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A method has been developed for the determination of the base-strength dis-
tribution of solid surfaces. The present method consists of the titration of solids
suspended in cyclohexane with benzoic acid, using a series of H- indicators, The
base-strength distribution of solid surfaces has been measured by this method for
alkaline-earth oxides and some other solid bases. Alkaline-earth oxides increased
remarkably in base strength upon heat treatment in vacuum. The base strength of
these oxides proved to decrease in the order SrO(H- > 26.5) =~ CaO(H- > 265) >
MgO(H-.=184 to 26.5), in accordance with the observation by Krylov et al. and
also with the order expected from the partial negative charge of combined oxygen
anions in these oxide surfaces. A distinct distribution of base strength was observed
on these oxide surfaces. No basic sites having an H_ equal to or higher than 122
were observed on the surfaces of ZnO, ZrQ,, ThO., or Na.CO,. The catalytic activity
and selectivity of alkaline-earth oxides in the elimination of hydrogen chloride from
1,1,2-trichloroethane were quantitatively interpreted from the observed base-strength

distribution.

INTRODUCTION

A number of researchers have measured
the acid strength and acid content of solid-
acid surfaces in order to interpret the cata-
lytic properties of solid acids. However,
little attention has been devoted to the
measurement, of either the base content or
the base strength of solid-base surfaces.
The base contents of magnesia, calcium
oxide, and some other solid bases were de-
termined by the titration of the solids sus-
pended in benzene with benzoic acid, using
bromothymol blue as the indicator (1), as
well as from the amount of adsorption of
phenol vapor on the solids (2). The base
strength of silica gels impregnated with
sodium hydroxide (3) and of magnesia
(4) were determined from the color changes
of phenolphthalein and bromothymol blue
adsorbed on the solids in a nonpolor sol-
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Mitsubishi Chemical Industry, Kawasaki, Kana-
gawa, Japan.

vent. The relative base strength of solid
bases such as magnesia and calcium oxide
was also qualitatively determined from the
adsorption power of the solids for phenol
vapor (2). However, these measurements
are not satisfactory from the viewpoint of
base-strength distribution because of the
scantiness of the indicators employed.

Quantitative information on the base-
strength distribution of solid-base surfaces
are essential for studies of solid-base catal-
ysis. The present study was undertaken in
order to obtain such information.

According to the Bronsted concept, the
base strength of a solid surface is defined
as its proton-accepting ability and is quan-
titatively expressed by the Hammett and
Deyrup H_ function (5) after the analogy
of acid strength by the H, function:

BH = B~ + H+ (1)
H_ = —loganfs-/fen
= pKBH —_ IOg CBH/CB‘ (2)

where ap, is the activity of the proton ad-
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sorbed on the surface and f and C are the
activity coefficient and the concentration
of an adsorbed indicator, respectively.
Equation (2) means that the base strength
of solid surfaces increases with an increase
in H_. The H_ values of a variety of basic
solutions and the pKgy values of H_ indi-
cators have been reviewed recently by
Bowden (6) and Rochester (7).

As the first step, the base strength of a
variety of basie solids was measured from
the color changes of s series of H_ indi-
cators adsorbed on the solids. Next, the
base-strength distribution of alkaline-earth
oxides and some other solid bases was mea-
sured by the titration of above materials
suspended in cyclohexane with benzoic
acid, using a series of H_ indicators. The
use of a series of H_ indicators extended the
range of measurable base strength of the
solid surfaces and consequently the mea-
surement of base contents over a wide range
of base strengths became possible. On the
basis of the results of both measurements,
the nature of basic sites on basic-oxide sur-
faces and also some correlation between
catalytic activity and basicity of alkaline-
earth oxides will be discussed.

EXPERIMENTAL

Indicators

The H_ indicators used in this study are
listed in Table 1, together with their colors
and pKpy values. These indicators were
commercial reagents purified by recrys-
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tallization. Each indicator was dissolved in
benzene for the preparation of a 0.1 wt%
solution, because of its poor solubility in
cyclohexane.

Solvent and Titrant

Cyclohexane was chosen as the nonpolar
solvent for all the experiments described
below. It was passed through two chro-
matographic columns (100 em long, 3 em
in diameter), in each of which several
layers of activated silica gel alternated with
those of activated alumina, in order to re-
move water and other impurities. Benzoic
acid (GR grade) was dissolved in purified
cyclohexane for the preparation of a 0.05
mole/liter solution as the titrant,

Solid Bases

Magnesia, calcium oxide, and strontium
oxide were prepared by the calcination of
basic magnesium carbonate at 600°C for
20 hr, of calcium carbonate at 900°C for
20 hr, and of hydrated strontium hydroxide
at 850°C for 20 hr, respectively. All the
starting materials were of GR grade. The
ignition losses were as follows: 66.7%
(caled for Mg(OH),-4 MgCO;-5 H.O,
58.4%), 45.6% (caled for CaCOs, 44.0%)
and 62.7% (caled for Sr(OH).-8 H.O,
61.0%). The powder of 100 to 200 mesh
was taken for the measurement.

Zinc oxide, zirconium oxide, thorium
oxide and anhydrous sodium carbonate
were all GR grade reagents and were used
without further treatment. Commercial

TABLE 1
INDICATORS
Color
Indicator pKpr® Neutral (BH) Basic (B™)

1 2,4 6-trinitroaniline 12.2 Yellow Redish orange
11 2,4-dinitroaniline 15.0 Yellow Purple
111 4-chloro-2-nitroaniline 17.2 Yellow Orange
v 4-nitroaniline 18.4 Yellow Yellowish orange
v 4-chloroaniline 26.5% Colorless Pinke

s Determined by Stewart and O’Donnell (8).
¢ Estimated value, see text.
¢ O' served only on strong solid-base surfaces.
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soda lime and sodium hydroxide were
quickly ground in air before use.

Base-Strength Measurement

The method of measurement corre-
sponded to Walling’s method (9) for mea-
surement of the acid strength of solids. The
color of the indicator adsorbed on the solid
was visually observed after the addition of
about 5 ml of purified eyclohexane and one
drop of a certain indicator solution to
roughly 0.1 g of a solid in a 30-ml conical
flask equipped with a ground glass stopper.

Base-Strength Distribution Measurement

The method corresponded to the n-butyl-
amine titration method (10) for measure-
ment of the acid-strength distribution on
solids. The procedure given below was de-
vised so as to exclude traces of moisture,
which may affect titration results.

Samples of 0.15 g each were weighed into
separate glass sample tubes (40 to 50 mm
long, 10 mm in diameter) stoppered with
quartz wool at either end. A large glass
tube containing 8 to 25 sample tubes was
carefully evacuated to 10° mm Hg at
450°C overnight, cooled to room temper-
ature and then filled with dry nitrogen. To
avoid direct contact of the samples with
moisture, all the sample tubes were covered
with purified cyclohexane in a stream of
dry nitrogen after the seal of the large
glass tube had been cut off.

The desired amount of benzoic acid so-
lution was added from a microburette to
each sample, which had been transferred
from the sample tube into a glass-stoppered
30-ml conical flask containing purified
cyclohexane (5-10 ml). The amount of
benzoic acid added might differ among sam-
ples in steps of 0.01 to 0.1 meq/g sample,
depending on the expected base-strength
distribution. After vigorous shaking at room
temperature for at least 4 hr, each sample
was subdivided into five 30-ml conical
flasks, and into them two drops of each
indicator solution were added separately.
From the resultant color changes of indi-
cators after one day, the end point of ti-
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tration, where basic colors just disappear,
was determined visually.

An increase in the period of vigorous
shaking from 4 to 12 hr had no effect on
the titration results.

REesuvTs

Colors of Indicators

The indicators, other than 4-chloroani-
line, when adsorbed on sufficiently basic
solids, exhibited the same color changes as
observed in a variety of aqueous dimethyl-
sulfoxide solutions containing tetramethyl-
ammonium hydroxide of 0.011 mole/liter
(8, 11). These basic colors turned yellow,
the neutral color, when the surfaces were
neutralized with benzoic acid. With regard
to 4-chloroaniline, which is so weakly
acidic, no such basic solutions as may con-
vert it to its conjugate base have been
available. This indicator changed from
colorless, the neutral color, to pink only on
strongly basic solids such as CaO and SrO,
and this color returned colorless when the
surfaces were neutralized. This color, there-
fore, may be ascribed to the conjugate base
of 4-chloroaniline. Table 1 summarizes the
results of above observation.

The pKgu of 4-chloroaniline, though it
has not been determined, is estimated to be
26.5 from the linear correlations of acidi-
ties of substituted anilines (pKgu) with
either their basicities (pKgu-) (11) or
acidities of similarly substituted phenols
(12).

Base Strength of Solids

The effect of heat treatment on the base
strength of solids was examined. Some of
the results are summarized in Table 2. On
Zn0, Zr0,, ThO, or Na,CO,, even when
evacuated at 450°C for 2 hr, no color
changes were observed for any indicators.
This fact demonstrates that these solids
possess no basic sites having an H. equal
to or higher than 12.2. These solids, there-
fore, have not been used in the following
experiments.
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TABLE 2
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EFrFECTS OF PRETREATMENTS ON BAsE STRENGTH

Base Strength (H_ range)

Pretreatment MgO CaO SrO
Untreated 12.2 t0 15.0 £12.2 £12.2
Calcined at 450°C for 2 hr in air 15.0 to 17.2 15.0 to 17.2 —
Calcined at 450°C and 103 mm Hg for 2 hr 18.4 t0 26.5 18.4 t0 26.5 —
Calcined at 450°C and 10~* mm Hg overnight 18.4t0 26.5 226.5 226.5
Base-Strength Distribution 0.20 — , . —
The titers of benzoic acid are plotted as A
a function of base strength in Figs. 1 and ~ +—= }"—'I—'l\
2. These titers are equal to the number of > i
basic sites (in meq/g sample) having an g 015} T
H_ equal to or higher than the pKgu value - 1
of the indicator used. The actual base con- @ |
tent in a given H_ range is obtained as the E ook i
difference in titer with the two indicators e . )
bracketing that H_ range. Table 3 shows Q !
the base content in each range of base o \
strength and also the total base content, S oosh B \ |
which equals to the titer at the lowest H_ g +— N
value. @ .
\l
T T T T 0.00 L . L L a—"
L i 12 14 16 18 26 28
BASE STRENGTH{H.) —
03t 1 Fra. 2. Benzoic acid titer vs base strength of
(A) NaOH and (B) Soda lime.
Cl: :
TZ Discussion
E o2l - Color Changes on Solid Bases
a . .
i A Obviously, the base strength embodied
=a ] by Egs. (1) and (2) is justified only if the
o color change of an adsorbed indicator re-
< sults from its proton loss, and the fp-/fo:
o 01r 1 ratio for an adsorbed indieator is independ-
g ent of the indicator used.
it L ‘4.-\-—-—-;—9—4\ § With regard to the first requirement, it
il EpE TN is known that two modes usually are pos-
B \ e sible for the ionization of nitroanilines in
00 1'2 1‘4 116 1IBI 26 28 basic solutions; namely, (1) the loss of a

BASE STRENGTH (H_) —

Fic. 1. Benzoic acid titer vs base strength of
(A) MgO, (B) Ca0, and (C) SrO.

proton from the amino group and (2) the
addition of a base group to the ring carbon
atom, forming a “Meisenheimer” 1:1 com-
plex (13). Recent studies have presented
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TABLE 3
Bask STRENGTH DISTRIBUTION

Benzoic acid titer (meq/g) in the H_ range

Solid base 12.2 to 15.0 15.0to 17.2 17.2 to 184 18.4 to 26.5 226.5 Total
MgOe 0.16 0.04 0.03 0.10 0.0 0.33%
CaQ¢ 0.020 0.0 0.0 0.01 0.025 0.055¢
SrOe 0.0 0.0 0.05 0.0 0.005 0.055¢
NaOH¢ 0.0 0.0 0.0 1.75 0.0 1.75¢
Soda lime* 0.0 0.0 0.0 0.43 0.0 0.43°

« Calcined overnight at 450° and 103 mm Hg.
b Titer uncertainty is +0.02 meq/g.
¢ Titer uncertainty is +0.005 meq/g.

¢ Eivacuated overnight at room temperature and 107% mm Hg.

¢ Titer uncertainty is +0.05 meq/g.

both direet (13) and indirect (8b, 12) evi-
dence that several nitroanilines such as
2,4-dinitroaniline and 24 6-trinitroaniline
lose preferentially a proton from the amino
groups in basic solutions such as an aleco-
holic dimethylsulfoxide containing sodium
or potassium alkoxide and an aqueous di-
methylsulfoxide containing tetramethyl-
ammonium hydroxide. Therefore, the iden-
tity of the colors of indicators on the solid
bases with those in the aqueous dimethyl-
sulfoxide solutions suggests that the proton
loss takes place on these solid-base surfaces.

In regard to the second requirement, it
should be noted that the experimental
points lie on a one-valued funection curve
as shown in Figs. 1 and 2; viz., that the
entire series of indicators used in this
study exhibit self-consistent color changes
on the solid base surfaces. This means that
the fa-/feu ratio is either independent of
the indicator used or varies in a regular
manner with increasing indicator acidity,
a3 pointed out by Benesi in the case of H,
indicators (14). This indicates also that
the estimation of the pKgyg value for 4-
chloroaniline and the assignment of its
basic color are reasonable.

Base Strength and Its Distribution

A recent study (7) showed that magnesia
and caleium oxide increased in base con-
tent upon heat treatment in atmosphere
although the former decreased slightly in

base content upon severe heat treatment.
In addition to this, the base strength of
alkaline-earth oxides increased considerably
upon heat treatment in atmosphere, es-
pecially in vacuum (Table 2). These re-
sults are reasonable in the scope of acid-
base interaction. Since water is amphoteric
and carbon dioxide is acidic, fresh basic
oxides may adsorb them when they are left
out in the atmosphere, forming surface
carbonates and hydroxides. The heat treat-
ment of such solid bases may result in a
gradual but progressive elimination of ad-
sorbed water and carbon dioxide. This
climination, of ecourse, involves a reap-
pearance of basic sites with an inherent
base strength of the solid. Further evidence
for this explanation is provided by the faet
that the extent of such poisoning, the dif-
ference in base strength between an un-
treated solid and the evacuated, appears
to increase with an increase in base strength
of solid-basc surfaces. Evidently, the use
of a series of H. indicators has extended
the range of measurable base strength of
solid surfaces.

Table 3 shows that the alkaline-carth
oxides examined possess a distinet distribu-
tion of base strength and decrease in base
strength in the order of SrO (the highest
H_ range, >26.5) =~ Ca0O (>26.5) > MgO
{18.4-26.5). This sequence is in accordance
with the observation by Krylov and Fokina
(2) and also with that expected from the
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decomposition temperatures of the corre-
sponding carbonates, where carbon dioxide
is liberated.

Generally speaking, a combined oxygen
anion in an oxide surface can act as an
electron donor and its capacity is expected
to be related to the effective negative
charge on the oxygen atom (15): the higher
the negative charge, the stronger the donor
or base property. The partial negative
charge on a combined oxygen anion has
been estimated from the electronegativity
equalization prineciple (15) as —0.59,
—0.57, and —0.50 for SrO, Ca0, and Mg0O,
respectively. Accordingly, the base strength
of alkaline-earth oxides is expected to de-
crease in the order of Sr0Q, Ca0, and MgO.
A good agreement in the order of base
strength between the observed and the ex-
pected strongly suggests that the combined
oxygen anion acts really as a basic site on
these oxide surfaces. Kortum (I16) holds
the same view on a basic site on magnesia.

If the surface of a basic oxide has a regu-
lar structure, the base strength would be
uniform. However, actual basic oxides have
irregular surface structures possessing many
kinds of defects, which would be produced
more easily in oxides of high melting points
than in those of low melting points, and
foreign groups such as surface hydroxyl
groups. Combined oxygen anions in such
irregular surfaces are expected to have a
nonuniform negative charge depending on
their environment; for instance, the oxygen
anion would be more negative in a metal
cation-deficient environment and, on the
other hand, less negative in a metal cation-
sufficient one. Thus, the distribution of
base strength of an alkaline-earth oxide
may be explained in terms of the extent of
polarization of the combined surface oxy-
gen anion. According to this model, com-
bined metal cations in such oxide surfaces
would act as the Lewis acid. Experimental
evidence for such a possibility (17) has
been presented.

Both sodium hydroxide and soda lime
possess a uniform base strength-in contrast
with alkaline-earth oxides, as Table 3
shows. In addition, these solids are the
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same in base strength. These findings sug-
gest that a basic property of soda lime,
such as its ability for adsorbing carbon
dioxide, is not due to that of calcium oxide
(one component) but exclusively due to
that of sodium hydroxide (the other). The
observed uniformity in base strength seems
reasonable in view of the low melting point
of sodium hydroxide.

Correlation of Basicity with Catalytic
Activity and Selectivity

In a previous paper (18) it has been con-
cluded that an «,8-elimination of hydro-
gen chloride from chloroethanes proceeds
through the stepwise E 2 mechanism on
solid-base catalysts, where the abstraction
of an either «- or B-proton is rate deter-
mining. According to this mechanism, some
close correlation of catalytic activities of
solid bases with their base strength and
base content is expected.

In the catalytic hydrogen chloride-elimi-
nation, 1,1,2-trichloroethane, Cl,HC (&) —C
(B)H.Cl, yields 1,1-dichloroethylene (I)
and 1,2-dichloroethylene (II). This selec-
tivity has been explained in terms of the
reactivity of the proton to be abstracted in
the rate-determining step: that is, the ab-
straction of a more reactive e-proton in
this molecule may lead to the formation of
I and that of a less reactive S8-proton, on
the other hand, to the formation of IL. Ac-
cordingly, it seems acceptable to think that
I forms even on weakly basie sites, whereas
II only on strongly basic sites. It is now
supposed that basic sites having an H_ equal
to or higher than 12.2 are equally active
for the formation of I and those having an
H_ equal to or higher than 18.4 for the for-
mation of II. The relative activities of
alkaline-earth oxide catalysts would thus
be given in the ratios of 1(Sr0):1(Ca0):
6(Mg0O) for the formation of I and of
1:7:20 for the formation of II, as expected
from their base-strength distributions in
Table 3. According to the results in the
previous experiment (18), where the cata-
lysts were taken from the same batch as
that used in the present study, the relative
catalytic activities were 1:1.3:4.2 for the
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formation of I and 1:2.7:27 for the forma-
tion of II. These agreements are satisfac-
tory, if the simplicity of the above assump-
tion and the inaccuracy unavoidable in the
visual determination of base strength dis-
tribution are taken into account. The se-
lectivity to I-formation over II-formation,
which increases with increasing base
strength of catalysts, can also be explained
from the same point of view. These satis-
factory interpretations demonstrate that
information on the base-strength distribu-
tion of catalyst surfaces will be essentially
important for quantitative investigations
of solid-base catalysis.
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