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Synopsis. It was confirmed from measurements of
the adsorption isotherms of phosphates in aqueous solutions
that there were adsorption sites with very high reactivity on
the surface of silica—alumina. The concentration of adsorp-
tion sites which is estimated from the adsorption amount
extrapolated to zero equilibrium concentration is nearly twice
the concentration of Lewis-acid sites for silica—alumina of
higher alumina content. Furthermore, the concentration
of phosphate adsorbed on the surface of various silica—alumi-
na is relatively well correlated with the concentration of
Lewis-acid sites.

It is well known that inorganic phosphates play an
important role in the abnormal growth of phytoplankton
in an area of the sea or a lake, which is called red tide.
Nishimural) has reported that the average concentra-
tion is 0.015 ppm for P and 0.14 ppm for N in a given
sea area. The pollution source of the phosphates is
mainly domestic sewage. Even in the effluent of so-
called secondary sewage treatment, phosphate in con-
centrations of 3 to 5 ppm as P is usually detected.?
Complete phosphate removal, which is relatively easy
and economical compared with that of nitrogen, may
offer the best solution for returning aquatic environments
to their pristine state.? Although many workers have
widely studied phosphate removal,4-% some clay mine-
rals containing aluminium atoms are reported to be ef-
fective for the removal of phosphate at the very low
concentrations described above. The aluminium atoms
responsible for the phosphate removal are not the inter-
nal atoms of the adsorbent but the surface atoms.
Therefore, it is expected that the concentration of
Lewis-acid sites associated with surface aluminium atoms
correlates with that of the phosphate adsorbed. To the
authors’ knowledge, no work has been done from such
a viewpoint.

In the study reported here, synthetic silica—alumina
samples having strong Lewis-acid sites, which also react
with electron-donating polyaromatic hydrocarbons?
were used as adsorbents. The object of the present
paper is to clarify the correlation between the concentra-
tion adsorbed of Lewis-acid sites, the concentration of
phosphate and the alumina content of the silica—alumina
samples.

Experimental

Aluminium isopropoxide and tetraethyl orthosilicate puri-
fied under reduced pressure were mixed in various propor-
tions and were hydrolyzed for 12 h. The gels thus obtained
were treated at 600 °C for 8 h. The particles which passed
through 100 mesh sieve were used as adsorbents. Each silica—
alumina sample is represented as 9, silica—alumina which
indicates the alumina content in wt9%,. The surface area

of these silica—alumina samples were measured by means of
the BET method. The concentration of Lewis-acid sites on
the surface of the silica—alumina samples was measured by
the Leftin method,® after heating in vacuo at 400 °C for 2 h.

The phosphate was adsorbed onto various silica—alumina
samples at 20 °C. The adsorbents were suspended in aqueous
KH,PO, solutions having concentrations in the range from
1 to 10 mmol/l and the mixture were stirred for 48 h. It
was confirmed that the adsorption equilibrium was reached
within 48 h. After centrifugation, the phosphate concentra-
tion in the supernatant solutions was determined by the
molybdenum blue method.?

Results and Discussion

The isotherms for the adsorption of phosphate onto
the silica—alumina samples are shown in Fig. 1. The
phosphate is only slightly adsorbed on samples ranging
from pure silica gel to 259, silica—alumina, whereas ad-
sorption clearly occurs on samples ranging from 409,
silica—alumina to pure alumina. Thus, adsorption is
enhanced with increasing alumina content. For pure
alumina, however, the adsorption concentration, is
slightly lower than that for 909, silica—alumina.

The phosphate adsorption concentration is fairly large
even near zero equilibrium concentration in the cases
from 509, silica—alumina to pure alumina. This result
suggests that highly reactive sites responsible for the
adsorption exist on the surface.

In order to confirm this, the Muljadi adsorption iso-
therm!® and the Langmuir isotherm for alumina are
shown in Fig. 2. The Langmuir theory assumes that
all the adsorption sites are equivalent. This theory is
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Fig. 1. Adsorption isotherms of phosphate on the
surface of silica-alumina (S.A).
A: Alumina, <¢: 909% S.A, @: 759% S.A, <::609%,
S.A, ©: 50% S.A, ¥: 409% S.A, 0: 25% S.A,
&: 109% S.A, O: silica gel.
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TaBLE 1. THE RELATION BETWEEN THE CONCENTRATION
OF PHOSPHATE ADSORBED AND THE CONCENTRATION
*g‘/\ OF LEWIS-ACID SITES
§§ Specific Concentration  Concentration
« g Silica- rfgcc arca  Of phosphate  of Lewis-acid
g alumina adsorbed (X 10-% sites (X 10-%
S E (m?*/g)
) mmol/m?) mmol/m?)
5o
% -;( Alumina 164.3 8.95 4.72
<< 909% S.A 323.6 9.47 4.02
75% S.A 178.4 8.42 3.41
. . 609% S.A 142.7 4.21 1.99
(;a " 01 e 02 50% S.A  343.7 1.89 1.89
quilibrium concentration of phosphate (mmol/l) 409, S.A 97.4 0.42 1.80
Fig. 2. Adsorption isotherms of phosphate on the 25% S.A 118.5 0 0.88
surface of alumina. 109 S.A 309.1 0 0.34
—QO—: Observed adsorption isotherm, —.—.: o
Langmuir adsorption isotherm, ----: Muljadi Silica_gel 378.9 0 0.13

adsorption isotherm.

not applicable to the present results obtained at low
phosphate concentrations. On the contrary, the adsorp-
tion isotherm obtained is in rather good accord with
the Muljadi isotherm. Muljadi and his co-workers!®
have revealed that there are two types of adsorption
sites on the surface of kaolinite, gibbsite and pseudo-
boehmite.

The concentration of highly-reactive sites estimated
from the phosphate adsorption concentration extra-
polated to zero equilibrium concentration is shown in
Table 1. Since the reactive sites responsible for the
adsorption are essentially surface aluminium atoms, it
can be expected that the concentration of Lewis-acid
sites is a good parameter for estimating the phosphate
adsorption. The Lewis-acid sites associate with bare
aluminium atoms due to the removal of water which
is produced by a reaction between adjacent hydroxyl
groups on the surface. The concentration of highly-
reactive sites is nearly twice that of Lewis-acid sites for
silica—aluminas of higher alumina content. This dif-
ference may be due to the following reason: there
are weakly and strongly-bonded hydroxyl groups on the
surface of silica—alumina, corresponding to strong and
weak basic sites, respectively.’) The phosphate can
easily exchange with weakly-bonded hydroxyl groups
in the aqueous solution, forming a surface complex with
aluminium atoms. In the case of the strongly bonded
groups, the ability of the phosphate to exchange with
the hydroxyl groups may be less.

On the other hand, the weakly-bonded hydroxyl
groups may be preferentially eliminated by heat treat-
ment at 400 °C for 2 h in vacuo, forming weak Lewis-acid
sites.  All hydroxyl groups on the surface are not elimi-
nated by the heat treatment.1? Therefore, it is believed

that strongly-bonded hydroxyl groups which form
Lewis-acid sites with difficulty, have possibly an ex-
change ability in the aqueous solution, although this
ability is weak. Another reason may be the positively-
charged spots proposed by Cloos et al.13

Table 1 indicates that the concentration of Lewis-
acid site increases with the alumina content in silica—
alumina. However, the adsorption concentration is
zero up to 259, silica—alumina and, thereafter, it in-
creases with the alumina content. This should be due
to the negatively-charged surface caused by the iso-
morphous replacement of four-fold coordinating alumi-
nium atoms into the tetrahedral silica framework. As
the alumina content in silica—alumina is increased, the
surface negativity decreases due to the increase in AI-OH
cations with alumina content.13)
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