0.6 eV
for the Zn 2p;, line, and 0.8 eV for the Zn
3p line. The data of Table 2 show shifts of

TABLE 2

ESCA Binding Energies® (eV) for Zinc Reference Compounds

Sample Zn2p;; ZnLMM  ZnAuger Zn2p,, Zn3p Zn3s OQlIs Al2p Al2s S2p S2s Cls
Auger? parameter®

v-ALOS? — — — — — — 5313 745 1193 — — 285.1
ZnO* 1021.5 988.6 532.5 1044.6 88.6 139.5  530.2 — — —_ — 285.1
ZnALOS  1022.0 987.5 522.9 1045.1 89.4 140.3 5313 745 1193 — — 285.1
Zn* 1021.3 992.1 526.8 1044.4 89.0 140.1 — — — — — 285.1
ZnSOy° 1021.3 985.9 520.6 1046.2 90.6 1415  533.0 — — 170.1 2339 285.1
ZnS¢ 1022.0 989.3 5247 1045.1 89.2 140.2 — — — 162.3 226.3 285.1

¢ Binding energies (B.E.s) were measured with a precision of +0.15 eV or better.

b Auger values in kinetic energy.

°K. E. (Zn LMM Auger) — K.E. (Zn 2p,); see Ref. 18.
4 B.E.s referenced to Al 2p = 74.5 eV.

¢ B.E.s referenced to C 1s = 285.1eV.
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0.5eV (2psp) and 0.8 eV (3p), in good agree-
ment with the earlier results. The Zn 2p;,
and Zn L;M, sM, s Auger lines were chosen
to characterize Zn/Al,O; catalysts because
they are the most intense zinc lines in the
ESCA spectrum. As can be seen from Ta-
ble 2, the Zn LMM Auger line shows a
chemical shift of 1.1 eV between ZnO and
ZnAlLO,4. Even though the chemical shifts
for the 2p;, and Auger lines are relatively
small, they allow one to distinguish be-
tween ZnO and ZnAl,O, on the catalyst
surface.

The Zn 2p;, and LMM Auger lines for
ZnAlLO,, Zn0, and Zn° are shown in Fig. 2.
Figure 2 shows small chemical shifts and
similar band shapes for the Zn 2p;, lines of
ZnAl,0O4, ZnO, and Zn°. A chemical shift of
0.2 eV was found between the Zn 2ps, lines
of ZnO and Zn metal. Previous investiga-
tors have reported chemical shifts ranging
from 0to 0.3 eV (/6, 17). Such small chem-
ical shifts would make distinction between
ZnO and Zn metal difficult. However, the
LMM Auger lines of ZnO and Zn metal are
separated by 3.5 eV and have very different
band shapes, allowing easy distinction be-
tween ZnO and Zn metal.

Zn LMM Auger
zno//

I

1 ! L 1 L 1 1 Il 1
1030 1022 1014 967 995

Binding Energy [eV] Kinetic Energy (ev]

F1G. 2. ESCA spectra of the Zn 2ps;, and Zn LMM
Auger lines for zinc reference compounds: ZnAl,O,,
ZnO, Zn°.

Zn 293,2

2N

The Auger band shapes for ZnO and
ZnAlLO, are virtually identical (although
shifted by 1.1 eV). However, as noted, the
Auger line for Zn metal has a different band
shape. All of the Auger bands consist of
two peaks, although they are poorly resolved
for ZnO and ZnAlL,Q,. The origin of the
doublets is believed to arise from 1-s cou-
pling (17). The line width of the Auger peak
is much narrower for Zn metal than for ZnO
or ZnAlLQ,, presumably due to different
transition probabilities and lifetimes in the
fina] states (I7). Because the Auger lines
show larger chemical shifts, they are more
sensitive to the chemical environment.
Also, the Auger parameter (kinetic energy
of the Auger line-kinetic energy of the pho-
toelectron line) is useful for identifying
chemical states (18). Hence, more attention
should be paid to Auger lines in ESCA
studies of catalysts. Most workers have fo-
cused only on photoelectron lines, and it is
clear that Auger lines are useful for catalyst
studies as well. The Auger parameters for
the reference compounds are included in
Table 2.

The ESCA binding energies of the cata-
lysts studied are tabulated in Table 3. As
can be seen, for Zn loadings from 1 to 18%
(for both 400 and 600°C calcination) the
binding energies for both the Zn 2p;», and
LMM lines (Auger values in Kinetic energy)
are virtually identical with the values ob-
tained for ZnAl,O,. However, at higher
zinc contents (=20 wt%), both lines begin
to shift toward lower binding energies, indi-
cating a change in surface composition. At
a zinc content of 26%, the binding energies
of both the Zn 2p;, and Zn Auger lines are
virtually identical with those of ZnO, con-
sistent with formation of ZnO at high Zn
loading as indicated by XRD.

The Zn 2p;,/Al 2p ESCA intensity ratios
plotted as a function of bulk Zn content are
shown in Fig. 3 for calcination at 400 and
600°C. At all concentrations, the Zn/Al in-
tensity ratios are lower for catalysts
calcined at 600°C than for those calcined at
400°C. The intensity ratios are linear with
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TABLE 3
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ESCA Binding Energies® (eV) of Zn/Al,O, Catalysts
after Calcination at 400 and 600°C?

Zn/ALO; Calcination temperature
catalyst
(%) 400°C 600°C
Zn2p;; ZnLMM Zn2py, Zn LMM
Auger® Auger
1 1022.0 987.2 1022.0 987.5
2 1022.0 987.5 1022.0 987.6
3 1022.0 987.2 1022.0 987.4
5 1021.9 987.3 1022.0 987.5
8 1022.0 987.3 1022.0 987.5
10 1022.0 987.5 1022.0 987.5
14 1022.1 987.4 1022.0 987.5
18 1022.0 987.5 1022.0 987.5
20 1021.8 987.6 1021.7 987.6
22 1021.7 987.8 1021.5 988.1
26 1021.5 988.2 1021.5 988.6

2 All B.E.s referenced to Al 2p = 74.5 eV.

& All catalysts showed the following average binding ener-
gies (eV): Al 2s, 119.3; O 1s, 531.2; C 1s, 285.1.

¢ Auger values in kinetic energy.

4B.E.s were measured with a precision of =0.15 eV or
better.

zinc content for loadings below 20%, but
there is an abrupt change in slope at ~20%.
The change in slope indicates that an altera-
tion in surface composition occurs at about
20% Zn. 1t is interesting to note that the
change in slope occurs at the same concen-
tration at which the ESCA binding energies

5.0 v —r T T T
[ 4
ESCA Zn/Al04
®-400°C

a0l 0 - 600°C o -
g
N
= 30p d 1
2
b~
E o
» 20} & J
=
2 / -
c Y [t
] /
-]
c 0O,
= ok o / |

o
-8
0 ﬁfé 1 1 . 1 1
[ 5 10 15 20 35 30

Zinc Content {wgt%)

F1G. 3. ESCA Zn 2p,»/Al 2p intensity ratio vs bulk
zinc content at different calcination temperatures: (@)
400°C; (O) 600°C.

began to shift, consistent with a change in
surface composition.

ISS Results

Typical ISS spectra of Zn/Al,O; catalysts
are shown in Fig. 4. The Zn/Al ISS inten-
sity ratio is influenced by both zinc content
and calcination temperature. The Zn/Al ISS
intensity ratio as a function of zinc content
and calcination temperature is shown in
Fig. 5. The results are consistent with the
ESCA data. The Zn/Al intensity ratio is lin-
ear for zinc contents up to approximately
20% Zn (at both 400 and 600°C). Above 20%
Zn, there is an increase in the slopes of the
curves, indicating a change in surface com-
position. Figure 5 also shows that the Zn/Al
intensity ratios for catalysts calcined at
400°C are larger than for catalysts calcined
at 600°C.

ISS could detect the presence of zinc
over the entire concentration range studied
(1-26% Zn) for catalysts calcined at 400°C.
However, for catalysts calcined at 600°C,
ISS could not detect zinc at loadings below
3% Zn. After prolonged sputtering (ca. 15-
20 min) weak Zn peaks became evident for

‘He" 1SS
Zn
° Af
{A}
(B}
{9}
1 L | I 1 1 1 1
0.4 0.6 0.8 1.0
Energy (E/E,)

F16. 4. ISS spectra of Zn/AL O, catalysts calcined at
400°C: (A) 22% Zn; (B) 8% Zn; (C)'3% Zn.
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30 —T y ™ T T

1SS Zn/A1,0,
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=)
—

intensity Ratio ( Zn /AI)

-
1=
T

15 20 25 30

Zinc Content (Wgt %)

F16. 5. ISS Zn/Al peak height intensity ratio vs bulk
zinc content at different calcination temperatures: (@)
400°C; (O) 600°C.

catalysts containing less than 3% Zn
(600°C). Since ISS is sensitive to the upper-
most atomic layer, these results imply that
all of the zinc ions are below the first atomic
layer, shielded from the ion beam, for cata-
lysts calcined at 600°C and containing less
than 3% Zn, therefore, the zinc is unde-
tected until the upper surface layer is sput-
tered away. Shelef er al., in an ISS study of
spinels, reported similar results for bulk
ZnAl,O,; only after several scans did a Zn
peak become apparent (19).

Ramanrn Results

Although LRS is generally considered to
be a bulk technique, a recent study compar-
ing ESCA, ISS, and LRS has shown that
LRS can be sensitive to surface changes
occurring within sampling depths charac-
teristic of ESCA and ISS (20). To facilitate
interpretation of the Raman spectra, LRS
of several reference compounds were re-
corded, namely, ZnO, ZnAlLO,, and the y-
Al,O; support. Spectra of the reference
compounds are shown in Fig. 6 and the
characteristic Raman bands are summa-
rized in Table 4.

Figure 6A shows the Raman spectrum of
bulk ZnO. The spectrum consists of a major
band at 438 cm~! (Zn~O stretch) and sev-
eral weaker bands. The Raman frequencies
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438 (A)
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660
a9 (8)
>
‘»
[
2 N "
c "
—
(c)
(D)
i 435
664
150 675 1200

A Wavenumber {cm™)

FiGg. 6. Laser Raman spectra of reference com-
pounds and Zn/Al,O; catalysts: (A) ZnO; (B) ZnAlLO,;
(C) v-AlL05; (D) 26% Zn/Al O, (600°C).

TABLE 4

Raman Bands of Reference Compounds®

Compound A Wavenumber (cm~1)?

ZnO 1157(m), 1105(w), 1005(vw), 982(vw)
659(w), S80(w), S40(w), 438(vs),
412(vw), 384(w), 331(m), 202(vw)

ZnAlLO, 660(s), 419(s)

y-ALO, _—_———

7 Intensities in parentheses: vs = very strong, s =
strong, m = medium, w = weak, vw = very weak.
b All wavenumbers measured to +2 cm™!.
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obtained for ZnO are in good agreement
with values reported previously (2I). The
Raman spectrum of bulk ZnAl,Q, (Fig. 6B)
consists of two bands at 660 and 419 cm™'.
Figure 6C shows the spectrum of the y-
Al O; support; as previously reported, no
discrete scattering is apparent in the region
of interest (20).

The Raman spectra obtained for catalysts
containing 15% Zn or less, calcined at ei-
ther 400 or 600°C, were identical with the
spectrum obtained for y-Al,Os, showing no
evidence of any zinc species. Because y-
AlLO; has a strong scattering (‘‘fluores-
cence’’) background (attributed to the
presence of hydroxyl groups or trace
contamination on the surface) detection of
Raman bands (22) is limited. While the
presence of a ZnAl,O,-like phase could not
be confirmed at these low loadings, the lack
of peaks characteristic of ZnO is significant
and consistent with the XRD and ESCA
results. However, at 18% Zn, two weak,
broad bands characteristic of a ZnAlLO,-
like phase were observed in the Raman
spectra.

For catalysts containing 20% Zn or more,
additional LRS peaks were seen which indi-
cated the presence of ZnO. Figure 6D
shows the Raman spectrum of a Zn/Al,O,
catalyst containing 26% Zn (600°C). The
spectrum shows a main band at 435 ¢cm™!
and several weaker bands at 664, 581, and
330 cm™!. Within experimental error, these
values correspond to the major bands of
bulk ZnO. However, the broadness and in-
tensity of the band at 664 cm™! and broad-
ening on the low frequency side of the 435
cm~! band (see Fig. 6D) indicate that an ill-
defined ZnAl,O, phase is also present.

REDUCTION STUDIES

Reduction characteristics of supported
metal oxides are often different from those
of bulk metal oxides because of metal-sup-
port interactions and changes in dispersion.
It is well known that ZnO is not easily re-
duced, the reaction being thermodynami-
cally unfavorable at 200°C (7):
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ZnO + H2—> Zn + H20
AG(200°C) = +19.2 kcal/mole.

In this study, more drastic conditions were
employed in an attempt to reduce the cata-
lysts. At temperatures in excess of 700°C,
ZnO readily sublimes (23); therefore, a
temperature of 500°C (for S hr) was chosen
for reduction. The conditions employed
were previously found to be sufficient to
reduce nickel, cobalt, and copper sup-
ported on alumina (24-26).

The effects of reduction on Zn/ALO; cat-
alysts were monitored by ESCA. As dis-
cussed earlier, the Zn LMM Auger lines
allow one to distinguish among ZnO,
ZnAl,O4, and Zn metal (see Table 2). The
results obtained in this study support the
reported difficulty of reducing ZnO. Nei-
ther ZnO nor ZnAl,0, was found to reduce
under the conditions employed. Similar
results were obtained for the catalysts. The
ESCA binding energies and peak shapes of
the Zn 2ps;, line and the Zn LMM Auger
line obtained for H, treated ZnO, ZnAl,0,,
and catalyst samples (regardless of zinc
loading or calcination temperature) were
identical with the values obtained before
treatment. XRD patterns of the H, treated
samples also indicated no noticeable
change in composition.

SULFIDING STUDIES

ZnO, both bulk and supported, has been
widely used for removing impurities such as
H,S, mercaptans, and disulfides from gas
streams (1, 23). In fact, one of the principal
roles of zinc in Cu/Zn/Al,O; catalysts is to
protect the copper from poisoning by pref-
erentially reacting with trace sulfur com-
pounds (6). Hence, the reactivity of Zn/
Al)Oj; catalysts with sulfur compounds is of
interest.

Two sulfiding mixtures were chosen for
investigation, 15% H,S/H, and 1.5% SO,/
air. H,S and SO, were chosen as reactants
because both are major industrial pollu-
tants, usually removed from stack gases by
sorption or by reaction with bulk or sup-
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ported metal oxides (/, 23, 27). In this
study, a reaction temperature of 350°C (1
hr) was chosen, as most industrial desulfur-
ization processes operate in the range of
250-400°C (1, 23, 27).

To evaluate and compare the reactivities
of the catalysts, the sulfiding properties of
bulk ZnO and ZnAlL,O, were determined.
While the binding energies of the Zn 2p;,
lines are similar (see Table 2) for ZnO,
ZnAl,O,, ZnS, and ZnSO,, the Zn LMM
Auger lines are sufficiently different in both
energy and peak shape to distinguish
among the compounds. The S 2p and S 2s
binding energies also allow one to distin-
guish easily between ZnS and ZnSO,.
ESCA can, therefore, be used to determine
surface species present after reaction by
monitoring changes in the Zn Auger param-
eter and observing the absence or presence
of the sulfur lines.

Table 5 lists the Zn Auger parameters,
the S 2p and S 2s binding energies, and the
S 2p/Zn 2p;; intensity ratios for ZnO and
ZnAl, O, after treatment (1 hr at 350°C) with
15% H,S/H, and 1.5% SO+/air. Included for
comparison are the values obtained for bulk
ZnS and ZnSO,. The ESCA spectra of the
Zn LMM Auger lines of ZnO and ZnAl,O,
are shown in Fig. 7. The ESCA spectrum of
bulk ZnO, after treatment with 15% H,S/
H,, showed very intense sulfur peaks and
the absence of an O 1s peak. As seen in
Table S, the Zn Auger parameter, and the S

TABLE 5
ESCA Results” for Sulfided Reference Compounds

Sample/treatment? Zn
Auger parameter

S2p S2s S 2p/Zn2py°

0.71
0.20
0.76
0.23
0.78
0.84

ZnO/H,S/H;
ZnAl,04H,S/H,
Zn0/SOyfair
ZnALO4/SOofair
ZnS

ZnSO4

524.6
522.9
520.4
522.9
524.7
520.6

162.5
161.9
170.3
169.3
162.3
170.1

226.5
226.4
234.1
2332
226.3
233.9

2 Binding energies in eV.

b Treatment for 1 hr at 350°C.

¢ All intensity ratios were measured with a precision of +10% (r.s.d.)
or better.
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2p and S 2s binding energies were all within
experimental error of the values obtained
for bulk ZnS. Figure 7 clearly shows the
similar Zn Auger spectra obtained for H,S
treated ZnO (Fig. 7B) and bulk ZnS (Fig.
7A). In addition, the S/Zn intensity ratio for
treated ZnO was within experimental error
of that the ZnS. This indicates that at least
within the sampling depth of ESCA, ZnO
was converted to ZnS. XRD patterns of the
treated ZnO indicated the presence of ZnO;
however, additional very weak peaks cor-
responding to ZnS were also seen by XRD.

In contrast, the ESCA spectrum of H,S
treated ZnAlL,O, shows only weak sulfur
peaks, indicating that little sulfiding oc-
curred. In addition, the Zn Auger parame-
ter for treated ZnAlLO, was identical to that
before treatment (see Tables 2 and 5), con-
sistent with little reaction. Figure 7C shows
that the Zn Auger spectrum of treated
ZnAlLO, is identical with that obtained for
bulk ZnAl,O, (see Fig. 2). Also, XRD pat-
terns of the treated sample showed the
presence of only ZnAlLO,. Similarly,
CoALO, is difficult to sulfide (28) but
CuAl,O, sulfides readily to yield Cu,S (26).

The reactivity of ZnO and ZnAlL,O, to
1.5% SO,/air was similar to the reactivity
toward 15% H,S/H,. ZnO was found to re-
act readily with SO,. After treatment, the
Zn Auger parameter, S 2p and S 2s binding
energies, and the S/Zn intensity ratio were
all within experimental error of the values
obtained for ZnSO, (see Table 5). Figure 7
shows that the Zn Auger spectra for treated
(1.5% SO,/Air) ZnO (Fig. 7E) and ZnSO,
(Fig. 7D) are identical. XRD patterns of
SO, treated ZnO, however, showed no evi-
dence of any sulfur compound, only the
presence of ZnO. The formation of metal
sulfates by the reaction of SO, with metal
oxides has been reported previously by Vo-
gel et al. (27).

The ESCA spectrum of SO, treated
ZnAl,O, as in the case for H,S treatment,
showed only weak sulfur peaks. The Zn
Auger parameter for SO, treated ZnAl,O,
was identical with that obtained before
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FiG. 7. ESCA spectra of the Zn LMM Auger line of sulfided ZnO, sulfided ZnAlQ,, and reference
compounds: (A) ZnS; (B) 15% H,S/H, treated Zn0Q; (C) 15% H,S/H, treated ZnALOy; (D) ZnSO,; (E)
1.5% SOy/air treated ZnO; (F) 1.5% SOyfair treated ZnAlLO,.

treatment, Figure 7F shows that the Zn Au-
ger spectrum for SO, treated ZnAlLO; is
identical with that obtained for bulk
ZnAl,O, (see Fig. 2). XRD also indicated
that there was no noticeable change in com-
position. Hence, the results indicate that
essentially no sulfiding had occurred. The
difference in reactivity toward H,S and SO,
between ZnO and ZnAlLQO, is useful for
characterizing surface species on Zn/Al,0;
catalysts.

The reactivity of Zn/Al,O; catalysts con-
taining less than 20% Zn was similar to the
reactivity of ZnAl,O,. The Zn Auger pa-
rameter for treated catalysts (either 15%
H,S/H, or 1.5% SO-/air) was identical with
the value obtained for ZnAl,O, (see Table
2), independent of Zn loading or calcination
temperature. Only weak sulfur peaks were
seen in the ESCA spectra. This indicates
the same lack of reactivity as was found for
bulk ZnAl,O,.

For catalysts containing greater than 20%
Zn, the reactivity was similar to bulk ZnO.
After reaction with 15% H,S/H, the Zn Au-
ger parameter was within experimental er-

ror of the value obtained for ZnS. Intense S
2p and S 2s peaks with binding energies
characteristic of ZnS also appeared in the
ESCA spectra of these catalysts. For cata-
lysts (>20% Zn) treated with 1.5% SO,/air,
the Zn Auger parameter and S 2p and S 2s
binding energies indicated formation of
ZnSO,. XRD patterns of treated catalysts
(either 15% H,S/H, or 1.5% SO/air)
showed no evidence of any sulfur com-
pounds, regardless of Zn loading or calcina-
tion temperature.

The sulfiding studies are consistent with
the spectroscopic studies, indicating an alu-
minate-like phase at low zinc loadings
(<20%) and the presence of ZnO at higher
loadings.

DISCUSSION

ESCA intensity ratio plots similar to Fig.
3 have been obtained previously for Ni/
ALO; (24) and Co/AlL,O, (25) catalysts.
Since the plot for zinc catalysts closely re-
sembles those obtained for nickel and co-
balt catalysts, it would appear that similar
metal-support interactions occur in all
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three systems. In the nickel and cobalt sys-
tems it was shown that at low metal load-
ings, the metal ions diffuse into the defect
spinel lattice of y-Al,0;, forming strong
metal-support interaction species (13, 24,
25). For Ni/AL,O; and Co/ALO; catalysts,
these interaction species closely resemble
bulk NiAl,O, and CoAl,O4, and were re-
ferred to as ‘‘surface spinels.”” Formation
of these ‘‘surface spinels’’ was favored by
high calcination temperatures; the percent-
age of metal ions in the spinel form being
greatest at low metal loadings. At high
metal loadings, bulk-like metal-oxide
phases (i.e., NiO, Co;0,) were found to
segregate on the catalyst surface.

Results obtained for Zn/ALO; catalysts
are consistent with the results for Ni/Al,O4
and Co/Al,O;. At low Zn loadings (<20%),
ESCA binding energies indicated an inter-
action species which resembles bulk
ZnAl, O, (see Tables 2 and 3). The XRD and
LRS results were consistent with the ESCA
results, indicating formation of a spinel-like
phase below 20% Zn. Bulk ZnAl,O, report-
edly forms more readily than either
CoAl;0, or NiAlLO, (13, 28); hence, forma-
tion of a Zn ‘‘surface spinel’’ should occur
more readily than for Ni or Co. Since for-
mation of ‘‘surface spinels’” has been ob-
served on Ni/Al,O; and Co/Al,O; cata-
lysts, results which indicate formation of a
Zn ‘‘surface spinel’’ are not surprising. Al-
though preparation of bulk aluminates usu-
ally requires long calcination times (several
days) and high temperatures (>1000°C) (2,
14), the “*surface spinels’’ apparently form
under much milder conditions.

Due to the large tetrahedral (Td) site
preference of Zn?>* ions (relative to ions
such as Co?**, Ni**, Cu?**, Fe?*, and
Mn?*), diffusion into the vacant Td sites of
the y-Al,O; lattice occurs (/4). Depending
on calcination temperature and time, only a
finite amount of zinc can be accommodated
by the vacant Td lattice sites. Once all of
the available lattice sites are saturated, fur-
ther addition of zinc can be accommodated
only by segregation of a separate ZnO
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phase. This phenomenon occurs at approxi-
mately 20% Zn, as the ESCA, XRD, and
LRS results all indicated formation of a
ZnO phase above 20% Zn.

Chin and Hercules have calculated that
for Co/Al,O5 and Zn/Al,O; catalysts, satu-
ration of the surface (i.e., monolayer cover-
age) of their support (90 m?/g) occurred at a
metal content of approximately 10% (3, 9,
25). For the support used in this study (195
m?/g), ‘‘monolayer’’ coverage should,
therefore, occur at a zinc content of ap-
proximately 21%. The change in slope of
the ESCA and ISS Zn/Al intensity ratio
curves above 20% Zn (see Figs. 3 and 5)
can be attributed to complete saturation of
the lattice sites and indicates that a new
zinc species (i.e., ZnO) occurs, at high Zn
loading. The drastic increase in slope of the
ESCA Zn/Al intensity ratio curve can be
explained by a repartition of the ZnO phase
on the external surface of the catalyst parti-
cle. The ZnO would then be more readily
detected than the interaction species which
would exist predominantly within the po-
rosity of the support.

It was noted that at all concentrations
both the ESCA and ISS Zn/Al intensity ra-
tios were lower for catalysts calcined at
600°C than for those calcined at 400°C (see
Figs. 3 and 5). This effect is related to the
extent of metal-support interaction, i.e., as
the calcination temperature is increased, a
greater percentage of zinc ions can diffuse
into the y-Al,Os lattice. If more zinc ions
diffuse into the support, the Zn/Al intensity
ratios should be lower, exactly as observed.
Another possibility could be an increase in
particle size due to increased sintering at
the higher calcination temperature.

Comparing Figs. 3 (ESCA) and 5 (ISS),
ISS shows a much larger difference in the
Zn/Al intensity ratio between the two calci-
nation temperatures than does ESCA. This
can be attributed to the differences in the
sampling depths between ESCA and ISS.
The larger difference seen in the ISS plot
indicates that, at constant Zn loading, the
decrease in the amount of zinc on the sur-
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face with increased calcination temperature
is much greater over the sampling depth of
ISS (ca. 3 A), than it is over the sampling
depth of ESCA (ca. 20 A). This has impor-
tant implications for catalysis since it is the
uppermost layer of the catalyst surface that
is involved in reactions. The results indi-
cate that with increased calcination temper-
ature, the uppermost surface layer is de-
pleted of zinc to a greater extent than the
outer 5-10 atomic layers due to increased
diffusion of the zinc ions into the support.
Hence, the catalytic activity would proba-
bly decrease at the higher calcination tem-
perature to a greater extent than that ex-
pected from the ESCA data alone.

The fact that lowering of the ESCA and
ISS intensity ratios was observed as the
calcination temperature was increased,
plus the fact that zinc was undetectable be-
low 3% loading on catalysts calcined at
600°C, lend support to the subsurface na-
ture of the interaction species and forma-
tion of a Zn ‘‘surface spinel.”

The sulfidation experiments were consis-
tent with the spectroscopic results. The
high reactivity of bulk ZnO toward sulfur
compounds is well known (I, 6, 23); how-
ever, results have shown that reactivity
of ZnAl,Q, is low, reflecting the stability of
Zn** ions in Td spinel sites. Similarly tetra-
hedrally coordinated Co?* ions have been
found to be unreactive toward H,S sulfiding
and H, reduction (28). This lack of reactiv-
ity may be attributed to the fact that both
ZnAl,O, and CoAl,O, display considerable
covalent character in the Zn-O and Co-O
bonds, resulting in shorter than expected
bond lengths (6, 30).

Reactivity of Zn/AlL,O; catalysts toward
sulfiding was found to depend strongly on
metal loading, indicating changes in surface
composition. The low reactivity observed
for catalysts with low zinc contents (<20%)
can be attributed to formation of a Zn ‘‘sur-
face spinel,”” resulting from diffusion of
Zn?* ions into vacant Td sites of the y-
ALO;. The high reactivity observed for cat-
alysts containing high zinc loadings (>20%)
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is consistent with the presence of a ZnO
phase. Hence, the sulfiding results have im-
portant implications regarding the use of
Zn/AlL, O, catalysts in desulfurization pro-
cesses, indicating that catalysts with low
zinc loadings (<20%) are poor sulfur sor-
bents compared to bulk ZnO and/or cata-
lysts with high zinc loadings.

CONCLUSIONS

Several conclusions can be drawn from
this study:

(1) The surface characteristics of Zn/
Al,O5 catalysts are affected by both metal
loading and calcination temperature.

(2) For Zn/Al,O; catalysts having zinc
contents below 20%, zinc ions interact
strongly with the support forming a *‘sur-
face spinel”” which is similar in structure
and reactivity to bulk ZnALO,.

(3) At high zinc content (>>20%), segrega-
tion of another zinc species occurs. This
zinc species is characterized as bulk-like
ZnO.

(4) Zn/ALO, catalysts, as well as ZnO
and ZnAl, Oy are unreactive to H, reduction
at 500°C.

(5) ZnO and Zn/AlLO; catalysts which
contain a ZnQ phase react with H,S/H, and
SO,/air mixtures, forming ZnS and ZnSO,,
respectively. In contrast, ZnAl,O, and cat-
alysts consisting of only an ‘‘aluminate-
type’’ phase show little or no reactivity to
the above gas mixtures.

(6) The comparative ESCA, ISS, LRS,
and XRD results demonstrate the comple-
mentary nature and value of these tech-
niques for the study of supported catalysts.
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