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Determination of Hydroxyl Groups and Water Adsorbed on the Surface
of Heterogeneous Catalysts by Titration with Alkali
Metal Naphthenide Solutions

In this Note we present a method for
determining the concentrations of hydroxyl
groups and water adsorbed on the surfaces
of heterogeneous catalysts by titrating the
catalyst suspension in dry tetrahydrofuran
(THF) with alkali metal naphthenide
solution. The method which we propose is
based on the well-known reactions of
anion radicals of aromatic hydrocarbons
with protons. Anion radicals derived from
alkali metal naphthenides have very strong
basic properties. Their basic strength H
equals about 33, which means that they
are able to detach a proton from molecules
of compounds with pK, <33 (1). A
mechanism of anion radical protonation
was proposed by Paul et al. (2). The
reaction of alkali metal naphthenides with
water may be written as follows.
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The first step of the reaction is the addition
of a proton to the anion radical resulting in
the formation of the hydronaphthyl radical
(A). This radical is rapidly reduced to an
anion (B) which forms 1,4-dihydronaphtha-
lene after addition of the next proton.
The slowest step is that described by Eq.
(1). The rate constant of this reaction

step at 20°C in a tetrahydrofuran solution
is 1.0 X 10* M~! 8! (1). The electron
transfer from the anion radical to the
intermediate hydronaphthyl radical [Eq.
(2)] is very rapid. Hoijtink et al. (3)
showed that the electron affinity of the
hydronaphthyl radical is higher than that
of the parent molecule. The last step of
the reaction, i.e., protonation of the hydro-
naphthyl anion, is also very fast, the
conjugated carbanion being a stronger base
than the anion radical (7).

Considering a balance of all three reac-
tion steps one may ascertain that, as a
result of the reaction with two protons (in
this case from two water molecules), two
molecules of sodium naphthenide have
undergone decomposition, so the reaction is
completely stoichiometric. The stoichiom-
etric proceeding of the reaction of sodium
naphthenide with water was demonstrated
by us in the following manner. A known
volume of sodium naphthenide solution in
THF was decomposed with an excess
amount of water; the quantity of the
resulting sodium hydroxide was measured
by titrating with HCI titrant using phenol-
ophthalein as indicator. The same volume
of naphthenide solution in THF was
titrated with water, the end point being
marked by the disappearance of the green
color. We found that the amount of water
consumed in sodium naphthenide titration
was the same as that of the sodium hydrox-
ide formed in the reaction of the first
procedure. Thus, it may be concluded that
the reaction proceeds entirely stoichiomet-
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rically. The mechanism presented above
also applies to the case of other proton
donors, including OH groups and water
adsorbed on the surfaces of heterogeneous
catalysts. We suppose that, in the case of
surface hydroxyl groups (e.g., on a SiO;
surface), the reaction proceeds as follows,
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Alkali metal naphthenide solutions have
an intense dark-green color, which is
clearly observable, even at a concentration
below 0.005 3. Decomposition of the salt
as a result of reaction with a proton is of
course accompanied by disappearance of
the color of the solution. Alkali metal
naphthenides, therefore, are very good
reagents for titration, the end point of
which may be determined by noting the
appearance of a nonfading dark-green color.
Alkali metal naphthenides are paramag-
netic in the sense of ESR spectroscopy.
Naphthalene anion radical spectra obtained
using the paramagnetic spin-resonance
method are well defined (4). Titration of
OH groups and adsorbed water may be
also carried out by recording the ESR
spectra of the catalyst suspension after
adding each drop of the anion radical
solution. The appearance of a nonfading
ESR signal characteristic of the naph-
thalene anion radical marks the end of
the titration. We have found that the
anion radical signal occurs after addition
of an excess drop of naphthenide, in the
ESR spectra of both the suspension and
the filtered-off catalyst.

The application of the method to
hydroxyl groups and adsorbed water deter-
mination does not involve errors resulting
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from side reactions, as in the case of
titration with the Karl Fischer reagent
(8) or the case of gascous diborane (6).
The basic strength of the anion radical is
so great that competing reactions of the
sodium cation are not possible. Titration
with alkali metal naphthenide solutions is
faster and less complicated than the pulse
chromatographic method proposed by Non-
dek (7). The advantage of our method lies
in its high sensitivity (even at great
dilution, alkali metal naphthenide solutions
possess their characteristic green color)
enhanced by the additional possibility of
following the reaction by the ESR method.
We have ascertained that our results
(Table 1) are comparable to the results
obtained using the chromatographic method
according to Nondek (7). The reproducibil-
ity of the results is satisfactory, and the
relative error is approximately 109,. The
reaction is very fast, and, therefore, succes-
sive drops of the titrant may be added at
short time intervals. An important ad-
vantage of the method is the simple
apparatus and easy preparation of the
titrants.

Tetrahydrofuran (Loba Chemie, for
chromatography) was purified by distilla-
tion from the benzophenone-potassium
system. Naphthalene (Koch-Light, puriss)
was purified by sublimation. Solutions of
sodium naphthenide and potassium naph-
thenide in THF were obtained by a method
analogous to that proposed by Scott et al.
(8).

The concentrations of the solutions
prepared were approximately 0.50 M for
sodium naphthenide and 0.10 M for potas-
sium naphthenide. A number of two-
component catalysts, characterized accord-
ing to Tanabe et al. (9) by high Brgnsted
acidity, and also alumina and silica gel
were investigated. Si0, and silica—alumina
(8.7:1.3) were industrial preparations. Al,O;
was obtained by precipitating Al(OH);
with water from a benzene solution Al-
(is0-OC3Hy);. The hydroxide was then
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Fie. 1. Apparatus for titration with alkali metal
naphthenides: (1) catalyst sample; (2) tetrahydro-
furan; (3) magnetic stirrer; (4) screwthread adaptor
with septum ; (5) Hamilton threaded plunger syringe
(87000); (6) ampoule for ESR measurements; (7)
vacuum/dry-nitrogen connection.

washed with distilled water and was dried
at 120°C. The resulting preparation was
calcined for 24 hr at 550°C in a stream of
air. All binary oxides were obtained by
coprecipitation of corresponding hydroxides
with aqueous ammonia: silica-magnesia
(Si0,:Mg0O =8:2 and 1:9) from Mg{(NOy),
-6H,0 and Si(OC:H;), water—alcohol solu-
tions ; boria—thoria (7.8:2.2) from Th(NOs),
-6H,O and H;BO; solution in absolute
aleohol ; and thoria—alumina (2.5:7.5) from
an aqueous solution of Th(NOs): 6H:0
and AlI(NOj);. These hydroxides were all
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washed with distilled water, dried, and
calcined as in the case of Al,Q;. All catalyst
samples were calcined at 550°C for 16 hr
in a stream of dry deoxidized nitrogen.
Catalyst fractions from 0.2 to 0.5 mm in
size were used in the measurements.
Titration was carried out in the apparatus
shown in Fig. 1. The weight of the sample
of the catalyst to be titrated was roughly
300 mg. Weighing, transferring, and all
other operations were carried out under
water-free and oxygen-free conditions. Ab-
solutely dry THF, 2.5 ml, was added to
the catalyst. Naphthenide solutions were
added in portions of 0.01 ml. The titer of
the solution was precisely determined
before each measurement by titrating a
measured volume of the solution with water
until the green color disappeared. The
titration was considered to be over with
the appearance of a nonfading color of
the suspension and a time-independent
ESR signal originating from the naph-
thalene anion radical. One measurement
takes approximately 40 min. ESR mea-
surements were earried out using an X-band
spectrometer (modulation:100 kHz). De-
terminations of surface hydroxyl group and
adsorbed water concentrations were made
using the method of Nondek (7). Specific
surfaces of the catalysts were determined
by the BET method.

The results of measurements of surface
hydroxyl group and adsorbed water con-

TABLE 1
Concentrations of Surface Hydroxyl Groups and Adsorbed Water

Catalyst Specific Determination of amounts of OH groups and adsorbed water by
surface
area Pulse chromatographic Titration with sodium Titration with potassium
(m?/g) method naphthenide naphthenide
(OH/100 A?) (mmole/g) (OH/100 4?) (mmole/g) (OH/100 A?)  (mmole/g)

Si02 213.0 0.71 0.25 0.48 0.17 0.54 0.19
ALO3 178.0 1.0 0.30 G.08 0.29 0.81 0.24
AlOs8102 (1.3:8.7) 200.0 0.39 0.13 0.39 0.13 0.33 0.11
MgO-8i10: (2:8) 486.9 0.44 0.36 0.59 0.48 0.58 0.47
MgO-8i02 (9:1) 54.0 4.9 0.44 3.2 0.47 4.9 0.44
B:05ThO; (7.8:2.2) 12,1 18.0 0.36 18.5 0.37 15.0 0.30
ThO:+Al,0;s (2.5:7.5) 278.4 1.5 0.67 14 0.65 1.3 0.63
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F1a. 2. Naphthalenide anion radical ESR spectra
obtained after titrating reagent excess drop addition:
(a) spectrum of suspension, (b) spectrum of filtered-
off catalyst. Measurements were carried out at
room temperature.

centrations obtained by the method of
titration with alkali metal naphthenide
solutions and by the pulse chromatographic
method are compared in Table 1. The
results are essentially consistent. Certain
discrepancies may result from the com-
pletely dissimilar nature of the chemical
reactions used in these methods. Figure 2
presents ESR spectra of the naphthalene
anion radical registered at the end of
titration for both the Al.O; sample in
suspension and that filtered-off after titra-
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tion. The method should find general
application to surface OH group and
adsorbed water determinations due to the
simplicity, speed, and sensitivity resulting
from the high reactivity of the titrants.
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