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DENSITY OF ADSORBED WATER IN POWDER SYSTEMS. 3. +v-Al,0s

P, P. Olodovskii UDC 541.182:550.461

The choice of dispersion medium is considered. Estimates are made of the den-
sity of water adsorbed on v-Al,0s.

The measurement methods and techniques have been given in [1, 2]. The dispersion media
were nitrobenzene and toluene. Figure 1 shows the results on the density of y-Al.0s as a
function of water content.

There is a clear—cut effect on the density from the adsorbed water concentration in the
dependence of the adsorbent mass or m/V relation (m is the mass of dehydrated adsorbent and V
is the volume of the dispersed system).

The experiments showed that nitrobenzene is a liquid of zero effect in relation to y-
Al,0;, since the density of the dehydrated solid phase measured with this medium is indepen-
dent of m/V. However, Fig. 1b shows that the density of the adsorbent in the same state as
measured in toluene decreases as m/V increases, which indicates that the concentration of the
liquid molecules in the surface lavers of the dehydrated solid phase is less than in the bulk.

We now examine the changes in the relative densities of the dispersion media as affected
by the water contents. The quantities are calculated from
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Fig. 1. Dependence of the density of y-Al,0; on the amount of
adsorbed water for various values of m/V: a) measured in nitro-
benzene: 1) m/V = 0,195 g/em®, 0.029; 2) 0.0130 and in toluene;
3) 0.0130; 4) 0.195; b) measured in toluene for P » 0; P at 1%
was 0.56 mmole/g; d in g/cm® and P in Z%.
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Fig. 2. Variation in the relative density of the dispersion
medium as affected by the amount of water adsorbed on y-Al,0;:
1) nitrobenzene for m/V = 0.195 g/em®; 2) toluene for m/V =
0,0130; 3) toluene for m/V = 0.195.
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where p/po is the relative density change, d'o is the density of the hydrated specimen, po
is the density of the liquid corresponding to a critical mass of the solid phase, d is the
density of the hydrated specimen, and p is the density of the liquid corresponding to a mass
of solid greater than the critical value (d', is measured with 1 g of powder, m/V = 0.013 g/
em®; curve 2 in Fig. 1).

Figure 2 shows that the density of the dispersion medium (nitrobenzene or toluene) is
reduced in the water—content range corresponding to the formation of a double molecular ad-
sorbed layer. We have considered in detail [1-8] the mechanism of this density change, where
we have shown that the effects are determined by donor and acceptor groups on the adsorbent
or in the dispersion medium.

The adsorption of nitrobenzene on y-Al20s is due not only to charge transfer to the lat-
tice (in that case, the electron donors in the molecule may be the oxygen atoms or the carbon
atom next to the NO. group, while the lattice acceptor may be OH groups), but also to elec-
trons being drawn off from the solid phase (in that case, the electron acceptors in the mole-
cule are the nitrogen atom and the other carbon atoms, while the lattice donors are the oxy-
gen atoms).
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Fig. 3. Changes in unit-cell volume in y-Al,0,; on adgorption:
1) of water; 2) of water and nitrobenzene; V in A3,

TABLE 1. Coordinates of Atoms in Active Centers in the
Lattice of y-Al,0,

] Atoms in | Coordinates (&)
Active center active cen-
ter * l y z
1
0,H, 0 0,9869 ¢ 6,9081 0,0
H 0,5869 6,9081 0,96
O.H, 0 0,9869 4,9344 1,9738
H 0,5869 4.9344 2,5338
O,H, o} 0,9869 2,9606 0,0
H 0,9869 2,9606 0,96
O,H, 0 2.9606 6,5081 1,9738
H 2,9606 6,8081 2,9338
OsH; @] 2,9606 0,9869 0,0
H 2,9606 0,9869 0,96
OcH, (6] 4,9344 0,9869 1,9738
H 4,9344 0,9869 2,9338
0,H, 0 6,9081 4,0344 0,0
H 6,9081 4,9344 0,96
OgH,4 0 6.5081 2,9606 1,9738
H 6,5081 2,9606 2,9338
OgH, (6] 6,9081 0,9869 0,0
H 6,9081 0,9869 0,96
Oqo (0] 4,9344 6,9081 0,0
11 (6] 4,9344 2,9606 0,0
01 0 2,9606 4,9344 0,0

A single plane in the unit cell (Fig. 2 in [9]) in y~Al,0s can accommodate three mole-
cules of nitrobenzene in the dehydrated state, which are oriented with their benzene rings
perpendicular to the lattice surface and are attached as follows: the first to oxygen atom
0.2, the second to the hydroxyl groups OsHs and OsHs, and the third to the hydroxyl groups
OgHs and OgHs. Table 1 gives the coordinates of the lattice centers.

In the adsorption of the first water molecule at O, and 0,;;, the nitrobenzene mole-
cules occupy their former positions.

This very important feature explains why there is a horizontal part on curve 1 (Fig. 2),
and determination of the boundaries to this part enables one to estimate the amount of bound
water in group ¢ (see [9]) and also in essence the density of the adsorbed water. There is
also evidence for adsorption of the first groups of water molecules at the oxygen atoms from
IR and NMR data [9, 10}, and Fig. 3 indicates the deformation of the v-Alz0s lattice.

There is also an initial part due to lattice compression on the adsorption of water
alone or with nitrobenzene, which indicates that the first groups of water molecules are at-
tached to the oxygen atoms (charge transfer to the adsorbed molecules).

It has been shown [9, 10] that a second adsorbed water molecule (scheme 2 in the table
of [10)) is attached to 0O;2 and OsHa, OsHs in the y=-Al20s unit cell. As a result, two nitro-
benzene molecules are displaced from the adsorption centers {(the space is taken up by a double
layer of adsorbed water molecules): the first being 0, and the second OzH;, OsHs, but the
uncompensated hydrogen atom in a water molecule is an attachment center for a new nitrobenz-
ene molecule within the double layer.

Consequently, the reduction in the number of molecules of dispersion medium in the full
volume of this laver is responsible for reducing the relative density, as 1is observed.

The third and fourth adsorbed water molecules (during sorption) are attached, respective-
ly, at the following centers: the third to O0zHz, O4Hs, and the fourth to OgHe, OsHs in the
unit cell of scheme 3 (table of [10]), and they completelv displace the nitrobenzene molecules
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Fig. 4. Dependence of the density of water adsorbed on y-Al,0;
on the amount as deduced with allowance for lattice deformation.

from the surfaces, but their uncompensated hydrogen atoms (in the water molecules) are new
adsorption centers for two molecules of nitrobenzene, which occupy only part of the volume
in the double molecular layer and project outward from the surface into the dispersion medium,
Therefore, when four water molecules are adsorbed (47 water content), less than two nitroben—
zenemolecules remain within the double molecular layer, which is responsible for the further
reduction in the density of the dispersion medium,

The next stage involves the formation of water-molecule dimers, which greatly reduces the
free space in the double molecular layer and therefore the measured mean density of the dis-
persion medium gradually approaches that of the normal liquid.

Toluene molecules are adsorbed also by charge transfer at the lattice (in that case, the
electron donor in the molecule is the carbom atom in the ring joined to the CHs group, while
the lattice acceptors are OH groups), and there is also electron extraction from the solid
phase (here the electron acceptors are the other carbon atoms, while the lattice donors are
oxygen atoms).

One plane in the unit cell of y-Al,0; in the dehydrated state can accommodate not three
molecules (as in the case of nitrobenzene) but only two molecules of toluene. One of them
has the plane of the benzene ring perpendicular to the lattice surface and is attached at
the 0,, center, while the other has it parallel to the surface and is attached to O¢H¢. The
parallel orientation is responsible for a C—OH bond, and here lies the difference in adsorp-
tion mechanism between toluene and nitrobenzene. However, there is still a reduced concen-
tration of dispersion-medium molecules (toluene) in the surface layer even in the dehydrated
state.

It is readily shown that water sorption increases the density reduction in the disper-
sion medium within the double-layer limits, and consequently a liquid with a nonzeroc effect
in relation to the dehydrated phase cannot be used to estimate the density of the adsorbed
water, as is evident from Figs. 1 and 2.

We can calculate the density of the adsorbed water with allowance for the lattice de-
formation as follows from the density distribution for hydrated y-Al,0; found for the criti-
cal mass of adsorbent (here 1 g):

0.01 (P — P,)dd, Vo
d == d ’ <2)
N 0.01Pd Ve +d, Ve —d
T "

where dy is the density of the adsorbed water, P is the adsorbed water content in %, Po is
the amount of water corresponding to the first adsorbed molecules, where there is as yet no
density change in the dispersion, so in our case Py = 0.5%; do is the density of the adsorb-
ent measured at Po; d is the density of the adsorbent measured at P; and Vi and V, are the
unit-cell volumes of y-Al,;0s recorded respectively with P and P, during the adsorption of
water and nitrobenzene.
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We have shown [10] that P, corresponds to rigid attachment of molecules adsorbed in
scheme 1 (see table in [10]) and that these molecules relate to group a, which is not linked
to the rest of the ensemble.

Figure 4 shows the density of water adsorbed on y-Al,0; as a function of the amount,
where there is a maximum of 1.236 g/cm® at 3-4% water content.

In essence, this density distribution is similar to that found for kaolinite [5], but
in that case the maximum density virtually corresponds to the completion of the double mol-
ecular layer Pp, while with y-Al1,0; the density at the time of double-layer formation is 1.1

3
g/cm”.

These differences are due to the following factors. In kaolinite, a dimer (a structure
element in the double molecular layer) is mainly adsorbed simultaneously at an OH group and
an oxygen atom.

The adsorption energy at these centers is considerable [5, 11], and the centers initiate
electron-density redistribution in the (H,0), system such that the hydrogen bond in it is
strengthened by comparison with the isolated dimer.

The strengthened hydrogen bond reduces the distance between the oxygen atoms and conse-
quently increases the density of the adsorbed water.

When the double molecular layer is completed on y-Al,05;, only one fifth of the dimers
are similar in structure to the dimers formed on kaolinite, while 80% are adsorbed at two OH
groups each (scheme 3 in the table of [10]).

The energies of such bonds are half those of bonds formed under scheme 2, and so the
energies of the hydrogen bonds between the water molecules in the adsorbed dimers approximate
to the value for normal liquid water, and the same applies to the distances between the atoms
and the density of the material distributed in the dimers, as is found by experiment.
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