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Donor-acceptor properties, catalytic activity, and negative charge
exoemission from the alumina surface modified with lithium cations

A. V. Fionov,* M. V. Burova, E. A. Tveritinova, and I. V. Krylova

Department of Chemistry, M. V. Lomonosov Moscow State University,
1 Leninskie Gory, 119992 Moscow, Russian Federation.
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Donor-acceptor properties of alumina modified with lithium cations were studied by ESR
of paramagnetic complexes of adsorbed anthraquinone. The results were compared with the
data on negative ion emission (exoemission) accompanying the decomposition of isopropyl
alcohol in the adsorption layer. The data on the activity measured by the pulse microcatalytic
technique in isopropyl alcohol decomposition are discussed. Small additives of lithium were
found to promote catalytic activity of the samples. The role of acid and basic sites in isopropyl

alcohol decomposition was discussed.
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Alkaline metals often exist as admixtures in Al,O3-
based catalysts and exert a substantial effect on the acid-
base properties of the surface and, hence, on the selectiv-
ity of catalytic processes. Alumina modified with lithium
cations is being studied as both a catalyst by itselfl»2 and a
support for the nickel- and manganese-supported cata-
lysts.34 Modification is usually carried out by the impreg-
nation method, and either hydroxide?5 or a thermally
unstable salt (nitrate3 or acetate®) is applied as a lithium
compound. In the present work, the ESR and exoemission
(EE) methods are used to study the acid-base properties
of the Li*/Al,05 catalyst surface. ESR spectroscopy of
paramagnetic complexes of adsorbed anthraquinone pro-
vides detailed information on the structure and concen-
tration of electron-acceptor sites.” The method of low-
temperature (—269—420 °C) EE of negative charges gives
data on the content of electron-donor sites.$

In the present work, we studied how a modifying
lithium additive can influence the activity of the Li*/Al,05
catalysts in the decomposition of isopropyl alcohol and
change their donor-acceptor properties.

Experimental

Catalysts were prepared by the impregnation of y-Al,O5 with
an aqueous solution of lithium nitrate followed by drying and
calcination in air at 450 °C for 4 h and then at 600 °C for 4 h. The
catalysts with a content of 0.4—4 mmoles of Li* (g of Al,05)~!
were obtained in this way (Table 1). The surface coverage was
estimated under the assumption that each Li* ion occupies the
ion area equal to (2r)2, where » = 0.068 nm (see Ref. 9). Then
the monolayer corresponds to a coverage of 5.41-10'% Li* m2
or 89.8 mmol m~2.

Table 1. Specific surface of the alumina samples modified with
lithium cations*

Sample Content of Li* Li: Al Sep ot*
/mmol (g of Al,05)~! ratio /m2g-!

1 0.4 1:49 180 0.024

2 0.8 1:24.5 180 0.05

3 1.6 1:12 180 0.1

4 2.4 1:8 170 0.16

5 4.0 1:5 140 0.31

* The specific surface of the starting y-Al,O3; sample is
185 m2 g1
** Effective coverage.

The phase composition was determined by X-ray diffraction
analysis on a DRON-3M diffractometer using Cu-Ko radiation.

The specific surface was measured on a GKh-1 gasometer
using the chromatographic method. At first, low-temperature
adsorption (=196 °C) of nitrogen was carried out (using an
N,—He mixture containing 6 mol.% N,), then nitrogen was
desorbed at room temperature, and the surface area was deter-
mined from the area of the desorption peak.

Prior to anthraquinone adsorption, the samples were sub-
jected to thermovacuum treatment at 470 °C in air for 2 h and
in vacuo (10~5 Torr) for 2 h. Anthraquinone was adsorbed using
a known procedure.1 Anthraquinone (3—5 mg) was placed in
an ampule sealed as a side branch to the ampule with the sample
(30—40 mg). After the thermovacuum treatment, the sample
was transferred to the side ampule containing anthraquinone,
and the ampule was sealed off. Thus prepared ampule was kept
at 120 °C for 10 h and then stored at 200—220 °C for a long time
(to 100 h).

ESR spectra were recorded on an RE-1306 radiospectrometer
at a frequency of 9.3 GHz. The concentration of paramagnetic
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centers in a sample was determined by a comparison of the
double integral of the spectrum through an intermediate stan-
dard (Cr3" in corundum) with the absolute reference (sugar
coal). The g-factors of the spectra were determined relatively to
the standard, viz., diphenylpicrylhydrazyl, for which g = 2.0036.
The contribution of the eleven-component spectrum to the su-
perposition was estimated by a comparison with model spectra
obtained by the addition of the individual eleven- and six-com-
ponent ESR spectra according to a known procedure.!! The
contribution of a single line to the superposition with the six-
component spectrum was analyzed similarly.

Exoemission was detected in the pulse mode with the Geiger
gas-flow counter on the Protoka industrial setup reconstructed
for measuring photo- and thermostimulated EE intensities.!2
When a positive potential was fed to the detector, the emission
of negative charges localized on electron-donor sites was de-
tected. A catalyst sample (40 mg) was placed into a measuring
chamber of the counter, and the background level was measured
after the quenching gas (methane) was passed through the
chamber. As a rule, this background exceeded the natural back-
ground of the instrument due to postemission (PE) caused by
the pre-history of the sample. When the PE decayed to the level
of the instrument background, thermostimulated emission (TSE)
due to the thermodesorption of adsorbed particles, such as H,O™,
0,7, and CO,~ was detected during the linear heating of the
sample to 360 °C. The TSE represents one or several maxima of
the emission current reflecting the energy spectrum of charge
localization levels on the surface. No TSE appeared upon the
repeated heating of the sample.

To study the EE accompanying catalysis in the adsorption
layer,!3 a weighed sample (100 mg) of the catalyst was placed in
a weighing bottle, wetted with isopropyl alcohol (100 puL), and
kept for 1 day. Then the air-dry catalyst was placed in the work-
ing chamber of the counter, and the PE and TSE were detected.
The PE and TSE were caused by the presence of charged par-
ticles of isopropyl alcohol and (on heating) its decomposition
products, viz., HyO™ and other negatively charged particles.

Catalytic experiments were carried out in a micropulse reac-
tor products were analyzed on a Chrom 5 chromatograph.
A catalyst sample was 50 mg, and the volume of the introduced
sample of isopropyl alcohol was 4 puL. Samples were activated
in situ by heating in the reactor at 350 °C for 2 h in a nitrogen
flow. The catalytic activity was measured in the temperature
range from 350 to 210 °C, decreasing the temperature at an
interval of 10—30 °C.

The effective apparent rate constant of catalytic decomposi-
tion of isopropyl alcohol was taken as a measure of catalytic
activity!3

ko= Fy/(Q73RMm) - 1n[1/(1 — y)],

where Fj is the rate of the carrier gas reduced to 273 K; M is the
amount of introduced alcohol, m is the catalyst weight, and y is
the conversion of alcohol.

Results and Discussion

Physical characteristics of samples. The specific sur-
face of the starting y-Al,O5 sample is 185 m? g~!. It does
not virtually change at a small lithium content and de-

creases to 140 m? g~! with an increase in the Li concen-
tration to 2.6 mmol g~! (see Table 1). The results ob-
tained agree with published datal4 according to which
small additives (<0.4 mmol g~!) of lithium slightly change
the specific surface, volume, and diameter of y-Al,O4
pores. Only y-Al,O; was found in samples 1—4 by the
X-ray diffraction method, while sample 5 additionally
contains aluminate LiAl;Og having, as y-Al,Os3, the spinel
structure. The effective coverage (o) of the y-Al,O5 sur-
face with lithium is 0.02—0.3 monolayer capacity (see
Table 1).

ESR spectra of adsorbed anthraquinone. The forma-
tion of several paramagnetic complexes was detected by
ESR spectroscopy during anthraquinone adsorption on
the surface of the samples under study (Fig. 1). The sur-
face of y-Al,0; and the samples containing 0.4 and
0.8 mmole of Li* (g of Al,03)~! exhibit the eleven-com-
ponent ESR spectrum (g = 2.0036, a = 7.4£0.2 G) with
the intensityratio1: 2:3:4:5:6:5:4:3:2:1.Sucha
hyperfine structure (HFS) corresponds to the interac-
tion between an unpaired electron with two equivalent
27A1 nuclei, i.e., with two coordinatively unsaturated
AP jons, which are Lewis acid sites (LAS). For a greater
lithium content (samples 3—5), the contribution of the
six-component ESR spectrum appears (g = 2.0036,
a =9.0+0.2 G), whose HTS corresponds to the interac-
tion of an unpaired electron with one 2’Al nucleus, i.e.,

} £=2.0036

i

3
2
1
v-AlL O3
20G
—_—

Fig. 1. ESR spectra of anthraquinone adsorbed on the surface of
the y-Al,03 and Li*/Al,05 samples (1—5). The spectra were
recorded at 20 °C.
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Table 2. Concentration of the paramagnetic anthraquinone complexes on the surface of the alumina samples
modified with lithium cations and the concentration of coordinatively unsaturated aluminum cations

Sample  Content of Li* N-10~1%/molecule m—2 Npag-10716
-1 f 2
/mmol (g of Al03) Complex with two Complex with one Single line /sitem
AT cations AT cation (in center)
1-ALO; _ 2 - - 44
1 0.4 21 — — 42
2 0.8 20.5 — — 41
3 1.6 19 3.3 Traces 40
4 2.4 4.2 12 Traces 20
5 4 — 6.3 0.7 6.3

with one LAS.15 The changes in the concentration of the
paramagnetic complexes and the concentrations of the
coordinatively unsaturated AlI** jons calculated as the sum
of the doubled concentration of the complex with two
A" cations (eleven-component spectrum) and the con-
centration of the complex with one Al3" cation (six-com-
ponent spectrum) for the samples with different lithium
contents are presented in Table 2. The concentration of
the complex with one AI3" cation passes through a
maximum (see Table 2). For a higher lithium content
(4 mmoles of Li* (g of Al,05)~!), a new spectrum appears
as a single line in the center (g = 2.0036, AH,, =
8.0%+0.2 G). The spectrum of the sample with the maxi-
mum lithium content is similar to those obtained ear-
lier for the anthraquinone complex on the surface of
the Li*/Al,0; sample with the content 3.1 mmoles
of Li* (g of Al,0;)~! (see Ref. 15) and LiAl;Oy.16
Catalytic decomposition of isopropyl alcohol. The data
on the change in the catalytic activity of Li*/Al,0; ob-
tained in a microcatalytic reactor are presented in Fig. 2.
The catalytic activity of the Li*/Al,05 samples passes
through a maximum with an increase in the lithium con-
tent (see Fig. 2, curve I), while it has previously® been
shown that the activity in isopropyl alcohol decomposi-

kegr/s™! »-1073/pulse

15

10

0

1 2

C/(mmole of Li) (g of Al,03)~!

Fig. 2. Influence of the Li* content on the catalytic activity (ko)
of the Li*/Al,05 samples at 260 °C (1) and the sum of thermo-
stimulated emission charges emitted at 20—250 °C during iso-
propyl alcohol decomposition X (2).

tion decreases as Li concentration decreases from 0.065
t0 0.72 mmol g~!.

Thermostimulated emission. The TSE data for the start-
ing y-Al,05 and lithium-modified samples are shown in
Fig. 3. Curve I corresponds to TSE upon the first heating
of the starting samples, and curves 2 (see Fig. 3, a—c)
and 3 (see Fig. 3, d) correspond to the TSE upon the
repeated heating after desorption of adsorbed gases and
vapors. Curves 3 (see Fig. 3, a—c) and 4 (see Fig. 3, d)
were obtained after isopropyl alcohol was pre-adsorbed.
It is seen that isopropyl alcohol adsorption on the samples
heated to 360 °C results in a strong maximum of negative
charge emission in the temperature interval from 100
to 200 °C. The maximum has a resolved structure and
contains several peaks (breaks) characterizing, most likely,
heterogeneity of the active surface. The large width of the
maximum (at its half-height) indicates that the activation
energies of charge emission are close in this temperature
range. However, when larger amounts of lithium are in-
troduced, the TSE decreases substantially both in terms
of intensity and maximum width (see Fig. 3, a). The TSE
curves of the starting samples mainly containing the
*H,0~, "OH~, "0,~, and “CO," ions are similar in shape
to the TSE curves observed after isopropyl alcohol ad-
sorption (see curves I and 3 in Fig. 3, b; curves 2and 4 in
Fig. 3, d). Protons and carbonium ions are not detected at
a positive potential of the EE detector. This implies, prob-
ably, that the same sites are responsible for the emission
of charges in the 100—200 °C interval from the starting
samples and samples containing isopropyl alcohol. The
sum of emitted charges determined from the surface area
under the TSE curves (see Fig. 3, a—d) changes in paral-
lel with the catalytic activity measured in the micro-
catalytic reactor (see Fig. 2).

The LAS concentration on the surface of the samples
with a low lithium content (0.4—1.6 mmol g~!) as deter-
mined from the highest concentration of the anthra-
quinone paramagnetic complex (see Table 2), remains
virtually unchanged within the experimental error. How-
ever, the IR spectroscopic data for adsorbed carbon
monoxide!4 indicate that modification with lithium de-
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Fig. 3. a—c. Thermostimulated emission upon the first (/) and second (2) heatings of the starting y-Al,03 sample (a), sample 1 (),
and sample 3 (c) and after isopropyl alcohol adsorption (3). d. Thermostimulated emission upon the first (7), second (2), and third (3)

heatings of sample 5 and after isopropyl alcohol adsorption (4).

creases both the amount of LAS and their strength. The
apparent contradiction can be explained as follows.
Anthraquinone is a hard base and can form complexes
with LAS of different strength but similar in structure,
whereas CO is quantitatively bound only by the strongest
sites. Coverage of weak sites is low at conventional CO
pressures of 20—30 Torr, and this leads to an underesti-
mation of the total intensity of absorption bands. An ear-
lier study on the adsorption of ammonia, ! also a stronger
base than CO, revealed that the catalytic activity in iso-
propyl alcohol decomposition decreased with an increase
in the lithium content, despite persistency or even some
increase observed in the total acidity of LAS on the
Li—Al,0; surface. Since the radius of the Li* cations is
small (0.068 nm),? they can enter with some probability
the alumina pore volume and, therefore, can hardly block
LAS of the surface. However, the strength of the LAS can
decrease due to the induction effect of lithium. Taking
into account the mechanism of formation of the para-
magnetic anthraquinone complex,!5 the appearance of
the six-component ESR spectrum is explained, most
likely, by a considerable enhancement of the basicity of
the Li*/Al,0O4 catalysts. In this case, it can be assumed
that the interaction of anthraquinone with the LAS af-
fords only a complex with one coordinatively unsaturated

AT cation, because the strength of electron-acceptor
sites is not strong enough for this complex to react with an
additional AI** cation. The decrease in the strength of the
LAS is also responsible, most likely, for the appearance of
a single line, which should be attributed to anthra-
semiquinone unbound or weakly bound with the LAS.!8
The sample containing 4 mmoles of Li* (g of Al,0;)~!is
similar by stoichiometry and structure to the LiAl;Og alu-
minate.'# Although this aluminate resembles y-Al,O5 in
structure, 19 its acidity is lower than that of alumina.

The influence of lithium on the catalytic activity of
Li*/Al,05 is shown in Fig. 2. The data presented differ
from the known results obtained in a flow reactor.3:6:17
According to these results, the Li* ions poison the activity
of Al,O5 with respect to isopropyl alcohol, although we
found an increase in the catalyst activity at a moderate
lithium content. In several works,317 the authors observed
a decrease in the catalytic activity in the dehydration
reaction with an increase in the lithium content, although,
according to the data of ammonia adsorption, the total
acidity even increased weakly in this case. The decrease in
the activity in dehydration upon the introduction of
lithium into alumina can be duel” to a decrease in the
concentration of the surface LAS. The difference in the
data on the catalytic activity is related, most likely, to the
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fact that some experiments>:!7 were carried out in a flow-
type reactor, whereas in the present work we used a pulse
microcatalytic reactor. It is known?%2! for the pulse
method that the reactions proceed in the nonstationary
regime in the absence of poisoning of acid sites by reac-
tion products. Therefore, the data yielded by the pulse
method supplement the results obtained in flow-type
systems.

An increase in the catalytic activity of Al;O; upon the
addition of small lithium amounts is confirmed by the
data on EE accompanying the reaction in the adsorption
layer. When the lithium content increases, both the activ-
ity in a pulse reactor and the sum of emitted negative
charges of TSE pass through a maximum, and the cata-
lysts lose their activity at a high lithium content. The
dependence of the concentration of the paramagnetic
anthraquinone complex with one A" cation on the
lithium content also passes through a maximum (see
Table 2), although the position of this maximum does not
coincide with the maximum in the activity curve. All
these dependences agree with the assumption that as the
lithium content increases acid sites are regularly weak-
ened, while the basic sites are strengthened.

The dehydration of isopropyl alcohol affords water,
propylene, and diisopropyl ether.5 In this case, water in
the form of H,O~ and OH~ can be removed from the
same active sites that are present in the starting samples,
which explains the TSE curves similar in shape (see Fig. 3)
recorded upon isopropyl alcohol decomposition in the
adsorption layer.

The catalytic dehydration of secondary alcohols on
the acid-base sites of the metal oxide surface proceed
according to Scheme 1 (see Ref. 22). This means that
both the acid and basic sites affect the catalytic activity.

Scheme 1
o
H—C—-C—C—H
-OH~ |I_| + |I_| -H*
H H
Me—CH-Me —= Me—-CH—CH, o
] ] I H—C—C=C
OH OH H | !
. : H H
Ty
H—C—-C—C—H -
-H* [ -  -OH
H OH

A is Lewis acid, B is Lewis base

In the system under study, coordinatively unsaturated
metal cations can act as acid sites, and coordinatively
unsaturated oxygen atoms are basic sites. At the same
time, on the lattice fragments containing both acid and
basic sites dissociative water adsorption occurs with the

tightening OH groups by acid sites followed by a possible
emission of hydroxyls to the field of the positive EE de-
tector?? (Scheme 2).

Scheme 2
H \
L M0 — /\O,H . /O/H
L M+02- L M"*OH"
\ _H
0 — LM™O0" + H,0
L M™OH"

L is oxide lattice

Based on the proposed mechanism, we can conclude
that the dehydration of secondary alcohols affords cations
(H*, carbonium ions), which are not detected at a posi-
tive potential of the EE detector, and also negative ions
(OH™ and carbanions) recorded by the EE detector dur-
ing isopropyl alcohol decomposition in the adsorption
layer (see Figs 2—5) occurring at 20—250 °C. Exo-
emission increases at low lithium additives predomi-
nantly due to an increase in the basicity of sites upon the
formation of the [Al—OH] Li* groups but then de-
creases due to the competitive process of LAS poisoning
with lithium. The catalytic activity changes similarly:
at low lithium concentrations the increase in the basic
properties is more pronounced than some decrease in
acidity. Therefore, the catalyst activity increases. Both
the strength and concentration of LAS decreases at a high
lithium content. As a result, the rate of isopropyl alcohol
decomposition decreases, because this reaction occurs
only when the acid and basic sites, whose strength and
concentration are rather high, are present on the catalyst
surface.

Thus, the results obtained in a microcatalytic reactor,
unlike published data for a flow-type reactor, indicate
that small lithium additives activate the Li*/Al,05 cata-
lysts in the decomposition of isopropyl alcohol. This con-
clusion was also made in the study of the EE of nega-
tive charges that characterize electron-acceptor surface
sites in situ during the reaction in the adsorption layer.
According to the ESR data using anthraquinone as a
probe molecule, the total amount of LAS remains un-
changed upon introduction of 0.04 to 1.6 mmoles
of Li* (g of Al;05)~!. The mechanism for the decomposi-
tion of isopropyl alcohol on the Li*/Al,O5 catalysts in-
volving both electron-donor and electron-acceptor sites
was proposed. It was shown that the modification of alu-
mina with Li* cations introduced in small amounts
(to 1.7 wt.%) did not result in selective poisoning of acid
sites of the surface.
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