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PREFACE

Researchers in cement chemistry have recently become aware
that many of the problems associated with the dimensional sta-

bility of concrete are due to the fact that the great majority
of the hydration products of cement, which include tetracalcium
aluminate hydrate, are made up of layered crystals.

A great variety of organic compounds are now being used as
admixtures to improve certain properties of cements. This paper
describes how these organic compounds react and form complexes
by attaching themselves between the layers of tetracalcium
aluminate hydrate, and how this results in swelling.

The Division is grateful to Mr. D. A. Sinclair of the
Translations Section, National Research Council, for translating
this paper and to R. F. Feldman of this Division who checked the
translation.

Ottawa ' N. B. Hutcheon
October 1971 Director
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THE INTRACRYSTALLINE SORPTION OF WATER AND

ORGANIC SUBSTANCES IN TETRACALCIUM ALUMINATE HYDRATLE

Abstract

Tetracalcium aluminate hydrates are known
as hydration products of cement. The true cell
is uncertain, but for the pseudocell, including
the arrangement of interlayer water a model is
pgiven being in good agreement with the x-ray
data of the five hydration stapges. Tetracalcium
aluminate hydrates are the first example for
layer structured crystals containing neutral
sheets, which are highly capable of interlayer
sorption of water and neutral organic compounds.
Sorption complexes with approximately 500
selected organic substances have been investi-
gated. Basal reflexes, thelr position indicating
the arrangement of sorbed molecules, are generally
sharp. Regarding the complexes with alcochols,
the possible configuration and bonding conditions
between organics and inorganic matrix are
extenslively discussed. A survey on numerous
homologous organic substances shows the reactivity
of tetracalcium aluminate hydrate. Besides com-
plexes with Van der Waals or H bonding there are
also homopolar bonded interlayer complexes. It
i1s also possible to imbed a mixture of two or
more organic compounds. Another wvariant is the
imbedding of water mixed with organic compounds.
The de- and rehydration react%ons of these products
in the range from -20 to +100°C have been studied.

1. Introduction

The unidimensional interlamellar sorption of organic mole-
cules on inorganic layer lattices is a familiar phenomenon to clay
specialists. Since its discovery, a voluminous literature has

(1)

appeared on the organic compounds of clay, which Nahin described
as "hybrid unions of organic and inorganic materials". Compre-
hensive treatments of this subject will be found in the books of
(3) () (5)

3

Iler(2), Hauser and Jasmund , and in papers by
. 1 .
Mchwan(6), Jordan<7), Nahin( ) and Welss<8’9). For the state of

Grim



research at a given time one may consult the technical press and
ttie North American "Symposia on Clay-Organic Complexes", which
are hceld during the annual National Conferences and are publizhed
in "Clays and Clay Minerals Procecdings™.

(10)

phenomenon of unidimensional intracrystalline swelling for the

The substance in which Hofmann and Frenzel observed the
first time in 1930 was not a clay mineral but graphitic acid.
With increasing knowledge about the organic compounds of clay,
interest also increased 1in the study of interlamellar sorption in
layer crystals with structures different from those of the clay
minerals. As Table I (after McEwan<6>) shows, this question has
also been broached many times. The Table could be expanded

by further contributions of Weiss, who 1s a leader in this field,

(11) (12)

on the swelling of dititanates and polyphosphates

A common characteristic of these different swelling compounds
is their construction from macroions which are bound by inter-
changeable gegenions.* In general, the macroions (anions or cations)
have a layer structure, but in the case of polyphosphates, exception-
ally, they form chains. The mechanism of interlamellar sorption
and the choice of molecules capable of embedment depends strongly
on the charge density of the layers or chains and the type and

state of hydration of the gegenions(l3’lu’15),

The gegenions may
have a stronger influence on the course of the intracrystalline
swelling than the chemical composition of the sheets or chains
themselves. This applies not only to the mentioned inorganic
swelling substances, but also to such biological products as

collagen(l6’l7) or desoxyribonucleic acid (DNA)(lB), in which
ammonium, guanidinium and carboxylate lons of the collagen amino

acids or phosphate l1ons of DNA can be saturated.

It is therefore interesting to note that this large group of
substances, whose intracrystalline swelling can be controlled by
or may even be caused by ion processes, can also be compared to

electroneutral lattices with swelling capacity. These include

¥ j.e., an ion with a charge opposite to the charge of the surface
at which 1t 1s sorbed.



the complex cyanides of the transition metals, cstudied by WQius(l”.

In these compounds, the consumption of neutral polar molecules
on swelling appears to be due to the tendency of the transition

metals to undergo a change from bd-coordination to 6-coordination.

The swelling capacity of tetracalcium aluminate hydrate,
which is the subject of the present paper and which is also made
up of neutral sheets, takes a greater variety of forms than that

of the complex cyanides.

The great majority of the hydration products of cement, which
include tetracalcium aluminate hydrate, constitute layer crystals.
Previously, nothing was known about the intracrystalline sorption
of organic compounds by the products of cement hydration even
though cements had been treated with a large number of organic
substances, sometimes in order to determine the corrosiveness of
these substances, sometimes ags admixtures to improve certain

properties of the cements (cf. (18’19)).

In the present paper, we
shall describe the unidimensional, intracrystalline swelling of

tetracalcium aluminate hydrate with water and organic compounds.

The author has so far produced about 500 different sorption
complexes of tetracalcium aluminate hydrate. It will be possible
to discuss only a few of these briefly here. These have been
chosen so as to provide as complete a picture as possible of the
reactivity of tetracalcium aluminate hydrate. Before taking up
the reactions with organic substances, we deal with the various
hydrate stages of tetracalcium aluminate hydrate and, as far as
possible, its structure. The possible configuration and binding
conditions of complexes with organic substances are then discussed,
using the monovalent alcohols as an example. The sorption complexes
in which one or more organic molecules take part are taken up one
by one. Another classification is given by the fact that the
organic components are linked to the inorganic host lattice normally
by Van der Waal's forces or H binding, but sometimes also in homo-
polar arrangement. Finally, rehydration and dehydration processes
with sorption complexes are dealt with.



2. Ilixperimental Part

(a) Preparation of tetracalcium aluminate hydrate: For the
preparation of adequate quantities of uniformly constituted initial
product, a solution of sodium aluminate which was free of Ca0 and
Ca0, was converted by the method described by zur Strassen and

(20)

Dosch .

(b) The organic reagents were obtained from Fluka AG, Buchs,
Switzerland. Samples marked "purissimum" were used directly.
Those marked "technicum", and in cases of doubt those marked "purum"

also, were further purlified by distillation or recrystallization.

(c) Preparation of organic complexes: If the organic sub-
stances are liquid at room temperature, suspensions were made with
tetracalclium aluminate hydrate, generally in the hydrate stage
4 Ca0 « Al1,0;3 * 11 Hp,O0. Powder preparations for x-ray analysis,
textured to a large extent with respect to 001, were produced by
coating slides with the filtered crystals. Solid organic sub-
stances were dissolved in ether, acetone or acetonitrile, which
do not themselves react at all with tetracalcium aluminate hydrate,
or do so only very slowly. In a few specially noted cases, water

or benzene was used as the solvent.
(d) X-ray methods:

(o) Since pure tetracalcium aluminate hydrates
are extremely sensitive to atmospheric CO,, the x-ray
"climate-control chamber'" developed by Dosch(gl) (Figure 1la)
was used to hold the powder. After the chamber is brought
to the correct temperature, the preparation was loaded
into it in a "glove box". At the bottom is a small dish
containing air-conditilioning agents with which desired
water vapour partial pressures or organic vapour atmospheres

can be produced.

(B) For the study of moist preparations, filter
paper was cemented into the depression in thé circular

microscope stage, as shown in Figure lc. The projecting



strip of paper is dipped into the dish containing
the solvent and acts as a wick.

(y) X-ray pictures of suspensions were made

(22) shown in

in a specially designed compartment
Figure 1lb. This compartment can also be temperature-

controlled. The suspension is stirred.

3. Tetracalcium Aluminate Hydrates, Stages of Hydration

and Construction of the Pseudocell

There are at least flve different hydrates of the general
composition 4 Ca0 < Al,0s « water. They constitute hexagonal
or pseudohexagonal layer crystals, from the structure of which
a number of gquaternary compounds may also be derived, e.g., with
CO, or SO3<23). Thus the tetracalcium aluminate hydrates are
easily converted into carbonate hydrates simply by the carbon
dioxide in the air. The similarity of the latter to the compounds
that are free of CO,; has led to a number of contradictions and
confusions in the literature.

Zur Strassen and Dosch(20)

studied the relationship between
the individual tetracalcium aluminate hydrates and the tetracalcium
aluminate carbonate hydrates. The hydrates were characterized by
water content and very long basal reflections (Figure 2). The

five ternary hydrates have basal spacings of 10.6, 8.2, 7.9, 7.4
and 7.2 R corresponding to hydrate stages with 19, 13, 12, 11 and

7 H,0/4 Ca0 « Al,03. From the compound 3 Ca0 + Al,03 « CaCOj; -
water we get two hydrates with dpoy = 7.6 R, 11 H,O and dpg1 =

7.1s R, 6 H,0, The "quarter carbonates" are poorer in CO,

(3 CaO ¢ A1,03 < 3/4 Ca0 + 1/4 CaCO3; * water with dge: = 8.2 R,

12 H,0 and dgg: = 7.7 R, 9 H,0). Quarter carbonate hydrate has

the same composition as the mineral, hydrocalumite, the basal
spacing of which (only a 12 hydrate is known) is, however, 7.9 R.
Quarter carbonate hydrate (8.2 R) and 4 Ca0 - A1,0; *+ 13 H,0 have
the same basal spacing and are therefore easily confused. However,

these compounds can be distingulished radiographically through a
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ey
dehydration process. Robert§(24)

o and B - 4 Ca0 « Al,03 = 13 Hp0 (doo1 = 8.2 and 7.9 | respec-

tively) are actually two different hydrates with 13 and 12 H,u

two polymorphous modifications

respectively.

In the present study, CO; was carefully excluded by means of
a glove box and the climate-controlled x-ray chamber. Therefore,

only the ternary hydrates occur, see Figure 2, right hand column.

The structure of tetracalcium aluminate hydrate, hereinafter

abbreviated to CqAHX*, has not been clarified. It has been in-

>
vestigated by Brandenberger(25) (L6), Buttler,

(27)

, Tllley, Megaw and Hey
(28)

Dent Glasser and Taylor and Grudemo Common to all attempts
at interpretation is the assumption of a layer structure and hydroxyl
binding of the total oxygen in the structural element CasAl(0H)-

of the CyAH,; compound containing no water of crystallization.
Composition and sequence of individual layers have been variously
interpreted. Brandenberger, Tilley et al. and Grudemo all postulate
different two-sheet arrangements for the pseudocell, but none of
these is directly compatible in its geometry with the measured
lattice constants, nor adequately explains the crystal-chemical

behaviour of the C4A hydrates.

Buttler, Dent Glasser and Taylor have shown that the pseudo-
cell contains only one sheet of octahedrons and has a structure
similar to that of portlandite, Ca(OH,). Imagine one in a port-
landite sheet replaced by A13+ from 3 Ca2+ positions, Figure 3a.
The charge of the octahedral sheet 1s not yet balanced; the
seventh OH ion of the structural element [Ca,Al(OH)g JOH, herein-
after called "outer OH", is present in the OH octahedron vacancies

over the Al positions, Figure 3b.

The real cell, which is complicated by different insertion
arrangements of the structural element, is unknown. For the
following considerations it 1s sufficient to know the shape of
the pseudocell. Similarly, the basal reflection indexing here

applies only to the pseudocell. The unidimensional swelling || ¢

¥ Abbreviated nomenclature: C = Ca0; A = Al,03; H = H;0.



is correctly described by these data. 'Mhe 001 indicec of Lhe
true cell may be three times or morc pgreater than those of the

pseudocell, cf. Kuzel(zg).

From the data of Buttler et al. i1t appears that the outer
OH's occupy only one side of the octahedron layer. The basal
spacing of the compound C4AH; without water of crystallization
was determined by thermal dehydration to be 5.8 tc 6.5 R (wide
reflections). However, at the dehydration temperature of 122°
the lattice was attacked. Lines of Ca(OH), appeared in the x-ray
diagram of C4AH~7.

Zur Strassen and Dosch got sharply crystallized C4AH; with
degr = 7.2 R at room temperature in the x-ray climate-control
chamber via P,0s, (cf. Figure 2). This value for the dehydration
at room temperature 1s preferred to the result of the thermal
dehydration; it is compatible only with a configuration in which
the ocutside OH groups are disposed on both sides of the octahedron
sheet or are distributed statistically, Figure 3b. It is assumed
that the outside OH groups are extremely polarized relative to
the Al3+ and penetrate very deeply into the sheet of octahedral

hydroxyl ions.

On the basls of this model of the octahedron sheet with two
differently arranged types of OH groups, we can construct a plan
of the possible structure of the hydrate stages of CqAHX, Figure 4.
Accordingly, octahedron sheets are piled up in C4AHs in such a
way that the outside OH groups lie vertically one above the other.
(A discrete arrangement of the outside OH groups of two sheets
relative to each other is required only for this hydrate.) This
is possible because a tetrahedral charge distribution may be
expected for the extremely polarized hydroxyl ions which permits
hydroxyl binding, similar to that found by Bernal and Megaw(3o>
for the series of layers in hydrargillite. Water of crystallization
is acquired, according to Figure 4, in such a way that fully occupied
interlayers are formed, with or without participation of the out-
side OH groups for all stages of hydration. In the segment of
the octahedron sheet being observed (2 "molecules" of 4 Ca0 + Al,05 -

water as in Figure 3), a maximum of 12 OH or H,0 can be accommodated.



In C4AH;,, this interlayer comprises 4 outside OH + 8 H,0 = 12;
compared with the substance free of water of crystallization, the
basal spacing increases by only 0.2 R, since the layer 1in CsAH-
already expanded by outside OH is substantially filled only by
the acquisition of water. For CyAH;3;, a fully occupied layer of
12 H20 is obtained without participation of the outside OH. In
CyAHye, there are two fully occupied layers of water. CuAH;:
cannot be fitted directly into this scheme. Possibly layers of
the 11 and 13 hydrate are present in this hydrate one above the
other in irregular alternation. A shift of the 7.9 R reflection
from 12 hydrate in the direction 8.2 & or 7.4 B (13 and 11 hydrate

respectively) was not, to be sure, observed.

4. Complexes with Monovalent Alcohols

The complexes of the primary alcohols CnH2n+1 * OH with CQAHx
give sharply defined basal reflections which shift with increasing
numbers of carbon atoms in homologous alcohols towards smaller
glancing angles, Table II. The incorporation rate decreases with

increasing C number of the alcohols. Alcohols C;; to Czo (dis-

solved in ether or acetone) are no longer acquired at room temperature.

Alcohols with branched chains are sorbed much less rapidly
than their straight-chain isomers. In complexes of the branched-
chain alcohols, the basal spacings in general do not increase with
increasing C number. Constant values of dpoi1 ~ 10.7 R are obtained,
cf. Figure 5a, b. It will be seen below that this spacing is
characteristic of organic molecules where the carbon chains are
disposed parallel to the inorganic layers. The straight-chain

alcohols show a steep angle relative to the inorganic layer.

The complex with i-amyl alcohol, Figure 5b, shows a second,
less intense series of 001 reflections with dpo1 = 20.8 B. This
value lies between the branches of the normal alcohols C, (20.2 3)
and Cs (22.0 3), Figure 5c¢, Table II. The iscalcohol can be sorbed
not only in a flat sheet, but also in an obligque sheet arrangement.

In the latter case, the V-shaped branch of the CHj3; groups in end



position exactly explains the position of the i-alcohol botwenn

the neighboring n-alcohols.

For measurement of a short-chain alcohol, the climate-controlled
x-ray chamber was used in combination with the wick stage, Figure lc,
Figure 6. The dry filter paper plate of the stage was coated with
CqAHlZ(dool = 7.9 R) and the wick was allowed to extend into the
first empty dish on the floor of the chamber. After x-raying the
first two basal reflectlons of the 7.9 R hydrate, the goniometer
was set and locked at the angle 3.420 g £ 12.9 ! of the 001 reflection
of methanol—CuAHx. After opening the thermometer tube, the dish
was filled with methanol from a pipette. The ascent of the alcochol
up the wick and into the preparation could be observed through the
inspection window. The intensity of the adjusted reflection in-
creases simultaneously with the start of wetting, and reaches its
maximum after a few seconds, cf. time scale. The record on the
left in Figure 6 was then made. The formation of the methanol

complex was quantitative.

Similar tests with alcohols of higher C number were made with
the aid of the suspension chamber, Figure 1lb. Up to n-butanol
(Cy) the alcohol complexes form within a few minutes. Between
Cs and C;9 (inclusive) the sorption rates are much slower - 10 to
20 hours.

Postulated conflgurations of the complexes:

Figure 7 shows the change of basal spaclng as a function of
the C number for the Cl,AHX complexes of the standard alcohols C;
to Cio. The points on the slightly zigzag curve lie on two parallel
straight lines. The upper dashed line applies to alcohol complexes
with Ceven’ and the lower one for Codd’ cf. differences of basal
spacing, Table II. Alcohols Cg and Cig depart from exact linearity

in the direction of somewhat higher basal values.

In the linear region, for the complexes with alcohols C; to
Cs, the mean increase of basal spacing for two homologous alcohols
is given by Adeo.1/An = 16.38/7 = 2.34 R/C atom. On the longitudinal
axis of a zig-zag carbon chain the C - C distance is 1.27 R.
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Since thils distance 1s much smaller than the experimental value

of 2,34 R, Lt must be assumed that in cach case two alcholol mole-

cultes are situated one behind the other and make a certain angerle
with the inorpganie layer. The aine of the anyple of inclinatior Lo
sin ¢ = 2.34/2 « L.27; ¢ ~ 67°.  i'or various reasons, this angle
cannot be stated with greater accuracy. Since the measured d values

can be assigned to two parallel straight lines, the slope of which
determines the angle of inclination, the ¢ holds, within the accuracy

of determination, for alcohols with both Ce and CO

aa-

In the x-ray diagrams, the intensities of the odd orders of

ven

the 001 reflections are increaséd, those of the even orders de-
creased, cf. Figure 5c. (In the flat-sheet complexes of the isomeric
alcohols with dgo1 ~ 10.7 R, the 001 intensities decrease contin-
uously with 1ncreasing glancing angle, corresponding to the depend-
ence of the polarization factor, Figure 5a, b). The same sequence

of intensities 1s knan grom the crystallized pure alcohols, fatty

31

acids, etc. As Prins has shown, this is due to the intensity
distribution of long molecules which are situated "head-to-head",
"foot-to-foot", Figure 8. Accordingly, we must picture the con-
figuration of the alcohol/CqAHX complexes as having "foot-to-foot"-
situated alcohol which make an angle of 670, adhering with their

OH groups to two oppositely situated CqAHX sheets in each case.
After we recognize this general principle of arrangement, the data
of Table III can be used to draw further conclusions about the

possible construction of the complexes.

Figure 9a shows carbon double chains erected between inorganic
lavers (hatched). For the present, the character of the binding
netween alcohol-OH and the inorganic layer is left out of account.
In chains with Ceven’ the outermost member of the chain, oxygen,
stands at a steep angle (1.43 <« cos 58° = 0.76 R), while in those
with C_y4» It is at a flat angle (1.43 - cos 12° = 1.40 R) relative
to the CauAHX sheet. The sequence 0.8..1.4..0.8..(R) for the transition
from an alcohol to its next homolog corresponds exactly to the

observed values. This is obtained from the zigzag form of the chains

and the angle of inclination ¢.



However, since the rather large chanpe of 2 + 1.40 R was

measured for the transition ol the alcohol complexae:s to

C
oodd
G 0 Lthe cipzap plancs still have to be rotated 1807 about Lhe
[RRVAS:

axis of incelination, as 1s evident from Fipure 9b.  The sequence
and absolute amounts of the observed basal value changes are

in agreement with this arrangement.

The distance indicated in Figure 9 of about 3.5 3 between
two oppositely situated CHj; groups was taken from numerous structure

(31,36)

data for pure crystallized organic compounds Because of
the angle of inclination, we get two different intermolecular
distances with this value, namely 3.5 and 2.8 &||c depending on

the arrangement of the chain molecules in Figure 9a or b.

Since the oxygen atoms of the alcohols make two different
angles with the C;.AHx layer, we cannot simply postulate a directed
binding, say H bridges. An undirected binding, Van der Waals
contact, cannot, on the other hand, explain the relative stability
of the alcohol—CuAHX complexes.

Models with H binding are shown in Figure 9c. An H binding
is best if the components O - H *+ O are linearly directed, cf.
Luck<32)

from the energy standpoint, is not discussed here.)

(The case of cyclic H binding, which 1s less favourable

The H bridges, Figure 9c¢, alternately make angles of 58 and
12° with the normals of the CL.AHX sheets. The 1ncrease of basal
values 1is l.9..0.3..1.9..(ﬁ), contradictory to the experimental
result. If, in the transition from one alcohol to the next, the
zigzag planes are rotated each time 180° about the axis of inclina-
tion, Figure 8d, then, while the angle of the H bridges always
remains the same, the basal increase from one alcohol to the next

is now a uniform 1.2 R. However, this cannot be right either.

We therefore return to the concepts of the CL.AHX lattice
structure, Figure 3. The outer OH groups which neutralize a
complete residual charge of Al3+ are extremely polarized. A13+
is surrounded symmetrically by 6 Ca2+. The polarization of the
outside OH groups is therefore almost solely determined by the

+
A1?®" 1ocated rather loosely in its octahedral position, situated



directly below (or above) the OH. 1In hydrargillite, the polarizing
+
effect of Al3 is thought to impose a charge distribution with

tetrahedral symmetry on the OH groups(3o).

In the CL,AHX structure,
this distortion of the electron shell of the outside OH ion continues
to exist, so that an angle of 580 to the normal of the inorganic
layer (~1/2 tetrahedron angle) scems not improbable for the start

of H binding.

The hydroxyl ions of the octahedron layer, on the other hand,
are svrrounded by 2 Ca2+ and 1 Al3+. As may be concluded from a
comparison of hydrarglllite and portland lattices, their polarization
ought to be weaker than that required for the outside OH. The
polarization vector originating at A13+ will prevail over the in-
fluence of the Ca2+, and also in the case where a tetrahedral
charge distribution in the OH is attained, the proton of which is

‘shifted a small angle away from the normal.

On the assumption that this angle is about 12° and that the
alcohols with Ceven form H bridges with the octahedral OH ions,
while those with C

odd

at an angle of 580, we get the arrangement according to Figure 10.

form H bridges with the outside OH groups

This shows the varlious positions and the polarization vectors of
octahedral and outside OH. Calculation with the experimental
basal spacings shows a difference of height of 0.7 R for the two

kinds of OH groups.

For the distance between the centres of two oppositely situated
0.2 8; two outside OH
groups are situated in planes that are 4.5 + 0.2 f apart. The

1+

OH dions in the octahedral layer we get 3.1

latter value can be used to verify the construction of the compound
CuAH7(dgey = 7.2 ﬂ) without water of crystallization. It is assumed
here that the outside OH groups of two sheets are disposed, as
already stated, vertically one above the other, and are 1linked by
hydroxyl binding (Figure 4). The intermolecular spacing OHHO,
according to Evans(33), is 2.7 8; 4.5 + 2.7 = 7.2 B = ¢ value of

the pseudocell of C4AH-.

The model deduced for the alcohol complexes with H binding
correctly reflects the observed differences of basal spacings for

successive alcohols and the absolute values of the basal spacing:.



To assume that the alcoholic hydroxyl groups must be linked to OH
groups of the inorganic layer that differ from each other in respect
to arrangement and state of polarization appears at first glance

to be stretching matters somewhat; however, in the explanation

to Figure 9 we showed that for binding to equivalent inorganic OH
groups we get uniform basal increases with increasing C number,

and the alcohols opposite the CHj3; groups in end positicon must then
take on two different arrangements in relation to the axis of

inclination for Ceven and Codd respectively. The first i1s in-

compalible with the measured basal increases, the second is improbable.

The angle of inclination, which must be approximately equal for
Ceven and COdd (Figure 7), is determined by the pag?%?g arrangement
of parallel alcohol molecules. Brindley and Moll , following
the lead of Kitaigorodskii(36), considered the shearing of close-
packed aliphatic chains in the direction of the chain axis. The
discrete shear values are the result of CH; spheres dropping into
CH, sphere vacancies in neighboring chains. Angles of 900..73.M0..
59.1O are obtained between the axis of the chalns and the surface
on which the chains rest, depending on the amount of shear. The
angle of inclination 670 for the alcohol complexes C; to Cg is
close to the packing angle 73.40. If the packing parallel to the
chain axis 1s the same for all*® alcohols, it may be expected that
the arrangement of the CHj3 groups in end position will not change
in relation to the axis of inclination from one homolog to the

next without a compelling reason.

Benzyl alcohol, the ChAHx complex of which also gives a sharp
x-ray diagram with enhanced odd 001 reflections, 1s cited in Table II
as an example of the aromatic alcohols. This alcohol fits logically
into the configuration model, Figure 9.

(34)

Emerson constructed a model for H binding of alcohols
which are disposed with the carbon chains parallel to the inorganic
layers for montmorillonite/alcohol complexes. Similar flat sheet
arrangements can aiso be postulated for the C.,AHX complexes with
i-propanol (deo; = 10.7 R) and i-amyl alcohol (dpe; = 10.6 8).

* With the exception of n-nonanol and n-decanol, which are
incorporated at a steeper angle of inclination.



According to Table I1, a total of four different CuAHX
methonol complexes were found with dger = 12.9, 14.4, 13.9% and
10.8 R. [t i assumed that double methanol shects are present Lo
the complexes with 12.9 and 14.4 R. of the 10.8 R complex it was
shown qualitatively that 1t contains less methanol and probably
constitutes a single-sheet arrangement. The 13.8 2 complex has

not yet been clarified.

Montmorillonite Complexes with Monovalent Alcohols

Alcohol complexes of montmorillonite were investigated by

Hofmann, Endell and Wilm(37), (38)
(41) (34)

Greene-Kelley , Emerson
The results, essentially, are as follows.

) Barshad<39), Glaeser<uo),

(h2)

, Brindley and Hoffmann , and

MacEwan

(h3)

Alcohols C; to C;¢ form flat sheet arrangements (basal spacing

Brindley and Raj}

13 - 14.5 8). The alcohols Ci1,2,4, When present in excess can
also build up flat double sheets (basal spacing 17 R). For
complexes of the alcohols Cg and C;¢ Barshad found basal values

of 34.4 and 36.8 & respectively, which can only be explained by
the presence of steep double chains, as already deduced for CL,AHX
alcohol complexes. Brindley and Ray studied this phenomenon closely
and established a total of four different kinds of complex forma-
tion: 1. Flat single sheets for alcohols C, to C;s (13 - 14 ﬂ);
2. TFlat double sheets for alcohols C, to Cg (17 - 18 8); 3. At
temperatures above the melting points of the alcohols Cg¢ to Cis,

an arrangement of alcohol double chains at a steep angle in
relation to the montmorillonite sheet; 4. At temperatures below
the melting point for alcohols Cip to Cys a similar arrangement

to 3, but with still larger basal values. The angle of inclination
is 38° (case 3) or 77° (case U4). Brindley and Ray assumed H
binding for the contact between the alcoholic hydroxyl and the
oxygen of the silicate sheets. The alcohols with Codd were not
included in the investigation.. Figure 11 shows Brindley's results
on Ca montmorillonite in comparison with the alcohol complexes of
CQAHX. At room temperature, conforming alcohol complexes are

formed in the case of CHAHX only up to alcohol C,p, and for



montmorillonite only starting from alcohol C,;, (heavy solid curve).
The following conclusion may be drawn: for montmorillonite, a
stecep alcohol double chain probably represents the less favourable
special case of incorporation from thce standpoint of energy. In
the normal case, the alcohol molecules are sorbed in the form of
flat single sheets, or in the case of a few short-chain alcohols,
also in the form of double sheets,.

For the C;,AHX lattice, however, the steep arrangement is
preferred, probably on account of the stronger complex formations;
flat sheets are formed only under unfavourable space conditions

(secondary or tertiary alcohols) or if the alcohol concentration
is too small to construct steep layers.

Alcohol sorption has been chosen as an example, in order to
show how the possible configuration and binding conditions of CL.AHX
complexes can be discussed. In what follows, this broader form
of representation gives way to a review of wvarious other CL.AHX
complexes, restricting the discussion essentially to the classes

of organic compounds which form homologous series.

5. Complexes with Polyvalent Alcohols, Sugars

and Hydroxy Acids

Figure 12 shows the basal spacings of the CqAHx complexes
with the diols HO—(CHz)n—OH; n =2 to 6. The trivalent alcohol,
glycerine, was also included in this series. The x-ray diagrams
show manyilines. In addition to the sharp, strong reflections
of a 001 series (solid curve), sometimes several (001 series of
lower intensity also appear side by side. The complexes were
x-rayed after different times (numbers in Figure 12 = days). The
complexes showing strong x-ray intensities represent double flat
sheets, while some of the lower basal spacings correspond to flat,
single sheet arrangements.

Sugar alcohols such as mannitol, sorbitol, etc., a number of mono-

and disaccharides, sugar-like substances, such as vitamin C, and
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hydroxy acids were converted in the form of saturated agueous
solutions with CQAHX. In all cases colloidal solutions developed.
Mucilagenous solids were obtained only after adding excess CqAHX,

but these were amorphous to x-rays. Sorption complexes with

sharply defined x-ray diagrams could only be obtained by careful
apportioning of the organic compounds. This is demonstrated in
Figure 13 on the example of lactose, which is disposed with the

plane of its two pyran rings parallel to the CqAHX sheets: at the
concentration of 0.2 mol lactose/CuAHX the formation of the lactose
complex can be recognized only from the weak, broadened reflections
(doo: = 14.4 R). The main product is CyA-19-hydrate (doo: = 10.6 ).
With increasing doses of lactose, the reflections of the 14.4 R
complex increase and become sharper, while that of the 19-hydrate
decreases. Saturation is apparently attained at 1 mol lactose/CuAHX.
Further additions of lactose enhance the dispersity; the reflections
are weakened, and at 4 mol lactose/CqAHX only about 2% solid substance
relative to the initial CQAHX could be filtered out.

6. Complexes with Mercaptans

The mercaptans CnH2n+1SH are related to the alcohols CnH2n+1OH,
buft differ from them in two properties which must have an interesting
effect on the formation of sorption complexes: 1. Unlike the alcohols,
the mercaptans are not assoclated (c¢f. boiling point!). There is
no formation of H bridges, because the electronegativity of sulphur
(proportional index 2.5 according to(qu)) is much smaller than that
of oxygen (3.5). 2. Unlike the alcohols, the mercaptans give an

acid reaction.

The formation of complexes with CuAHX takes place more quickly
than with the alcohols and extends at least up to the mercaptan Cis.
The thermostability of the complexeés with mercaptans is greater
than that of alcohols. Figure 14 shows the change in basal spacing
with C number. The curve of the 001 series with great intensity
(——) makes a straight line, in contrast to the zigzag curve of

the alcohol complexes, which is drawn in for comparison (***°***).
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Among, the mercaptan complexes there are two further 001 series

with weak intensities (*— —), approximately parallel to the main
curve between C, to Cs. For the complexes of the principal curve

it is assumed that the mercaptan molecules form double chains

with an angle of inclination of about MOO, up to mercaptan Cg.

The stretched hexadecanthiol molecule (C,g) is 24 R long. The

basal spacing of the corresponding mercaptan complex is only 29.5 R.
From this 1t may be concluded that the molecules of the mercaptan
Cis are arranged "head-to-foot", i.e., their thickness is equal

to the length of about one molecule, and they rise steeply between
the CL.AHx sheets. This view is supported by the sorption isotherms,
Figure 15: with increasing amounts of octyl mercaptan the reflections
of free, CqAHX, starting from 4 mol Cg, vaniﬁq;@Dsignifies
saturation. With mercaptan Ci¢, the pointcg)is reached already

at 2 mol C,¢ * SH/CQAHX. [The basal values of the main series of
the 001 reflections, of course, are much higher here (31.9 ﬁ)

than in the region of mercaptans supersaturation (29.5 R). This
dependence of the basal spacing on the concentration of sorbed
substance has since been observed in other determinations of the
sorption capacity; 1t is not discussed further here.] 1In the

CL,AHx lattice, the area of a molecule of 4 Ca0 < Al,03 * water

is about 56 R2. An extended alkyl chain, according to Weiss(g),

has a diameter of about 21 R2. 1In the "head-to-foot" arrangement
(hexadecanthiocl) only two molecules of mercaptans are sorbed, but

on incorporation of double chains four molecules of mercaptans
CB/CL,AHx are sorbed.

7. Complexes with Amines

In connectlon with clay minerals, the sorption complexes of
the amines, and especilally the amine cations R +« NHi3+, have attracted
a great deal of attention. According to Jordan(MS), amines
C, to C,y form a flat.single sheet while amines C;;, to C g form
flat double sheets. Weiss(?2"0)

ammonium ions in which the organic chains are disposed in "head-

has produced complexes with alkyl

to-foot" arrangement between the silicate layers. The angle of



inclination depends on the lenpth of the alkyl chain and the layer
charge. The high binding strength of these substances 1s due to
the fact that the alkyl ammonium lons take over the function of
the gegenions which are interchangeable with them, and furthermore

are bound by H bonds to the oxygen of the tetrahedron layer.

The neutral layers of CqAHX, of course, can sorb only the
amine bases R <« NH;; the electrostatic binding component disappears
here. Figure 16 shows the increase of basal spacing of CuAHX/amine
complexes with increasing ¢ number. From amine Cj3 on, the curve
takes a zlgzag shape, although not as pronounced a one as that for
the monovalent alcohols. The amines form double chains with an

angle of inclination close to 900.

The x-ray diagrams of the CL.AHX complexes a-, w-diamines
HZN-(CHz)n—NHz have complex constructions; some of the reflections
are widened. The basal spacings can be explained with flat single
or double sheet arrangements, and from n = 5 on the diamines have
steep slopes and adhere each with a NH; group to the oppositely
situated CL.AHX sheets.

8. The Influence of the Dielectric Constant on

the PFormation of the Complex

In the case of intercrystalline absorption of organic compounds
by montmorillonites, the dielectric constant plays an important
(59)
(38)

part. Substances with high dielectric constants, e.g., nitro-methane
or acetonitrile(sg), form complex arrangements with three flat sheets
one above the other. On the other hand, these substances are not
sorbed interlamellarly. This behaviour can be ascribed to the
differences of electrical field in charged lattices (montmorillonite)

and uncharged lattices (CqAHX).

9. Complexes with Aldehydes

With the aldehydes we leave the group of complexes in which

only Van der Waals contact or H bridges can be held responsible for
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Lthe binding between the inorranic and orpanic components. For,
the addition of aldehydes to C..AHX is assocliated with a strong
thermal effect. The chemical reaction that takes place here is
not yet clear. It is possible to imagine a process similar to

what takes places in the semi-acetals and acetals:

@ ,H H
R,—C<.\e 4 H=O—R——R,—CZO—R
9/ OH

Aldehyde Aleohol Semiacetal

//()-——l{
HO — R [Ht
i_L___[_JR,_CH + H,0
O—R

Acctal

The semi-acetals, however, are instable and the acetals form

only under acid catalysis. On the other hand, the reaction

® oH H
c13-c—c<\@ +HOH—~Cl, - C—C¢Z on
9/ OH
Chloral Chloral hydrate

takes place with strong thermal effect, and chloral hydrate is a
stable substance (F = 51.60). Other stable aldehyde hydrates are
also known. In the Cx.AHX complexes, therefore, we assume a re-

action according to the following scheme

& ,H u H T
1(—-(:<\+H()-.:E R—cLo =],
Qe J Non |

which probably leads to homopolar complex formation.



Figure 17 shows the change of basal spacing with C number of
tne aldehydes in the CqAHX complexes. From Cs on, the x-ray dlagrams
show two 001 scriecs of different intensitlies. The aldehyde complexoe:s
are thus described by two families of curves, of which the one with
the greater basal spacings makes the smaller contribution to the
complex formation. Aldehyde C, produces only one complex on the
curve of lower basal spacings. Aldehyde Cs forms primarily a
complex with dgor = 23.7 R, which after two days changes into the
20.0 R complex.

10. Complexes with Carboxylic Acids

If the carboxylic acid is added to a suspension of CHAHX in
ether cooled to OOC, a violent reaction takes place, the ether
partially evaporates and the product solidifies thixotropically.

If we assume that the CL.AHX lattice is destroyed by this reaction
and calcium soaps (R * C00), + Ca are formed, then the product

would have to be B8R + COOH/4Ca0 + Al,03 * water. The sorption
isotherms, Figure 18, each of which shows a representative of the
fatty acids, dicarboxylic acids and phenyl carboxylic acids, make
it clear, however, that only four COOH groups are sorbed per mol
CuAHX (:)signifies saturation, disappearance of free CqAHX).
However, when CqAHX/benzene suspensions are titrated with 0.01 n
H,S04 or HCl, we get the known compounds of 3 Ca0 + Al;03 + CaSO4 -
water, or 3 Ca0 +« Al,03 < CaCl, ° water (cf. Chapter 3), in which
there is one S0%2~ or 2 Cl  per one CHAHX. The latter case signifies
the substitution in C.,AHX of other inorganic anions for the ocutside
OH. In the carboxylic acids, with double the sorption rate of the
inorganic acids, the sorption is no longer determined (solely) by
the available outside OH, but also by the area occupied by the
organic molecules and their orientation relative to the CL,AHX layers.
According to what has already been stated in connection with the
mercaptans, the CuAHx lattice can sorb four organic molecules/CuAHX
"molecule”™ in the case of a steeply sloped sheet, but only half

of this quantity in the case of a single sheet of steeply sloped

organic molecules. The former applies also to the reactilions with



R « COOH (fatty and phenyl carboxylic acids), and the latter for
dicarboxylic acids HOOC - (CHz)n + COOQH.

Figures 19, 20, 21, in which the basal spacings of the complexes
are again plotted against the C number of the acids, confirm this
assumption. The basal values in Figures 19, 20 (from Figure 19
we shall here consider only the family of broken line curves be-
tween the triangles) indicate a steeply sloped double chain of
acid molecules. The intensities of the uneven 001 reflections
are increased. For the dicarboxylic acids HOOC - (CHZ)n + COOH,
however, only one extended acid molecule 1in each case is at a
steep angle between C;,AHX sheets fromn = 3 on. As exceptions,
the dicarboxylic acids with n = 1.2 form flat single layer arrange-

ments.

It is assumed that the acids react primarily with the basic
hydroxyl groups of the CL,AHX lattice and are bound in homopolar

fashion in the complexes. Schematically:

o) y / 2
R—c?Z + HO-| & R—C—O-|%| +H,0, or
Nou 3 3 :
: J. $)
o O

AH,

|

o

R \ I
[f]-«h_c_4mb%—4>—o_[
01

C4

These "esters" have not been successfully saponified with soda
lye; this is understandable, since Na and Ca salts of the car-
boxylic acids CL.AHX also form complexes with the same basal

spacings as in the reaction with the pure acids.
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11. Alkylation of Tetracalclum Aluminate Hydrate

The discussion of homopolar binding between organic host
lattices and organic sorbates 1s one of the most attractive
and at the same time one of the most controversial areas of clay
chemistry. Berger(u7)
Gieseking(HB) converted 1t with acetyl chloride, Deuel et al.
prepared the derivatives of benéoyl, mustard gas, epoxide, ethyl and
phenyl, and also "montmorillonite chloride" (via SOCl;) and Mukerjee(5l)

methylated montmorillonite with diazomethane,

(49,50)

prepared palmityl and cetyl montmorillonites. We leave open the
question of whether and in which of these reactions homopolar com-
plexes were actually produced, and merely mention here a few of the

(5)

Schwarz and Hennicke

Brown, Greene-Kelley and Norrish(52),

(54).

critics of this view: Jasmund
Greenland and Russell(53),
Corresponding reactions with CqAHx have been investigated and
can be summarized as follows: epoxides do not appear to react,
acid chlorides and thionyl chlorides convert CqAHX into Friedel's
salt. Diazomethane is converted only with aclid OH groups and is
therefore ineffective. On the other hand, alkylation of the basic
OH groups of CqAHx with dimethyl and diethyl sulphate in soda lye
were successful. Figure 22 shows the possible construction of
methyl and ethyl CqAHx compared with the corresponding sorption
complexes with methanol and ethanol. The OH groups are shown
hatched. Of the four volatile methanol complexes, only the 14.4 it
form is given in the figure. The alkylated CqAHx compounds are
thermally very stable. From these compounds it is possible to
produce sorption complexes with a wide variety of organic substances.
The effect of water on the alkyl complexes is dealt with in the

discussion of Figure 29.

12. Mixed Incorporation, Complexes with two

and three Kinds of Molecules

In Figure 23, the x-ray dlagrams of the CqAHx complexes of
hexyl amlne, phenyl butyric acid and 1:1 mixture of these substances



|
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are compared. By themselves, hexyl amine and phenyl butyric acid
form, as already reported, arrangements with steeply inclined

double chains. The reflections of the binary complex are between
those of the homogeneous incorporations. In Figure 24 the CQAHX/
amines already dealt with are plotted alongside the complexes

which are formed in the reaction of 1:1 methanol-amine mixtures
with CuAHX. The examples of Figures 23 and 24 are explained by

the fact that double chalins of two molecules, one behind the other,
of both organic substances participating in the sorption are

present in each of the complexes. Thus, the sequence..CqAHX layer..
methanol..amine..CqAHX layer applies to the mixed complex. Mixtures
of methanol with the long-chain monovalent alcohol are represented
in Figure 25. The mixed complex results in two series of 001
reflections which differ definitely from those of the pure alcohols
(--). It is evident that long-chain compounds which in pure form
do not penetrate into CuAHx lattice can nevertheless be sorbed

when mixed with a short-chaln substance. The same effect is evident
in Figure 24, i.e., in the mixtures of methanol and fatty acids,
Figure 19. Even non-polar organic molecules such as n-hexane or
substances such as nitro-benzene and the like that do not react
otherwise, can be incorporated and mixed with easily sorbed sub-
stances. Mlxed complexes involving a long-chain and various
short-chain aldehydes are represented in Figure 26 and compared
with the curve of pure aldehydes (--).

Ternary sorption, i.e., where three organic substances are
involved, is a complicated process. Figure 27 shows the processes
in CuAHx complexes consisting of benzoic acid, benzene, and the
fatty acids CnH2n+1 + COOH as variable components with n = 8 to
20. The arrows show the directlion of changes of individual (€01
series 1iIn the repetition of the x-ray diagrams. A constant 001
series with dgo1 ~ 14 R is present in all pictures. While
irradiation causes evaporation of the liquid benzene¥*, the basal
spacings of the ternary complexes (upper broken curve) are found
at the level of the middle broken curve. Proof that this shrinking
of the lattice is due to the escape of benzene is found in the

¥ even though the tests were carried out in a benzene-saturated

atmosphere in the climate-controlied X-ray chamber.
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fact that the basal spacings again acquired a higher value when
the substances were moistened once more with benzene. The other
proof that two different acids participate in the complexes 1is
obtained from the comparison of the complexes with pure fatty
acids (thin broken curve). Similar observations can also be made
on quaternary complexes of CuAHx, benzene, lauric acid and various
phenyl carboxylic acids in Figure 27.

13. Rehydration and Dehydration of Tetracalcium

Aluminate Hydrate Complexes

Van Olphen and Deeds(55)

investigated the step-by-step hydration
of a-picoline and pyridine bentonites and discovered a series of

hydrates for both clay organic compounds.

Many of the C;,AHX complexes were also systematically pre-
treated at various relative humldities, as already described pre-
viously, in the form of pastes wetted by the organic sorbate, and
then x-rayed in the climate-controlled compartment under the same
conditions. The basal spacings of almost all CL.AHX complexes
change to a lesser degree between 0 and 100% relative humidity.

It is assumed that the effect of water from sorption complexes

is associated 1n particular with the following processes: 1. Some
organic compounds are partially or fully substituted by the water

and expelled from the lattice. 2. Nelighbouring water molecules
sometimes influence the binding of the organic molecules to the
hydroxyl layer. 3. At high moisture contents, certain organic
molecules are bound to hydrate water molecules, and after evaporation
of this water they drop into the sheet of inorganic hydroxyl ions.

4, Water molecules may "wedge'" themselves between the organic

molecules.

Figure 28 shows x-ray diagrams of the C;.AHX phenyl acetic
acid complex: (a) wet with benzene in a benzene atmosphere;
(b) dried over P,0s5; (c) rehydﬁated at 100% relative humidity.
In Figure 29 are shown the x-ray diagrams of methyl alkylated CuAHX:
(a) over 100% relative humidity; (b) after drying over P.0s; and
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(¢c) after rehydration over water. The methanol complex of CyAH_,
unlike the methyl group with homopolar binding, is already destroyed
at 100% relative humidity and is converted into the C4,A-19 hydrates.

Figure 30 shows a survey of the behaviocur of four different
sorption complexes: (a) with hexyl amine (double chain, H binding?);
(b) ethylene glycol (flat double sheet arrangement, H binding);

(c) butyraldehyde (double chain, homopolar binding component) and
azelaic acid HOOC + (CH,)7 * COOH (steeply inclined molecules

which are linked primarily to two opposite CqAHX layers). These
complexes were XxX-rayed between =20 to +IOOOC, once over P.0s,

then over 100% relative humidity. The basal spacing of hexyl amine
Cl,AHx over 100% relative humidity is greater than over P,0s. The
same applies to butyraldehyde, although the effect is less marked.
The complexes with loose binding over 100% relative humidity are
destroyed at a lower temperature than the complexes with homopolar
binding (butyraldehyde, azelaic acid). Over P,0s5 even the complexes
with hexyl amine and ethylene glycol remain stable up to high
temperatures. In the amine, the aldehyde, and the acid one curve
in each case shows a weak bend suggesting reorientation of the
organic molecules. In the case of the glycol over P,0s from 70O on
a complex is formed with the extremely low basal spacing of 8.8 R
(single sheet arrangement), which increases with increasing temp-
erature at the expense of the 13 it complex. The significance of
the sharp single reflection of azelaic acids/100% relative humidity
which possesses no high orders and which deteriorates and widens
progressively with increasing temperature, is unclarified.
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Table I

Substances showing interlémellar sorption

Charge .
Substance on Layer Complexing Substances Inveatigator(s)
(1) Clay Minerals
Montmorillonite, eto. - Cations, neutral molecules | Numerous
Vormiculite - Cations, neutral molecules | Barshad, Walker, eto.
Halloysite Oor + | Neutral molecules, salts MaoEwan; Henin, eto.;
Walker
(2) Other Minerals ‘
Mican - Cations, neutral mole- Hofmann, ete.
oules (1)
U-micas, ete. - Cations, neutral molecules | Hofmann, eto.
Tobermorito eto. ? ?
(8) Chemical Preci-
pilatea, elc.
Qraphitie neid - Catione, nentral molooules | Hofmann, oto.; MacEwan,
oto,
Gypsum (ppt.) 1 Noutral molooules (1) Cano and MasEwan
Complex oyanides of 0 Noutral molcoulos Woias
Fott, Co?*, ete.
a-hydroxides of Zn?, + Anionio dyestuffa, noutral | Talibudoeen, ete.
ote, moleoules
Table 1T

The basal spacings of alcohol - Cl.AH.X complexes

Alcohol Formula Dasal epacing Difference
(A) A

Methanol® CH,+* Ol 1290 __ _________23
ethanol CH, - CH, - OH 1572_ """ """ 17
nepropyl alcnhol CH,+ (Cily), - OH 740" """ 77" Y
n-butyl aleohol CH, * (Ctly), - OH 2020__ ________1is
n-amyl alcohol CH, * (Ci1y), + OH 20 """"" """,
n-hexyl alenhol CH, * (CHy), * O 2*“-----------13
nheptyl alkcohol CH, *(Oll,),* OH 26,56 ___ a2
n-octy} alcohol "CH,*(CH,),* OH 228 ___ 7
n-nonyl dlcehol CH, * (CH,),* OH L LN 4 .
n-decyl alcohol®®) CH,* (CHy),* OH 36,19
benzy! skohol - (CHy)* OH 20,60
i-propyl. alcohol H,* CH - OH 10,68

Cil,
amyl. alcohol CH,« CH + (CH,),* OH 10,6 > 208

Cil,

¥) Other methanol/CqAHx complexes: dee1 = 14.4;

13.8 and 10.8 R.

#¥%#) Ajcohols Cj;1 to C,o are no longer subject to
lamellar sorption in solutions with ether or

inter-
acetone
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Table ITII

Intra- and intermolecular spacing

Intramolecular: r = 1.40 R; r, = 1.20 R
C - C = 1.54 8 all bond angles are 109.5°
cC -0 = 1.43 R angle of inclination of carbon chain -~ 67°
C-H = 1.08 R

Changes of basal spacing of the complex:

Intermolecular:
HsC...CHs = 3.5 g from Cyyen £0 Cogq = 1-77 i o mable 11
O - H...0 = 2.6 from C_yq t0 Coien = 2-7s i
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Fig. 1

A. Climate-controlled x-ray chamber
X-ray chamber for suspensions

C. Arrangement of "wick preparation
support" for the climate controlled
chamber
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(a) Octahedron sheet Ca,Al1(OH)®;

(b) "Outer OH" (hatched), ordered,
or distributed statistically
over both sides of the octahedron

sheet
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= 12H,0

Fig. &

Possible configuration of hydrate stages of C:.AHx
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CqAHX complexes with i-propanol (a),
i-amyl alcohol (b), and n-amyl alcohol (c).
Unconverted TCAH with 7.9 R

1298 798
G
O —
(@]
[el el
o8
12,9728 o 40—37,9/28
12,9/3R g E
<
\_
2 8 4 ?Eafé; 1 8 4
hhndbowues R TFETEELATT 0
Constant Time (min.)

Fig. ©

Rate of sorption of methanol in TCAH
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CL,AHx complexes of n-alcohols

e
f T e,
L oo

//} Constant density
[ITTTTT =

Fig. 8

Density distribution in crystalline
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Alcohol molecules between CqAHx layers (hatched).

a,b: bonds not taken into account;
c,d: models for H binding

Fig. 10

H binding of alcohol complexes; alcohols with Ceven to

octrahedral OH, with Codd to the outer OH of the TCAH layer
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Mont., v=0° ( "]

M $=00(flat single sheet)
. . . Alcohol C-Atom

2 4 6 & 10 12 % 16 18

Fig. 11

Comparison of alcohol complexes of CqAHX (circles)
and Ca montmorillonite(u3) (triangles).
Effective divergence AR of sheets by the alcohcl molecules,
AR = basal spacing of inorganic substance
(7.2 f for CHAHX’ cf. Figure 2 or 9.7 R for Ca montmorillonite(u3).
6 = angle of inclination of the alcohol molecules
m.p. = melting point of the alcohols
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C;.AHX complexes of multivalent alcohols
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Reaction of C.,AHX wilth lactose 1in water
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C..AHX complexes of mercaptan
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Sorption capacity of C4AH_ for octyl and
hexadecyl mercaptan. (:f= saturation
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CqAHX complexes of n-amines
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CuAHX complexes of aldehydes
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Sorption capacity of CHAHX for undecanocic
acld, sebacid acid and B-phenyl propionic acid.
C)= saturation
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CHAHX complexes of the fatty acids
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CuAHX complexes of the a,w dicarboxylic acids

doo

(R)

204

{O)-(CH2)nCOOH

154

104

: n
0 1 2 3
Fig. 21

CuAHX complexes of the phenyl carboxylic acids
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Fig. 22
Arrangement of molecules in methylated

and ethylated C4AH_ compared with the
methanol and ethandl complexes of CuAHX
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Fig. 23

Sorption of an amine (a), a carbosylic acid
(¢) and a 1:1 mixture of both (b) in CuAHX
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Sorption of long-chain alcohols mixed with methanol in C4AH
compared with the complexes of unmixed alcohols {(dashed 1i%e)
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Sorption of a long-chain aldehyde
mixed with various short-chain aldehydes,

compared with the C4AH_ complexes

of unmixed aldehydes (éashed curve )
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Phenyl acetic acid complex of CL.AHX
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Methylated C;.AHX between 0 and 100% relative humidity
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complex of n-hexyl amine,
ethylene glycol, n—bu%yraldehyde and azelaic acid
at 0 and 100% relative humidity in the temperature range

-20 to 100°¢




