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THE NATURE OF BONDING CF SOLUTES‘ON MONTMORILLONITE /}-
SURFACES

by KENNETH SHYAN-ELL SU
(Under the supervision of Associate Professor
Jens Thurg Carstensen)

Adsorption of drugs on solids is an important subject
in the pharmaceutical areas both as a technique (taste
masking, stability) and a phenomenon (physiological
availability, compreséion characteristics). In the
capacity of taste masking, it is unusual that several very
bitter substances can be rendered practically tasteless
and yet remain biologicélly available upon oral ingestion.
It appears that the bonding force is sufficiently strong
and of such a nature that taste is masked; nevertheless
desorption takes place in the stomach.

The study reported here deals with the possible nature
of bonding in such adsorbates. Montmorillonite is a layer
like aluminum magnesium silicate allowing ion or molecule
attachment either by surface, edge or intercalation
adsorption, Preliminary investigations along this line
have shown that benzoic acid is adsorbed from anhydrous
solvents onto montmorillonite surface (and does not
penetrate the crystal lattice of the clay); it was found
that the number of éites on the surface for such adsorption
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was of the order lO19 ~ 10 per gm of montmorillonite.



With this knowledge it is possible to further study the
nature of the interaction. In order not to confound the
overall approach, substances have been selected which are
not ionized in aqueous (or other) solutions, so that the
adsorption will not be possible via ion exchange.
Isotherms of diazepam in several sclvents and isotherms
of a series of benzodiazepine derivatives in one solvent
were conducted and Langmuir isotherms prevailed for
solvents with dielectric constants of less than 20. It
has shown that the number of sites on the surface are of

comparable magnitude (of the order of 1019 sites per gram)

~with results from B.E.T. measurements. Adsorption

isotherms were also determined from solvents with
dielectric consfants higher than 25. Linear isotherms
are, here, achieved when adjustment for solvent intercala-
tion is made.

At an early point in the investigation, it becéme
clear that the adsorption from anhydrous solvents was the
stronger the smaller the dielectric constant. The higher
the dielectric constant of a solvent the larger the extent
of its intercalation. The general trend, therefore, is
indicative of forces of electrical nature being of
significance, the dielectric constant being one of the
main parameters. The benzodiazepine derivatives under
investigation possess dipole moments, and if the forces

involved in the adsorption are electrical forces between



surface ions and the solute dipoles, then the forces can
be formulated mathematically and the pertinent relations
can be tested experimentally in a systematic fashion.
Consistent values have been arrived at by two
different procedures with respect to the types of
isotherms and the equilibrium value at infinite dielectric
constant. A consistent relation has been found between
dipole moment and equilibrium distance. All these facts
are based on a model wheféby the solute molecule, which is
not ionized, but which possess a dipole moment, is bouﬁd
to the surface oxygen ions by an ion dipole interaction,
and it seems reasonable to bostulate that the data support

such a model.
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Table IV-—Value of 4,, 4s, w;, and w; as a Function of Viscosity and Tube Diameter

Glycerin, Viscosity, Radius, Ay, cm. w1, hr.=1 A, cm. wy, hr.71

T Vv poises cm. =107 +10% 6% 7

0 0.0089 123 4.9 0.42 24.1 0.0276

0 — 1.86 10.3 0.38 16.0 0.0260

0 — 2.30 10.2 0.29 18.7 0.0242

0 - 2071 822 0.13 20.0 0.0229

5 0.0105 1523 6.0 0.41 3112 0.0248

5 — 1.86 9.3 0.38 31.3 0.0230

5 — 2.30 10.0 0.31 20.5 0.0220

5 — 2L 9.8 0.29 18.6 0.0202

10 0.0120 1823 Thsll 0.38 41.0 0.0216

10 - 1.86 9.6 0.30 19.3 0.0197

10 — 2530 8.6 0.33 17.4 0.0190

10 - 250, 8.8 0.15 20.0 0.0175

Table V—Slopes and Intercepts from Figs. 6 and 7

Slope Slope
' (£/2.3), (1/2.3),

Line Fig cps. ™2 cm.~1! Intercept log [6/1]
Ri=11.23"cm. 7 —0.36 0.77 0.84-2¢
IRE= 8 86icm: 7/ —0.40 0.78 0.88-2¢
R = 2.30 cm, 7 —0.35 0.70 0.82-2¢2
=271 cm, 7] —0.39 0.71 0.86-2¢
7 = 0.89 eps. 6 —0.054 0r 3 0.88-2°
n = 1.05 cps. 6 —0.057 0.46 0.85-2¢
7 = 1.20°Cps. 6 —0.057 0.40 0.84-2°

o Based on an average value of u/2.3 =
W

two figures show acceptably good agreement, especially considering

that they have been obtained from extrapolated figures (intercepts).

This fact in combination with the linearity of the plots in Figs. 6
and 7, the closeness of the values of the slopes, and the ad-
herence of all the data to an equation of the type of Eq. 8 lends
credence to the views presented here.

It should be mentioned, qualitatively, that increasing concentra-
tions tend to decrease (or mask) the values of A4, and that this
parameter eventually is of such small magnitude that it can no
longer be detected within experimental error. In the same vein,
H, becomes larger with increasing solids content and, eventually,
at a critical concentration the initial constant-density plug phase
will disappear, and at a second critical concentration, the A;-term
will disappear. The entire sedimentation pattern will then be a
simple logarithmic decay curve. The critical concentration for
kaolin in 10% v/v glycerin in a tube of 2.5-cm. i.d. is 8-10 w/v
percent. Data of this nature have been reported occasionally in
literature in the past, the data by Haines and Martin (6) being a
notable example.

The final height, H,, as reported here, may still be subject to some
decrease by consolidation processes such as described by Ratcliff
(23, 24). This phase has not been a subject of this investigation.

SUMMARY

The sedimentation of flocculated suspensions takes place in suc-
cessive stages; the sedimentation phase following the initial phase
has been studied and found, based on consideration of the forces in-
volved, to be confined to follow the following equation: [x— H,] =
Aie— 1™ + Aye—«:7, Experimental data have supported the presented

=
ES

Figure 7—Plot of the logarithm of
the smaller characteristic root, w,,
as a function of viscosity. Key: O,
2.46-cm. id. tube; ®, 3.72-cm. i.d.
tube; @, 4.60-cm id. tube; and O,
5.54-cm. i.d. tube.

2+ LOG w2
o
w

8:8-" 1.0 1.1
VISCOSITY, cps.

0.055. » Based on an average value of ¢/2.3 = 0.37.

concepts and suggest that the frictional term in the equation of
motion is of the form B(n,R) = I'-erRefn,

NOMENCLATURE
A, Ay, A,
Ai’, Ay’ = preexponential factors in descent of sedimentation

boundary

B(n,R) = viscosity dependent component of frictional force

@% = preexponential factor for radial dependence of wy

g = gravitational acceleration

H, = critical height

M = mass of sediment

r = radius of floc

R = radius of tube

t = time measured from start of sedimentation

1y = critical time

x = height of sedimentation boundary above bottom of
tube

y = distance of sedimentation boundary from critical
height (= Hy, — x/2)

Yo,y = y-value at infinite time (= H, — H,/2)

Y(R) = viscosity independent component of frictional force

0o = density of fluid

p = density of suspended solid

T = time measured from critical time (=7—t,)

i = exponential factor to radial dependence of w,

T = preexponential factor to radial dependence of w.

0 = dimensional factor in electrical repulsion term

& = exponential factor to viscosity dependence of w.

w, w1, ws = exponential decay constants in descent of sedimenta-

tion boundary
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Sedimentation Kinetics of Flocc_:ulated Suspensions I:

Initial Sedimentation Region

J. THUR® CARSTENSEN* and KENNETH S. E. SU

Abstract [] Depending on the concentration of a suspension, it will
exhibit one of three sedimentation patterns pertaining to low, inter-
mediate, and high concentrations of solids, respectively. Of these,
only the dilute region has been thoroughly investigated in the past
from a theoretical and experimental standpoint. Pharmaceutical
suspensions are mostly of the intermediate type. It is shown here
that if the models by Kynch, Michaels, and Bolger pertain, and if
the sedimented cake experiences an exponential compaction from
the onset, experimental data are consistent with theory and lead to
the relation: x = x, exp [—k7] + C-[1 — exp (—kn)]-exp [—wi],
where k is a sedimentation rate constant pertaining to a constant
density plug, and » is a sedimentation rate constant pertaining to
the cake. It has also been found that, empirically, the sedimentation
heights in the initial stage may be presented by the relation: [x;> —
x?] = Bt, where x denotes height, and ¢ time.

Keyphrases [ ] Sedimentation kinetics—flocculated suspensions []
Kinetic equations—suspension sedimentation [] Suspensions,
flocculated—sedimentation cakes [] Viscosity effect—suspension
cake concentrations

Stokes’s law has been kndown for over a century (1)
but, nevertheless, as pointed out by Kynch (2), a satis-
factory theory of sedimentation of multiparticle, coarse
suspensions has never been put forth. Although it
might appear that sedimentation should follow Stokes’s
law, Higuchi (3) and Hiestand (4) have shown that
both in peptlzed and flocculated systems such a simple
point of view is in agreement with neither theory nor
fact. In most of the investigations reported in the past,
attempts have been made to modify Stokes’s law in some
way (5-9) to account for sedimentation behaviors. The
more dilute a suspension is, the more closely should the
fall of each particle or floc adhere to Stokes’s law.
Pharmaceutical suspensions are, however, rarely very
dilute, and their behavior would not be expected to fall
in this category.

Michaels and Bolger (10) have reported a linear pat-
tern for sedimentation rates for dilute suspensions
(<1%). These authors, as well as Haines and Martin (7),
point to the fact that very concentrated suspensions
follow yet another pattern, a fact that will not be a point
of discussion here but will be reserved for a subsequent
study (11). Suspensions of “intermediate” concentra-
tion, however, have a downward curvature, i.e., the
sedimentation boundary moves downward with greater
and greater velocity until a certain critical height, H,, is
reached, at which time (7) the rate decreases abruptly.

Examples of this pattern may be found described
occasionally in pharmaceutical literature, the work by
Benedict ez al. (12) being an example. Pharmaceutical
suspensions are mostly of the intermediate type. They,
also, are of the floc-aggregate type described by Michaels
and Bolger (10), and the considerations in the following
apply to this type system.

Robinson (8) considered the sediment to be of uni-
formly increasing concentration during the descent of

666 [ ] Journal of Pharmaceutical Sciences

the boundary; Ward and Kammermeyer (9) showed
that the ensuing equations apply only to special systems.
Michaels and Bolger (10) and Gaudin and Fuerstenau
(13, 14) have, furthermore, demonstrated that the den-
sity of the sediment remains constant at and for some
(time-dependent) distance below the boundary, with a
cake of higher density building up at the bottom, and
that, therefore, the system is uniform at time zero only.
The terms cake and sediment will be used for these two
phases in the following. These views correlate with the
simplest of the models proposed by Kynch (2).

From a pharmaceutical point of view, it is important
to determine the pattern (and predict ultimate heights)
of suspension sedimentation. It is one of the objectives
of this communication to establish graphical means
of describing the descent of the sedimentation
boundary in the initial stage, i.e., prior to the critical
height, H,. Another objective is to attempt to correlate
the initial sedimentation pattern with existing views on
the sedimentation process and arrive at a general equa-
tion for the initial sedimentation of flocculated suspen-
sions in the intermediate concentration range.

EXPERIMENTAL

The system used here is the same as that employed by Michaels
and Bolger (10) except that concentrations are higher. At higher
concentrations, air entrapment might be a source of variation, and an
apparatus such as shown in Fig. 1 was used. Previous investigators
of dilute suspensions (8) have pointed out that initial turbulence was
a source of variation, without spelling out the extent of this varia-
tion. The method of providing a uniform starting suspension used
here was the same as that employed by Michaels and Bolger (10)
(turning the tube end-over-end 10 times). This, of course, causes in-
itial turbulence; the extent to which this affected results was gauged
by performing each experiment at least three times.

The size of aggregates is a dynamic property and forming the
aggregate under high shear (Waring blender) will not necessarily
give a representative floc-aggregate (10) in the sense that the size will
subsequently remain constant during settling. Some experiments
were, therefore, conducted by allowing a mildly agitated suspension
to equilibrate. The sedimentation experiment was repeated until the
curves were reproducible. This appeared to require about 24 hr.
Reproducible curves all show the convexity noted in the top curve
of Fig. 2. Where suspensions were made in a blender, they
were also checked on succesive days untﬂ the sedimentation rates
had changed to a constant value.

The general procedure used, then, was as follows: 25 g. of colloidal
kaolin NF! was rinsed with 500 ml. of water which had previously
been distilled over potassium permanganate. The volume was then
adjusted to 500 ml. and the suspension transferred to a tube of the
type shown in Fig. 1. The suspension was thoroughly deaerated by
applying aspirator vacuum to one of the outlets of the two-way
stopcock. The tube was occasionally turned end-over-end, and
finally after no more visible escape of air, the tube was turned end-
over-end 10 times, then opened to the atmosphere and placed
vertically; the movement of the interface was followed by use of a
high precision cathetometer? and an electric timer. After 24 hr., the

1 Merck and Co., Log No. 781603-62325, Rahway, N. J.
2 Gaertner Scientific Corp., Chicago, Ill.
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Nature of Bonding in Montmorillonite Adsorbates I:

Surface Adsorption

J. THURQ® CARSTENSEN* and KENNETH S. E. SU

Abstract [] It has been shown that organic solutes that do not
have groups which are cation exchangeable adsorb on the surface
of neutralized montmorillonite and do not (unlike several solvents
such as alkanols and water) penetrate to the interior of the crystal.
The number of available sites on the surface is of the order 10%-
10-? sites per m.? of surface area. The number of interior sites avail-
able is about 600 times as high. The fact that surface adsorption is
the process involved explains in part the fact that such adsorbates
are physiologically available when used in pharmaceutical prep-
arations.

Keyphrases [[] Montmorillonite adsorbates—bonding nature []
Bonding nature—montmorillonite adsorbates [J Benzoic acid
adsorption—montmorillonite [] Moisture isotherm—montmoril-
lonite [] Particle-size determination—montmorillonite

MacEwan (1) showed by X-ray studies that some
clays, including montmorillonite, have a micalike struc-
ture, being built up in layers; the interlaminar distance
is large, and layers are held together by second-order
forces. The interlaminag distance in montmorillonite
can vary from 10 to 20 A or even more, depending on
its water content. Bradley es al. (2) showed that these
water molecules form layers about 3 A thick, whereas
~ the Ehickness of the aluminum silicate framework is
9.6 A (3). The distance in dehydrated montmorillonite
can be more than 9.6 A, due to the presence of various
cations; according to Hendricks (4), these cations place
themselves in the same fashion as do the water mole-
cules. Mering (5) showed that the structure of mont-
morillonite (Fig. 1) is one of a repeating unit of [Al,—.-
Mg., Sii-,Al,, O,o(OH).] where (x + ) represent$ the
negative charge; this is compensated for by cations
which position themselves on the crystal surface and,
hence, are exchangable. In “neutralized” species?, this
cation is H+, :

MacEwan (1) pointed out that water can be replaced
by organic molecules. He showed that the number of
layers of organic solvent molecules present between
silicate layers is zero for heptane; one for heptanol,
ethylenediamine, and 1-propanol; two for'1,2-propane-
diol, ethanol, ethylene glycol, methanol, and acetone;
and three for acetonitrile. This type of work has been
extended and verified in many subsequent publications
(6-10). Studies of this type have most frequently been
conducted by exposing the montmorillonite to the
organic vapor and measuring the change in crystal
spacing.

MacEwan and Talib-Uddin (11), in the case of a-
zinc hydroxide, showed that the sodium salt of
1-hydroxy-2,4-dinitro-7-naphthalenesulfonic acid “ad-
sorbed” by placing itself in the interlaminar positions.
- Wai and Banker (12) showed that, for many organic

040H,— ©

(MgAl,— O 2 N e (m} =

040H, — ©

Sig—

Og ==

Figure 1—Structure of montmorillonite according to Mering (5).

compounds, adsorption on montmorillonite, which is
not neutralized, is one of ion exchange. Zentner (13)
showed that “neutralized” montmorillonite may be
employed to make adsorbates which serve the purpose
of taste-masking of bitter compounds. These adsor-
bates are physiologically available (14); it would, there-
fore, appear that they could not be too strongly ad-
sorbed (e.g., could not be chemisorbed).

In the case of protonized substituted amines (and
other protonized compounds), the adsorbates on neu-
tralized montmorillonite are presumably of an ion-
exchange nature. In the case of uncharged species,
however, this cannot be the process. From the descrip-
tion given, the adsorbates could be either a surface
adsorption or they could be brought about by an ad-
sorption of the type described for a-zinc hydroxide,
where the organic molecule actually penetrates the
crystal.

An investigation of the nature of the bonding in-
volved is presently being conducted by the authors.
This preliminary publication directs itself to the ques-
tion whether, in the case of neutralized montmoril-
lonite, solutes adsorb on the surface only or whether
adsorption in the interlaminar space is also taking place.

EXPERIMENTAL AND RESULTS

Mering (5) pointed out that treatment of montmorillonite with
mineral acids may give rise to structural changes of the surface.
Micronized neutralized montmorillonite? was, therefore, used as
received from the supplier; the entire study refers to one single
lot?, except where noted. Drying by heat also may cause structural
alterations (5), so the montmorillonite was dried by exposure (on a
vacuum rack with high vacuum capability) to less than 0.5-p .
pressure. After exposure for 7 days. the samples had equilibrium
pressures of less than | g Hg. Nevertheless, the samples contained
5.6% structural water, as determined by Karl Fischer titrations.

! Veegum Neutral, marketed by R. T. Vauderbilt Co., Inc., New
York, NY 10017

? Micronized Veegum Neutral, Type S-6814, Lot FX 329, marketed
by R. T. Vanderbilt Co., Inc., New York, NY 10017
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Figure 2—Benzoic acid isotherm Sfrom anhydrous isopropanol. Or-
dinate represents grams of montmorillonite per molecule of benzoic
acid, and abscissa is reciprocal molarity of benzoic acid. Key: O,
represents the procedure described in the text; ®, represents pre-

extracted montmorillonite (see text); and O, represents a log of

montmorillonite different from the lot used in the main portion of the
study. The equation for the line is: Ijn = [.67-10-2 + [8.31-
10-22/Cy).

"Benzoic acid isotherras were determined by dissolving a weighed
amount of benzoic acid in the appropriate solvent. An aliquot was
titrated with 0.02 ¥ NaOH; another aliquot was exposed to a
weighed amount of dried montmorillonite in a sealed conical
flask and shaken mechanically at«25° for 48 hr. The sample was
then centrifuged, and an aliquiot of the supernatant was titrated;
the amount adsorbed was determined by difference. A blank sample,
containing no benzoic acid, was prepared in a similar fashion and
showed zero titer.

Reciprocal plotting of the data yields straight lines, as exemplified
in Fig. 2, Since anhydrous solvents (e.g., methanol) have been re-
ported to (and were found to) extract and replace the structural
water, the solvent after equlibration contains small amounts of
water. One to six grams of montmorillonite was used per 100 ml. of
solvent, so the moisture content of the solvent, in reality, would be
60-360 mg./100 ml. To ascertain that this small amount did not
affect the results, two runs were made with montmorillonite pre-
extracted with solvent. Results from these fall in line with the
remaining results (Fig. 2); hence, the effect of the small amount of
water is within experimental error. Two runs were made with a
different lot of montmorillonite, also giving consistent results
(Fig. 2). :

Moisture isotherms were performed by exposing 5 g. of mont-
morillonite to 100 ml. of water-isopropanol mixtures for 3 weeks
in sedimentation tubes of 4.2-cm. i.d., of the type described else-
where (16). The water content of the solvent was determined before
and after equilibration by means of Karl Fischer titrations; a plot
of moisture content of the montmorillonite as a function of water
content of solvent is shown in Fig, 3.

The cross-sectional area of benzoic acid was estimated by mo-
lecular model to be 7 A? from a lengthwise direction and 14 A2 from
the side.

Microscopic examination of the lot of montmorillonite used
revealed the majority of particles to be of a 1-2-x dimension. A few
(less than 0.05% by number) were 5-10 4. A 2-u cube, employing a
density figure obtained by displacement in hexane, results in a cal-

Table I—Benzoic Acid [sotherms in Various Solvents

Sites per
Solvent Intercept Gram

Isopropanol 1.67-1072 6.0-10v
Water-isopropanol (509 w/w) 2.07-10~2 4.6-10v
Ethanol 2.51-10~> 4.0-101°
Butanol 2.34-107 4.3-101
Methanol 2.01-107» 5.0-10%v
Average 4.8-10v
Standard deviation 0.8-1Gv
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Figure 3—Moisture isotherm of montmorillonite from aqueous solu-
tions of isopropanol.

culated surface area of 1 m.%/g. B.E.T. nitrogen isotherms give
higher results but may involve not only external, but also internal,
laminar sutfaces. It is, furthermore, to be expected that the expari-
mental figure is larger than geometrically expected, since the latter
is predicated on smooth surfaces and on monodispersity.

DISCUSSION

Isotherms of benzoic acid and of water on neutral montmoril-
lonite were determined since they give information relative to the
number of adsorption sites. If the adsorption of benzoic acid is a
competition between solvent (o) and benzoic acid (b), then the
surface fraction covered (6) is given in terms of the concentrations
in solution (C) by (15): g

K,Cy
%= iT&c i KcC En. b

If K,C, is negligible compared to unity, then (taking reciprocals)
this equation becomes:

) S 1

- iy it 56 (Eq. 2)
If 1 g. of montmorillonite contains N sites in total, and the number
of sites occupied per gram is # (i.e., there are n molecules adsorbed
per gram), then 8, = n/N is the fractional coverage. If (as is con-
ventionally assumed) the number of sites N equals the saturation
value of # for high values of C,, then N = ne and 8, = nfn,is a
dimensionless quantity. Equation 2 may be written:

N 1 1
—] Sl Eq. 3
n ;e + K(.Cb ( a )

Since this equation is dimensionless, X; is in reciprocal concentra-
tion units; molarity is used here so this unit is M-, Equation 3 may
be written:

1 1 1

“NtENV G i

1

n
so that a plot of the reciprocal of the number of molecules
adsorbed per gram of montmorillonite cersus reciprocal concentra-
tion yields an intercept of 1/A and an intercept/slope ratio of K.
These considerations assume that K,C, is negligible compared to
unity. If K, C, is not negligible, then Eq. 4 becomes:

) Sk | [K.Co+11 1
i iy v et (Eg i
For the benzoic acid isotherms, the concentration of benzoic acid
is low, so C, is practically invariant; reciprocal plotting, therefore,
still yields a straight line (Fig. 2) and the intercept still reflects the
reciprocal of the number of sites (Eq. 5). However, the intercept-
to-slope ratio only yiclds the value for K, if the value of K,C, is
negligible compared to unity.

Figure 2 shows that in the case of isopropanol, the intercept is
1.67-107%; hence, N = 6.0-10'°, Intercept and N-values for other
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Figure 4—Langmuir plot of data from Fig. 3. The equation of the
line is: 1jn = 2.86-10~% + [9.4- 10-22/Cy o).

solvents are listed in Table 1. and it is scen that these do not differ
greatly from solvent to solvent; N = 4.8-10% is the average value.
From Fig. 2, it is seen (from i intereept- to-siope ratio) that, provn(lul
K.C,is nu'hg'l\lv_ compared to unity, Ky = 20 M1,
» he adherence to a Langmuir plot should prccludc multiple-
; sdsorption, and estimates of surface arca should be possible
lmm ul[l“/.‘uon data. The benzoic acid molecule has a cross-sec-
tional arca of about 10 A2, so the surface of the neutral montmoril-
lonite in contact with soluuon may be estimated at 5 m.Yg., ie.,
there are about 1019 sites per m.2 of surlace,

As mentioned in the introduction, solvent (and water) molccules
migrate into the crystal space in the montmorillonite. 1t is, a priori,
possible that the solute molecules behawe likewise (11). If so, then

for adsorption, and the number of sites obtained from a water
isotherm should equal that from a benzoic acid isotherm. For' this
reason, the amount of water removed by montmorillonite from hy-
‘droisopropanolic solutions was determined. In this case, the con-
centration of water in Eq. 5is represented by Gy, and C, is concentra-
tion of isopropanol. Since C, in this case is not small and is varied
over a large range, C, is not invariant. If, howcver,J\,,C is negligible
(compared to unity), Eq. 4 should be olm)cd ‘LT

A plol of the data is shown in t'ig. 3, and plolnm, ncwrclmg to
Eq. 4 is shown in Fig. 4. The lincarity of the data in IF |g 4 is good,
and the number of sites caleulated is N = 3.5-1022, This is about 600
times larger than the number of sites available for benzbic acid
adsorption, and it may be concluded that the adsorption of the
]alter is strictly a surface phenomenon on the neutralized mont-
morillonite. ]

It is important to note that the number of sites available to ben-
20ic acid adsorption does not change appreciably with water con-
tent. as seen from Table 15 the number of sites calculated from the
benzoic acid isotherm in ‘() 5 isopropanot equals ll.mc obtained in
anhydrous isopropanol and other solvents. .

Mering (5) showed that three to four monolayers of water arc
introduced pee silicate layer in the intercalation process, He showed
that the thichness of these is 3 A cach; the thickness of the silicate
ayer, as mentioned, is 9.6 A, 11 four molecular layers of water
exist between cach Tayer of sifiente nnd 1f there are g layers, the
interior sites shoald amount to 'lmn()xnnndy dentr by, and the
platelet surlace sites should number 2.4y, where v is a propor-
lionality constant rclated to area, and A is the site density on the
platelet. The ratio of internal to surface sites (assuming 4 to be

the total number of interstitial and surface sites should be available

constant) should then be 2.1 = 600, i.e., n should be approximately
309. The average thickness of the montmorillonite particles in
contact with hydrous solvent should then be 300-(9.6 4 12] = 6500
A = 0.7 y, which is not in conflict with the mILI'OSCOplf'd”V found -
dimensions. In this description the ddaorptmn energies of the dif-
ferent layers cannot differ greatly, since the adsorption isotherm,
otherwise, would not be of the Langmuir type,

Regarding the assumption that K,C, < 1. it is seen from Fig. 4
that reciprocal plotting yiclds a straight line; for linearity to prevail
in the water isotherm, it is necessary that K,C, < 1 (Eq. 5). The
value of K = 20 M, therefore, represents a realistic figure. In the
benzoic acid xsothums Gy is in the range 0.02-0.05 M so K,Cy =
0.4-1; since K;C,, therefore, is of the order of unity and X,C, is
much smalier than unity, it can also be stated with _acceptable
credibility that K,C, > K,C,.

SUMMIARY

Benzoic acid adsorbs from alkanolic sclutions on the surface of
neutralized montmorillonite by Langmuir isotherms.

The number of surface sites estimated from the bmzonc acid
isotherms is much less than that of water (which adsorbs by inter-
calation), showing that the benzoic acid does not pmclrate the
crystal.
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Figure 1—Apparatus set-up for sedimentation studies.

tube was again evacuated, turned end-over-end 10 times, opened to
the atmosphere, and the procedure carried out again. This was then
repeated until three successive, reproducible curves were obtained.

Part of the supernatant was then replaced by an‘equal volume of
glycerin and the procedure repeated. Data were obtained at four
glycerin concentrations; at each point where supernatant was re-
placed by glycerin, the viscosity of the supernatant was checked by
means of an Ostwald-Fenske viscometer. All experiments were
carried out in a constant-temperature room (25 == 0.3°). In one set
of experiments, lower (constant) temperatures were obtained by
circulating constant temperature water through the jacket of the
tube. It should be noted that the apparatus cannot be insulated and
that good temperature control throughout the length of the tube is
only possible at temperatures less than 5° above or below the tem-
perature of the surrounding area.
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Figure 2—Sedimentation curves in water as a function of time of
a suspension made at low shear. Triangles and small circles by the upper
curve are points from different runs.
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Figure 3—Sedimentation curves in 10 % v/v glycerin in water at various
temperatures. The temperature was varied from experiment to experi-
ment as a means of varying the viscosity.

A note on some visual manifestations may be in order here. The
interface is well defined and horizontal during the free-fall period.
When the point of transition into the second, slower phase of the
sedimentation is approached, a fairly heavy concentration of fine
particles appears above the interface for a short while. At the
critical time #,, which is reproducible to within 5%, the surface sud-
denly becomes ragged, and at that particular time the second phase
starts. The patterns associated with the second phase are the subject
of a separately reported study (11). A set of runs was performed at
7,9, and 119 by weight of kaolin in water as well.

RESULTS AND DISCUSSION

All of the tested systems showed convex curvature in the initial
phase, such as shown in Figs. 2 and 3. This evidently differs from
the linearity exhibited by more dilute systems.

If the sedimentation patterns found here for flocculated suspen-
sions in the intermediate concentration range are analogous to
those suggested for dilute systems by Kynch (2), Michaels and
Bolger (10), and Gaudin and Fuerstenau (13-15), then, at time ¢,
there will be a-centimeters of suspension containing the initial volume
fraction ¢, of solids, and b-centimeters of suspension containing the
volume fraction in the cake (¢). The height of the sediment will be

= a + b. As time progresses, a will diminish at the expense of b.
The a-values deduced from the data by Michaels and Bolger (Fig.
6, Reference 10) are reproduced in Fig. 4, and it is seen that an equa-
tion of the form a = x, exp [-kf] is a good fit. The decrease in a
may, therefore, be considered to be of the form:

a = xoexp [—ki] (Eq. 1)

2.0 Q

1.4 ! ! !
10 20 30 40 50
MINUTES

Figure 4—The graph shows the result of logarithmic treatment of
data reported by Michaels and Bolger (10). If the logarithm of the
length of the constant-density plug is plotted as a function of time,
then a straight line results, as shown in the plotting used here. The
data refer to a 1.9 %; calcium oxide suspension.
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Figure 5—Sedimentation data from a 7% by weight kaolin suspension
plotted according to Eq. 7, using three values of k. Key: Curve A4,
k = 0.005 min.=1; Curve B, k = 0.0 min.”'; Curve C, k = 0.025
min.~ 1. Temperature: 28°.

To describe the time dependence of x, it is necessary to know how
b changes with time. It has been shown (11, 16) that the cake (in the
final phase) experiences an exponential decay, so db/dt = —w-b.
In the initial phase, it also experigite®s a build-up from the temporal
contribution of the sediment.” If the cross-sectional area is de-
noted Q, then the amount of solids in the cake at time 7 is b- Q- ;
the amount of solids in the suspension above the cake is Q-a-¢o
(since it contains the initial volume fraction of sclids). The original
amount of solids was xo- Q-¢o, so material balance dictates that
Q-a¢o+ b0 ¢ = xo:¢o-Q, 0r a-po +b-¢ = xo-o. This may
be rewritten:

[xo — al-¢o =

s (Eq. 2)

b =

LOG [X — Xoexp( — kt)]/[1 — exp( — kb)]

| | | |
20 40 60 80
MINUTES

Figure 6—Sedimentation data from 5 % kaolin suspensions in aqueous
glycerin vehicles, plotted according to Eq. 7. Curve notations are
shown in Table I, indicating the employed k-values and the viscosity
corresponding to each line.
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Table I—%- and w-Values at Various Viscosities

Compaction
Curve in Viscosity, Rate Constant Constant
Fig. 6 cps. k, min.~1, w, min,~ 1,
£=107¢ BI04
A 0.87 0.035 0.0055
‘B 0.96 0.032 0.0049
(@ LAt 0.028 0.0046
D 1.19 0.024 0.0046
E 1.35 0.023 0.0039
F 1.40 0.022 0.0032
2.40 0.013 0.0023
The total change of b with time, then, is:
db e k- ¢o-a
& = w-b (Eq.3)
Inserting Egs. 1 and 2 into Eq. 3 yields:
LGy - o ol W
i s I (Bas)
which has the solution:
b=C-{1 —exp[—kil} - exp[—wi] (Eq. 5)

The expression for x = a + b, thenis:

x = xoexp[—kf] + C - {1 — exp[—kr]} - exp[—wi] (Eq. 6)

For the purpose of plotting, this is rearranged :

Q;Wﬂ) o R
log( 1 — exp[—ki] by 93 t +log C (Eq.7)

The data may now be plotted using estimates of &, and by apply-
ing successive values of k, a best k-value (i.e., the k-value that im-
parts linearity* to the data when treated according to Eq. 7) can be
arrived at. An example of this is shown in Fig. 5. If done manually,
two or three k-values are arrived at (e.g., 0.034, 0.035, and 0.036
min.~%) which produce lines without apparent curvature. The
value giving the best statistical fit (17, 18) is then chosen. With the
aid of a computer, the iteration procedure can be accom-
plished rapidly. Figure 6 and Table I show data at various
viscosities plotted according to Eq. 7. With the proper k-value,
linearity prevails to within 15 cm. of the critical height.

The dependency of k on the viscosity is of interest, and Fig. 7
shows that the logarithm of the rate constant is linearly related to
the logarithm of the viscosity. The slope is reasonably close to minus
unity, so that k is inversely proportional to viscosity. This type be-
havior might suggest that Stokes’s law, with some modification,
applies, since the stokes velocity is also inversely proportional to
viscosity. In a suspension, the forces involved are both of van der
Waals and electrical nature (15, 19-23). In causing flocculation
they might be playing a part directly in the sedimentation process, i.e.,
the rate constant might be associated with a flocculation rate.
By such a visualization, the initial perturbance causes an equilib-
rium floc, 4; (containing on the average j single particles) to be
broken up into smaller flocs, 4;. This, of course, is a highly simpli-
fied picture, because A; — A; could not be a single-step process.
Furthermore, both i and j would present averages of a population
of numbers.

It would also have to be assumed that A4;, once formed, would
appear immediately in the cake; in spite of these shortcomings, the
viewpoint explains the inverse relationship between rate constant
and viscosity, and can not be eliminated as a possibility. W. Higuchi
et al. (24, 25) have shown that k;, approaches some factor times
ki1, the rate constant for combination of single particles, and have
also shown that ki; = 8kT/37. It is not possible to test this hypothe-
sis on more concentrated systems with the data presented here;

3 First estimates of k (and w) can be obtained from Eqg. 6 by feathering
technique if k and w are not of the same order of magnitude.

4 The value giving the best statistical fit (17, 18), i.e., the one producing
the least residual sum of squares.
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Figure 7—A plot of the logarithm of the rate constant k versus the
logarithm of the viscosity. The drawn line has a slope of minus unity:
K is in units min.~* and viscosity is in cps.

to such an end it would be necessary to perform experiments where
the initial perturbance (deflocculation) could be varied in a quantita-
tive way. Experimental procedures in previous publications as
well as this work have simply been designed to achieve a repro-
ducible perturbance, so that data are comparable; it may be, for the
reasons quoted, that data may not be comparable from author to
author. .

The values of w are obtained from the slopes in Fig. 6 and are
listed in Table I. The values are plotted as a function of viscosity
in Fig. 8. The general range of the w-values is in good agreement
with data on cake contraction reported by Carstensen and Su (11)
who found w;-values in the range of 0.2-0.4 hr.~! (i.e., 0.003-0.007
min.~%). It would appear from Fig. 8 that w is inversely proportional
to the viscosity.

At higher concentrations the critical height, Hy, increases and the
curves show less distinct breaks. Eyaluation of data by Eq. 7 be-
comes less exacting, and k values#ire at best +=209%. The k-values
seem to taper off at a value of 0.01 hr.~! as shown in Fig. 9, but
w-values decrease with increasing concentration.

As a last comment on the treatment of the preceding, attention
should be called to the fact that an obvious approximation is made
in assuming the cake to be of uniform concentration along the
entire length b. However, attempts to present ¢ as a function of
x lead to forms of Eq. 3 that cannot be solved analytically. That
the approximation is not unrealistic is apparent'both from the X-ray
data by Gaudin and Fuerstenau (13, 14) and by the linearity which
can be achieved by inserting proper k-values in Eq. 7. On the other
hand, deviation from linearity close to the critical height undoubt-
edly reflects the effect of the approximation.

It is often convenient, in the laboratory, to have a rapid method
available for plotting; the treatment just outlined, clearly, is not
rapid. For routine plotting, the initial convex portion of the curve
may be approximated by a parabola, i.e., x> — x% = ¢, where x,
is the initial height. Data are plotted in this fashion in Figs. 10 and

11, and, with exception of the initial turbulent period (8), the data
fit such a relationship well. It should be noted that this means of pre-
sentation is purely empirical, and that the comments to follow may
not have general applicability but may merely apply to the kaolin—
glycerin-water system. The value of this type of practical approach
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Figure 8—A plot of the compaction-rate constant, w, versus reciprocal
viscosity.
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Figure 9—Sedimentation data from 7, 9, and 11 % kaolin suspensions
in water, plotted according to Eq. 7, all using a k-estimate of 0.01
min.~ 1.

is that it allows rapid extrapolation and implies at what time the
critical height is being approached.

Analogies have been made in the past (26) between the fall of the
boundary to the flow of liquid through a porous plug in an infinitely
long medium. By applying the Poiseiuille equation® such a view
would require that ¥/t = wPr*/8Ly, where V]t is volume flow per
unit time, P is pressure head, r is a capillary radius parameter, and L
is the length of the plug. Since each milliliter flowing through the
plug is associated with a height decrease of 1/wR?, the velocity of
the interface would be: V/(twR?) = (PrY)/(8LyR? = B/(2.L) =
(dx)/(dr), where R is the radius of the tube and the sedimentation con-
stant 8 = Prt/4yR2. If L approximately equals x, a formal integration
would yield x2 — x,2 = — ¢, assuming the pressure head to be con-
stant. This is not theoretically justifiable. Although, as required by the
treatment, the sedimentation constant appears to be inversely pro-
portional to the viscosity, it should also be inversely proportional
to R?; data reported elsewhere (11) show this not to be the case.
The squared-heights fitting is, therefore, only empirical.

26°
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Figure 10—Squared-heights curves for 5% kaolin suspensions in 10%;
vfv glycerin in water at three temperatures.

8 Use of the Kozeny-Carmen equation (27, 28) does not change the
consequences of the arguments outlined.

Vol. 59, No. 5, May 1970 [] 669



5% GLYCERIN

w IS (&}
I T T

103 X (xo2—x2), cm.?2

n

I L I 1
10 20 30 40 50 60 70 /80 96 100
MINUTES

Figure 11—Squared-heights curves for 5% kaolin suspensions in
water and 5 % v[v glycerin in water.

SUMMARY

By assuming the sedimentation process to consist of the descent
of a constant density plug and simultaneous build-up of a higher
density cake, it has been shown that sedimentation data are con-
sistent with theory, if it is assumed that the exponential contraction
of the cake is initiated at zero time. The point in time, #,, the critical
time, where the boundary of the sediment and the cake coincide,
denotes the end of the initial Stage of sedimentation.

Empirically, sedimentation data in the initial stage are amenable
to plotting by graphing the square of the height as a function of time.
The slope of these lines appears to be proportional to the ratio of
density difference to viscosity.

NOMENCLATURE

length of sediment (cm.) (constant- densny plug).

height of cake (cm.).

preexponential factor for cake contraction (cm.).
critical height (cm.) at which point the first phase

of sedimentation ends and the second phase starts.

rate constant for sediment (min.~?).

length of constant-density plug falling through infinitely
long column of liquid (cm.).

pressure head (dynes/cm.?).

radius of tube (cm.).

time at which H, occurs; critical time (min.).

volume (cm.3).

height of sediment interface above bottom of tube (cm.).
initial height (cm.).

sedimentation constant (cm.?/min.).

viscosity, centipoise or poise, as indicated.

volume fraction of suspended matter in cake.

volume fraction of suspended matter in sediment.
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w = compaction rate constant (min.~1), i.e., exponential decay

constant for cake height.
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Sedimentation Kinetics of Flocculated Suspensions II:
Sedimentation below the Critical Height

J. THUR() CARSTENSEN* and KENNETH S. E. SU

Abstract [] Aside from the phenomenological equation by Egolf
and McCabe and by Robinson, no attempts have appeared in
literature in the past to quantitate terminal sedimentation char-
acteristics of flocculated suspensions. The physical factors involved
are suggested here, taking into account electrical effects and geo-
metric factors contributing to friction. The equation of settling
emerges as a linear combination of exponential decays—uviz.,
[x — Hul = Aie— 17 + A,e—“r, where x is the height of the sedi-
ment at time =, H, is the final height, and 4 and « are constants.
From the data it would appear that the friction, B, exerted is both
viscosity () and dimension (R) dependent and of the form B(n,R) =
I'-e$nerR, where g, £ and T' are system-dependent constants.

Keyphrases [] Sedimentation kinetics—flocculated suspensions,
equations [] Kinetics, sedimentation, flocculated suspensions—

critical height, equations derived [] Suspensions, flocculated—sedi- -

mentation kinetics, equations

Sedimentation of flocculated suspensions has been
the subject of several publications in the past (1-12);
such systems have been shown (1, 7, 9-13) to sedi-
ment first at a rapid rate, primarily governed by gravita-
tional and frictional forces. At a particular, well-repro-
ducible point, the rate changes abruptly, and further
sedimentation appears to be governed by forces over
and above those just mentioned. With a few exceptions
(1, 3, 13), all of the cited references attempt to modify
Stokes’s law to explain experimental data. In no case
[except indirectly by Robinson (7)] has cognizance been
taken of interparticle forces in relation to sedimentation
rates.!
| The treatment to follow deals with the second phase of
sedimentation of flocculated suspensions of intermediate
lconcentration, and attempts to account for the effect of
such forces.

As shall be shown the final sedimentation pattern
follows a linear combination of exponential decays. No
previous treatment has led to such a pattern for the
second stage of sedimentation or to the type plot en-
countered in concentrated suspensions, although the data
in several examples in literature (2, 6, 7, 9) imply such
a relationship.

THEORETICAL

London-van der Waals forces (14, 15) are responsible for the
stability of the flocculated state, and in general, at small separations,
the potential energy between two particles will be negative. At
intermediate distances (16-19), however, the potential energy
becomes positive because of the repulsion of double layers. Since
the true charge of the particle surface cannot be determined by
experiment, quantitation of such forces is difficult, and the upper
limit for distances over which these forces will be effective cannot be
stated a priori.

1 A sizable amount of information regarding interparticle forces has
been obtained by rheological approaches, notably the studies by
Higuchi and Stehle (25), Gillespie (26, 27), Goodeve (28), and Vand (19).

Since the authors are dealing with the phase of sedimentation
which occurs at a critical height, H,, it may be advantageous, at the
onset, to use a coordinate system slightly different from the one cus-
tomarily used. Usually the position of the boundary is measured from
the bottom of the tube and denoted x; time, 7, is measured from the
time sedimentation starts. Here, if the height H, occurs at time 7o,
the position and time axes are chosen with the points 7o and H, as the
origin. Distance is now denoted y (y = Ho — x), i.e.,positive in down-
ward direction and positive for the times 7 (r =f — #o) in question. It
shall be assumed that the center of gravity of the sediment is at one-
half the height of the boundary of the sediment, i.e., its position is y
= H,/2 originally, and at time 7 it is Hy — x + x/2 = Hy— x/2 =Y.

The forces exerted on the sediment are gravitational forces,
frictional and reactional forces, and forces that are electrical in
nature. The gravitational force is in the y-direction and of magni-
tude M[1 — (po/p)lg, where p and p, are the densities of solid and
liquid, M is the mass of the sediment, and g is the gravitational
acceleration. The frictional and reactional forces are in a direction
opposite to y and must be related to viscosity and to wall and bottom
effects, i.e., to the geometry of the vessel. The functional relation-
ship is not equated to 6wnr, nor is an attempt made at this particular
point in the development to formulate the diameter dependency,
but the force is described as a velocity-dependent [— B(n,R)dy/dr]
and a velocity-independent [— /(R)] component. The electrical force
is assumed to be a repulsion (i.e., in a direction opposite to the
direction of the y-axis) and with regard to magnitude it is assumed
to increase the closer the floc-aggregates are to one another; they
are related to distance between flocs which in turn is related to the
liquid volume of the cake, i.e., TR*(x) — 4wrin/3, where R is the
radius of the tube, and where # is the number and r the “radius’’
of the floc-aggregates. These forces are assumed to be of the form
gy. The sum of all the forces then equals the mass of the sediment
times its acceleration, i.e.,

MUl — polole — BB Y — yR) — oy = M%% (Ea. 1)

This may be rewritten

d? B(n,R) d 0 R
El‘r% —nM)gr'—l-My:[l—Po/P]g—%(\T)

(Eq. 2)

It is apparent from inspection of Egs. 1 and 2 that

o _ MLl — polplg — ¥(R)
v 9

is a particular solution to the differential equation. The remaining
solutions are obtained by inserting an expected solution of the form
y = —A-e 7 into the homogeneous equation corresponding to
Eq. 2. This yields:

B(n,R) 0]
a0 ] o

When the expression in brackets is equated to zero, Eq. 3 is satis-
fied; the characteristic roots are:

—A~e‘w7|:w2 (Eq. 3)

_ BaR \/ B R)]* _ 6
2M 2M M

(¢3)

(Eq. 4

The roots shown in Eq. 4 may be simplified if B(7,R)/M >
6/B(n,R) in which case they are:

_ B(,R)
M

(Eq. 5)

w1
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Figure 1—Graph showing the method for determining the critical
height (Hy) in a 5.54-cm. id. tube, 10% vfv glycerin and 11% wlv
kaolin, and the critical time (t,).

and
ety * (Eq. 6)
*~ B(,R) )
The complete solution, in terms of y, is:
o = M= PO/l;]g SAVIR) — A -e—or — Ay'-e—or (Eq.7)

where the exponents in Eq. 7 have the meaning denoted in Egs. s
and 6. It is noted that y* = M[1 — po/plg — ¥(R)/f corresponds
to y by virtue of Eq. 7, and, therefore, is related to H,, the ulti-
mate height, by the relation yo =% = H, — H,/2. Inserting this
into Eq. 7 and rearranging, yields:

x—H, = A1€—“’l7' + Aje—wer

where 4; = 24, and 4, = 24,’'.

It is-apparent from Eq. 8 that the terminal sedimentation pat-
tern should be characterized by a linear combination of two expo-
nential decays. By the assumption leading to Egs. 5 and 6,
w1 2> wy and the first term on the right handtside of Eq. 8 should
be predominant at small values of = and the last term should pre-
dominate at high values of 7.

(Eq. 8)

EXPERIMENTAL

1} previously described setup and methodology (1) were used:
tubes 1.25 m. high, and of inside diameter 2.46, 2.72, 4.60, or 5.54
cm, were used as sedimentation vessels. The exact inside dimension
was determined for each tube by introducing known amounts of
water and checking heights with a precision cathetometer. The
system studied was an 119 weight per volume kaolin? suspension
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Figure 2—Sedimentation curve of 11% wlv of kaolin in water in a
tube of 5.54-cm. i.d. Duplicate points are shown.

2 Colloidal kaolin NF, lot No. 781603, Merck and Co., Rahway, N. J.
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Figure 3—Sedimentation pattern in a tube of 4.60-cm. i.d. of an 11 T
w/v suspension of kaolin in 5% vjv glycerin solution at heights below
the critical height, Hy. The left ordinate is adjusted for final height,
Hu, the right ordinate axis shows the actual heights (x). The curve
shown in full is the theoretical curve; 10-e—0-317 4 20.¢—0.02337
The points shown are experimental points.

in water, 5 77 v/v glycerin, or 10% v/v glycerin. The suspensions were

made in a Waring blender and transferred to the sedimentation tubes.
The tops of the tubes were connected by means of a 24/40 ground
joint to a stopcock, and after transfer, the stopcock was attached
to the tube, and the suspension thoroughly deaerated by means of
aspirator vacuum. Once deaerated, the tubes were turned end-over-
end 10 times, the stopcock opened, the tube placed vertically and
securely on a stand, and the position of the sedimentation boundary
noted every 5 min.; timing intervals were made shorter when the
critical height, Hy, was approached. This height, as well as the
critical time, 7o, was then determined by graphical interpolation
as shown in Fig. 1. Following this the position of the boundary was
noted every 5 min. for 0.5 hr., and then hourly for 50 hr. (except
for necessary schedule interruptions). Subsequently, the sedimenta-
tion height was recorded twice daily until a point in time had been
reached where less than 0.2 mm. change occurred in a 24-hr.
period; this usually required 7-13 days. Each set was obtained in
duplicate. All sedimentation heights were determined by means of a
cathetometer, and readings were accurate to 0.1 mm. The tubes
used were not jacketed, but the experiments were carried out in a
constant-temperature room at 25 == 0.6°. The viscosity of the super-

1.2 -
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20 30 40 50 60 70 80 90 100
HOURS

Figure 4—Decay pattern of 11 % w/v kaolin suspension in 5 % vlv glye-
erin solution at high time values where w, and A, predominate.
Test was performed in a tube of 4.60-cm. i.d. The curves are separated
by 0.1 and 0.2 logarithmic units as indicated, The plots demon-
Strate estimation of final sedimentation height prior to the time when
it is reached. Key: O, Hy, = 27.3 cm. (scale minus 0.2); ®, H, =
27.8 cm. (scale minus 0.1), and @ ,Hy = 28.4 cm.



Table I—Theoretical Sedimentation Curve for 11% w/v Kaolin in 5% v/v Aqueous Glycerin in 4.6-cm. i.d. Tube®

loe—O.SIT _I,_

Hr —0.1377 e 081 10g0-3T  —0.097+ 002257 Q0002237 D(g0.02287
1 0.8630-1 0.730 7.30 0.9903-1 0.9780 19.56 26.86
2 0.7260-1 0.532 5.32 0.9806-1 0.9563 19.13 24.45
3 0.5890-1 0.388 3.88 0.9709-1 0.9352 18.70 22.58
4 0.4520-1 0.283 2.83 0.9612-1 0.9146 18.29 21.12
5 0.3150-1 0.207 2.07 0.9515-1 0.8944 17.89 19.96
6 0.1780-1 0.151 1.51 0.9418-1 0.8746 17.49 19.00
8 0.9280-2 0.085 0.85 0.9224-1 0.8361 16.72 17.57
10 0.6300-2 0.043 0.42 0.9030-1 0.8000 16.00 16.43
12 0.3560-2 0.023 0.23 0.8836-1 0.7649 15.30 15.53
14 0.2600-2 0.018 0.18 0.8642-1 0.7315 14.63 14.81
15 0.9450-3 0.009 0.09 0.8545-1 0.7164 14.33 14.42
20 0.260 -3 0.002 0.02 0.8060-1 0.6398 12.80 12.82
40 0.6120-1 0.4093 8.19 8.19
80 0.224 -1 0.1675 3.35 3.35
160 0.448 -2 0.0281 0.56 0.56

a4, = 10 cm., w1 = 0.31 hr.=4, 42 = 20 cm., w2 = 0.0223 hr.~1,
natant was checked after each experiment by means of an Ostwald-

Fenske viscometer. .

RESULTS

A typical sedimentation curve is shown in Fig. 2; the shape is
of the same nature as the one described elsewhere (1); the scale is
selected so as to show both the initial and the beginning of the
second phases of sedimentation, and the characteristic point
separating the two curves. Even with the scale used it is apparent
that some slight curvature exists in#he second phase. In proper scale,
all of the sedimentation curves have the shape shown in Fig. 3 when
x is plotted as a function of 7.

Once the ultimate height, H,, is attained, a first estimate of the
parameters w, and A4, can be made, by using values of 7 higher
than 15 hr. In this case (as seen in Table 1) Ase —@27>> Ae~ 17 and
Eq. 8 becomes [x — H,] = Ase <", The logarithmic form of this is

mu—ﬂuz—%r+m&y>mm)@qm

An example of this is shown in Table Il and Fig. 4. It should be
noted that the final height may be estimated well in advance of its
actual occurrence from linearity as opposed to curvature of this
type plot. Estimated values were always within 0.5 mm. of the
actual, experimentally determined, final height.

By means of the estimates of 4, and w, the value of [x — H.] —
Ase —“* can be determined at values of 7 less than 15 hr., so the two

other parameters may be estimated by rearrangement of Eq. 8:
log {[x — HJ — de—or} = — 2% 7+ log 4 (Eq. 10)

An example of this is shown in Table Il and Fig. 5. By this plotting
a better estimate of A, is obtained as shown in Fig. 5. The difference
between this estimate and the original estimate was always within
error of the graphical estimate in Fig. 4. With the estimates of A,
w1, Az, and w, statistically best values may be obtained by computer,
using iteration techniques (20-22). It should be noted, however, that
graphical and manually generated estimates are quite good. Con-
struction of the theoretical curve from the parameter estimates ar-
rived at in Tables 1T and III and Figs. 4 and 5 is shown in Table
I, and the curve drawn in full in Fig. 3 is taken from this table.
It is quite obvious from the figure that the data fit the curve well.
Averages of duplicate determinations of Ai, wi, 4, and w, from all
the sedimentation tests are listed in Table IV.

DISCUSSION

In not too concentrated suspensions the sedimentation pattern
is characterized first by a settling pattern which is linear (9) or
parabolic with time (1) caused, respectively, by free fall or constant-
density plug descent (1, 9). Attempts to describe mathematically
the phase that follows the initial settling have been made by Robin-
son (7) and by Egolf and McCabe (13). Robinson found the de-
pendency of the initial settling rates on concentration and then

Table II—Sedimentation Data for High Values of » when w; and A4; Are the Predominant Terms

Height, x, x — 28.4, log x — 27.8, log x —27.3, log
Hr. cm. cm. [x — 28.4] cm. [x — 27.8] omy . 8 Lo 273]

1767 41.06 12576 1.1059 13%36 1.1258 13.86 1.1318
2150 40.02 11.62 1.0652 1222 1.0871 12572 1.1045
25063 38.96 10.56 1.0237 11.16 1.0477 11.66 1.0630
30.42 37.88 . 9.48 0.9768 10.08 1.0035 10.58 1.0245
34.20 B2, 8.72 0.9405 9.32 0.9694 9.82 0.9921
42.70 3556 7.16 0.8549 716 0.8899 8.26 0.9170
47.22 34.87 6.47 0.8109 7.07 0.8494 TuT 0.8791
53.98 33.90 550 0.7404 6.10 0.7853 6.60 0.8195
59.30 3323 4.83 0.6840 5.43 0.7348 5.93 0.7731
66.70 39032 3299 0.5933 4.52 0.6551 5.02 0.7007
73.23 31.51 eli] 0.4928 371 0.5694 Al . 0.6243
82.30 30.93 2153 0.4031 313 0.4955 3.63 0.5599
90.18 30.39 1.99 0.2989 2.59 0.4133 3.09 0.4900
98.90 39.90 15230 0.1761 2.10 0.3222 2.60 0.4150
107:512, 1.70
115596 1.34
132523 0.92
136.70 0.70
155512 0r52
165.17 0.41
176.93 0532
186.00 0.20
193.50 0.19
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Table III—Sedimentation Data at Low Values of 7¢

[x—27.8- [x—27.8- [x—27.8-
Height, x, [x — 27.8], Q= 19.20], 200], 20.50Q],

Hr. cm. cm. 0.0097~ ey Loz2sE cm. cm. cm.

0 58.3 30.5 0 1 11.3 1055 10.0

0.27 56.55 28.75 0.9974-1 0.9940 9.67 8.87 8.37
0252 55433 20558 0.9950-1 0.9885 8.55 9 ke 7.27
1.30 52.87 25.07 0.9874-1 0.9714 6.42 5.64 oL16
1.97 51.41 23.61 0.9809-1 0.9570 Se24 4.47 3.99
2.47 50.56 22576 0.9760-1 0.9463 4.59 3.83 3.36
D192 49.85 22.05 0.9717-1 0.9369 4.06 3.31 2.84
3.48 49.15 211235 0.9662-1 0.9252 3.59 2.85 2.38
4.05 48.49 20.69 0.9607-1 0.9135 315 2.42 1.96
4.52 48.01 20.21 0.9562-1 0.9040 2585 ) 1.68
5,02 47.54 19.74 0.9513-1 0.8939 2.58 1.86 1.42
5292 4712 19,32 0.9465-1 0.8840 235 1.64 1.20
6.03 46.68 18.88 0.9415-1 0.8740 2.10 1.40 0.96
6.50 46.33 18.53 0.9370-1 0.8648 1.93 1523 0.80
FEO2 45.96 18.16 0.9319-1 0.8549 1575 1.06 0.63
7.45 45.66 17.88 0.9277-1 0.8466 10563 0.95 0.52
8.03 45.32 17..52 0.9221-1 0.8358 1.47 0.80 0.39
8.62 44.97 1Al 0.9164-1 0.8249 1.33 0.67 0.20
9.45 44.50 16.70 0.9083-1 0.9097 it 0.51 0.10

a Eleven percent w/v of kaolin in 5% v/v glycerin in a tube ‘of 4.60-cm. i.d.

applied these findings to experimental data; since in that context,
the sedimentation volume represents a suspension of time-de-
pendent concentration (disregarding the supernatant) the settling
rates should constantly change in a predictable fashion.

Egolf and McCabe suggested a phenomenological log-log re-
lationship between absolute height and time for the phase follow-
ing the initial settling. Ward and Kammermeyer (8) tested both
models in different type ‘systemsréea'fhonates, silica, and magnesium
oxide), and found fair agreement with regard to the shape of the
curves, but large (20-40%) quantitative deviations in the second
phase of sedimentation. These authors concluded that the applica-
tion of the approaches of Robinson (7) and Egolf and McCabe
(13) is limited to prediction of settling of only such systems that are
closely related to the ones used to develop the appropriate equations
and factors. Reflecting on the later findings that the initial settling
is in the form of a constant-density plug (1, 9511), it would appear
that it may be erroneous to assume that the sediment may be viewed
as a uniform suspension of constantly changing concentration; this
may be the source of the cited quantitative deviations.

The approach taken here is to account for the forces involved
(even though all of them cannot be expressed explicitly a priori)

1.0

(3

0.6

0.4

0.2

LOG (x — Hu — Ae™®7)

0.8-1

0.6~

0.4-1

HOURS

Figure 5—Decay pattern of 11%, wlv kaolin suspension in 5% vfv
glycerin solution at low time values where w, and A, predominate. Data
pertain to 4.60-cm. i.d. tube. The plots demonstrate refinement of the
estimate of As. Key: A, Ay = 19.2 cm.; B, Ay = 20.0 cm.; and C,
A; = 20.5cm.
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-tively, by way of experimental results.

and then to try to gain insight into them, quantitatively and qualita-
Experimental variation
limits the number of ‘conclusions that may be drawn from the 4;-
and wi-values. It will be noted from Table IV that the coefficient
of variation for these two parameters is 5%; this prohibits any
conclusions that may be drawn regarding the viscosity dependency
of w, (and, therefore, also of B[y,R]). The data would imply that
either w; does not vary with changing R, or, possibly, it decreases
with increasing R.

On the other hand, w, is quite reproducible (&=1%); it appears
from the results in Table IV that w.{w,=0-[B(n,R)]~} decreases with
both increasing R- and 7-values, and suggest the radial dependence
of B(n,R) to be of the form e#R; in this case Eq. 6 takes the form:

longzlog(?—logC*—ng

(Eq. 11)
where C* is a constant. Figure 6 shows the data plotted in this
fashion, and the plots are fairly linear; the slopes (calculated by
least-squares fit of the data in Table IV) are shown in Table V, and
are, as seen, fairly close to one another.

The data in Table IV would also suggest the dependence of w, on
viscosity to be an exponential decay ; if this is the case, then B(n,R) =
T-esRefn; inserting this in Eq. 6 yields:

Bl g, ¥

Lo 23 23" (Eg i

log v, = log

If log w, is plotted as a function of viscosity, four straight lines
should result, one for each tube. The data plotted in this fashion
are shown in Fig. 7. It is seen that fairly good linearity is exhibited,
and the values of the slopes as shown in Table V are close to each
other. Least-squares values of the intercepts from Figs. 6 and
7 are also shown in this table. The intercepts in Fig. 6 should be
[2 4 log 6/T — (u-R/2.3)] and the intercepts in Fig. 7 should be
[2 + log 8/ — (¢-m/2.3)]. It is, therefore, possible to get a crude
estimate of log [8/T'] by means of the intercept values. Results of this
type calculation are shown in Table V and values derived from the

0.4
Figure 6—Plot of the logarithm of the
smaller characteristic root, ws, as a
function of the tube diameter. O,
0.89 cps.; @, 1.05 cps.; ©, 1.20 cps.

Vi

1.5 2.0 2.5
RADIUS, cm.



I. INTRODUCTION
A. General Background

The ﬁanner in which gaseous or solute molecules adsorb
onto so0lid surfaces has been of long standing interest. It
has, in the past, been the subject of considerable research
efforts (1-18). The interest it has attracted in pharmacy
has been in many fields; granules, powders and solid dosage
forms, for instancé, adsorb atmospherié moisture and this
may effect such properties as‘flow, diséolution and
stability. Whereas these effects are (mostly) unwanted,
technolozical use has been made of adsorption phenomena at
times. Purifications (mostly by charcoal) during
recrystallization is one examble of this.

A rather recent utilization of adsorption is the taste
nmasking of bitter druzgs by adsorption, described by
Zentner (19-22). In this application montmorillonite is
used as adsorbent. In practice, the drug in question is
~dissolved in a hydro-alcoholic medium which is added to the
montmorillonite at 50«6050. The-solvent is then remoVed by
evaporation. The (so-called) adsorbate forped ¢ this
manner is suépended in a suitable pharmaceutical medium and
administered as a suspension. Although a solution is a

more elegant dosage form, the advantage, tastewise,
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outweighs the disadvantage, appearancewise, in many cases.
Montmorillonite is superior to other adsorbents for this
use.

It is remarkable that adsorbates of this type are

f'éuffiéiently strong to allow masking of the taste of even
extrenmely bitter substances, and yet allow the drug to be
biologically available (23). It appears that the bonding
force is sﬁfficiently strong, or of such a nature, that.
taste is maskgd; nevertheless desorption takes place in
the stomach, It might be worthwhile to elaborate, at the
onset, on some of the forces that apply in such an
adsorbate situation.

The bonding forces between an atom or molecule and a
solidvsurface are electromagnetic in origin, involving the
electrons and nuclei of the system. Generally, the forces
can be classified into two categories: internolecqlar
forces and valence bonds. When the equilibrium charge
distribution is such that there is no transfer or sharing
of electrons among the participating atoms and the

" individuality of the interacting species is thus maintained,
the forces are said to be intermolecular forces. Such
forces are, conventionally, attractive van der Waals'
forces balanced by fepulsive forces originating in the
proximity of neighboring electron clouds (24). The
attractive forces may be further divided into several

categories. If the adsorbed atom or molecule possesses no




permanent dipole or multipole moment, then the attractive
interaétion with the solid surfaqe is due to non-polar
dispersion forces only, unless the solid itself has an

. external electric field, as, for instance, in the case of
an ioﬁic crystal. In this latter case the field of the
adsorbent will induce electric moments in the adsorbed
atom, producing an interaction in addition to the
dispersidn forces. If the adsorbed atom or molecule has
a dipole (or multipole) ﬁoment of its own there will be
additional electrical interactions between adsorbed
molecule and adsorbent of the nature usﬁally referred to
és dipole interaction. If the adsorbing surface is ionic
in nature, this would be an ion-dipole interaction; if it
is dipolar in nature it would be a dipole-dipole interac-
tion. . Finally if it were neifher, the adsorbing molecule
would induce a dipole in the surface and the interaction
would be a dipole-induced dipole interaction.

Valence bonds may, of course, also be visualized as
being the attractive component between adsorbing and
 adsorbed species. These could be hydrogen bonds (having
a strength of 5-20 kcal/mole), or covalent (being about
ten times as strong as hydrogen bonds). In reality this
type of bond is a chemical adsorption (cheﬁisorption); it
is usually distinguished experimentally from physical
adsorption by the energy of activation involved. Values

as high as 20 kcal per mole have been used to define the
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upper limit of physical adsorption; higher values can only
arise from a chemical bond between adsorbate and surface.

-~

gt dis, hoWever, not always possible to draw such a

~conclusion merely on energy of activation values (25), and

the géneral question as to what constitutes a chemical,
what a physical bond is; to a large measure, a matter of
interpretation. To gain a full understanding of the ;
adsorptioﬁ, it is necessary to elucidate the actual forces
in each case. In general, one would, a priori, discard
the-possibility of chemical bonding iﬁ adsorbates that mask
taste but are biologically available on the grounds that
the latter point is not compafible with such strong
bonding.

‘Adsorption from solution is the means by which the
adsorbates by Zentner are produced, and this manner of
accomplishing adsorption is complicated by (a) polymeriza~
tion, (b) competition from solvent and (c¢) adsorption on
sites other than surface sites. It is in particular the

latter two points which are of significance with regard to

- montmorillonite since it swells in contact with many

sblvents; this is due to solvent molecules penetrating the
lattice and forming layers between the silicate layers, and
the process is known as intercalation (26). This poses the
question whether organic solutes are only adsorbed on the
surface or whether they, too, are capable of intercalation.

The process of swelling, therefore, may be of significance
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in the mode of adsorbate formation, and for this reason,
a short review of the general properties of montmorillonite

is in order.
B. General Properties of Montmorillonite

(1) Composition and Structure

Montmorillonite is ﬁhe common name for a group of
clays of the saponite type and its general structure is
shown in Figure 1. It is a complex form of magnesiunm
aluminum silicate cdntaining varying amounts of other metal
qxides. In composition it is intermediate between aluminum
siliéate and magnesium siliéate (saponite); these are
plate-like and rod-like, respectively (27). The distortion
of the plate to a rolled-up tube or rod takes place
wherever magnesium has substantially replaced aluminum in
the crystal lattice. The greater size of the magnesium
ion causes a cfystal strain resulting in this change.
These views have been confirmed by électron microscopy and
X-ray diffraction studies (28). The chemical composition
.'and crystal structure of montmorillonite is similar to that
of pyrophyllite (29-32). It, however, differs from pyrb-
phyllite in that it possesses high base exchange capacity
and a variable crystal spacing along the c-axis. '
Marshall (32) has suggested that the silicate structure
has a permanent negative charge due, as in mica, to the

bt

replacement of Si by Alz’+ or A15+ by Mgg+ and that the
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exchangeable cations are situated on the surface or
- between the silicate layers neutralizihg the excess
charge. This is in accord with thé structure proposed by
Mering (26); this is shown in Figure 1l; it is noted that
the repeating unit is [AlZ-ngx’Si4-yAly’olo(OH)EJ so that
it represents a negative charge of (x+y) per unit. Mering
visualized this to be compensated for by cations which
position themselves on the crystalfsurface, and, hence to
be a measure of fhe exchange capacity. The iohs are
primarily sodium in the mined mineral, but in the
"neutrafized" species consist of H'. Some of the sodium
ion present in mined montmorillonite is "free" (and
apparently has its origin in the processing of the crude
clay) and some of the sodium is exchangeable, typical
figures being: 13 mg (as Nan) per gram of free sodium
and 19 mg (as Naeo) per gram of exchangeable sodium (35)._
A typical analysis of montmorillonite will, therefdre,
reveal the presence of the metal ions which balance the
charge; as well as magnesium, aluminum and silicate. A
- typical analysis of a commercially available montmorillo-
‘nite would be (28): 61% of silicon dioxide, 14% of
magnesium oxide, 9% of aluminum oxide, 7.2% of water and
about 9% oxides of calcium, sodium, iron (III), potassium,
titanium and carbon.

"Neutralized" montmorillonite is made (qommercially)

by mild acid treatment of the mined clay. More severe



gacid treatments lead to conversion to kaolinite (34-35)
which is structurally quité close; the repeating unit is
[Alz_XMgXSigwyAlyO5(OH)4]. The special configuration is
shown in Figure 2.

Bentonite U.S.P. is a mineral composed of S0%
montmorillonite (37) and some of the work referred to in
this introduction actually deals with bentonite pupified
in various ways on a laboratory scéle (for example,
successive centrifugation) (38,%9). Wurster (40), for
instance, has studied the benzoic acid-bentonite system

extensively.

(2) Swellability
Montmorillonite is capable of absorbing large amounts

of water; when dispersed in water, the molecules of water
are adsorbed by the clay platelets and subsequent
penetration of water then causes swelling. Norrish (41)
has shown that the swelling phenomenon, indeed, occurs in
two stages. Wai and Banker (33) have shown that increasing

the concentration of electrolyte (sodium chloride) causes
an 80% decrease in the swelling of the clay. The remaining
20% are then attributed to the first, adsorptive phase.
The mechanism has béen substantiated by vapor phase
adsorpfion isotherms and X-ray diffraction analysis of the
¢-spacing (42). The swélling property is reversible,

i.e., the clay can be dispersed in water, dried (at low
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temperature) and rehydrated any number of times. - The
process of swelling and contraction is tied in with the
ability of water to penetrate in Between the silicate
Jlayers of the lattice (and thereby increasing the lattice
‘jspacing) when hydrating. The spacing between the silicate

(] o
layers thereby may increase from 10 A to 20 A.

C. Rheology, Gelation and Hydration

| Due to the structural network, montmorillonite
imparts viscoéity to aqueous systems. The network is one
of plate-to-plate, but whether this is edge-to-edge (38)
6r surface-to-surface (43) in a point not yet resolved.
A model of positively charged edges to negatively charged
surfaces has been proposed and seems consistent with
experimental data (44); the gel strength depends on the
- number of contact points and the force between platelets
is of the order of 10~7 dynes (45). The rate of gelatioﬁ
is first order with an activation energy of 14-17 kcal/mole,
and the rate varies with the sixth power of the total solids
- content (44).

In practice the hydration is exceedingly slow (46,47);
the viscosity of a dispersion, will furthermore change with
time éince the original structure is a random mesh (48),
and rearrangements to more stable configurations will occur

in time. The suspensions are thixotropic (46,49,50).
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D. General Approach and Research Goal

The interlaminar distance in ﬁontmorillonite is large
and the layers are held together by second order forces
(51); it can vary from 10 to 20 A or more depending upon
the water content. These water molecules form layers
~about 3 A thick (52), whereas the thickness of the
aluminum silicate framework is 9.6'3 (83). " The distance
in dehydrated montmorillonite can be more than 9.6 E, due
to the presence of various cations; according to Hendrick
A(54) these cations place themselves in the same fashion as
do the water molecules. These results have been
substantiated by using small angle X-ray scattering
techniques to compute the equilibrium distances between
- parallel clay layers in water with different electrolyte
concentration. It has been suggested that the interlaminar
spacing depends primarily on the sodium ion concentration'
and not on the concentration of anion (55). Regarding the
force involved, the data obtained by means of infrared
absorption spectroscopy for the sorption of water at 490°C
" have demonstrated that the.sorbed water molecules at high
temperatures no longer adsorb by intercalation but are for
the most part hydrogen-bonded to the surface of
montmorillonite (56-58).

MacEwan (51) pointed out that water molecules can be

replaced by organic molecules and has shown that the number
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of layers of organic solvent'molecule present between
silicate layers of the monfmorillonite is ag follows:
heptane, none; heptanol, ethanediamine and propanol—l,
one; propanediol-l,3, ethanol, ethylene glycol, nitro-
benzene, methanol and acetone, two; nitromethane and
acetonitrile, three.

The mode in which the organic molecules enter the
layers between the clay crystals wés studied by exposing
the montmorillonite eitheé to the polar or non-polar

- organic vapor and meésuring the changes in crystal
spacing (59).

Bradley (60) found a nﬁmber of compounds with poly-
functional saturated aliphatic chains to bond with
montmorillonite surface via a C-H----0 bond between
methylene groups and oxygen surface ions. Hé pointed out
that there is about one oxygen lacking in the X-ray
diffraction diagram and that one oxygen is not signifi-
cantly active in adsorbingz atmospheric moisture.

Although MacEwan (61) suggested that the mechanism of
formation of organic complexes by montmorillonite might be
connected with surface adsorption, !MacEwan and Talib-
Uddin (62), in the case of alpha-zinc hydroxide, showed
that the sodium salt of l-hydroxy-2,4-dinitro-7-naphthalene-
sulfonic acid adsorbs by placing itself in the interlaminar
positions. Cornet (2) has noted that the sorption of

ammonia by unground hydrogen montmorillonite occurred on
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interplanar surfaces as well as exterior planar surfaces.
Ammonia, of course, is iscelectronic with water and has
about the same molecular weight and hence it is not
surprising that it behaves in a fashion similar to water.

| Indhe case of protonized substituted amines (and

octher protonized compoundsj the adsorption on neutralized
montmorillonite is presumably of an ion-exchange nature.
In the case of uncharged species this, however, cannot be
the process. Wai and Banker (33) have shown that for
many organic compounds adsorption on sodium montmorillonite
is one 'of ion exchange.

From the desoription'given, it is apparent that
montmorillonite adsorbates could be brought about by
either a surface adsorp%ion or by an adsorption of the type
described for alpha-zinc hydroxide or ammonia, where the
"adsorbing" molecule attually penetrates into thevcrystél.

The taste maskiné of bitter drugs by adsorption nust

;

involve bonding forces of some stréngth. It is the purpose,
here, to elucidate what forces participate in this bonding
in an attempt to throw light on the apparent paradox of
taste-masking vis-a-vis physiological availability. In
cases where ion exchange plays a role, the bonding forces
will (presumably) differ from forces involved in situations
where ion exchange can be excluded.as a possibility. 1t is
prudent to approach the simplest case first, and the intent

here has been limited to the studv of compounds that will
J s .
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not adsorb by ion exchange. Once the mechanism has been
>elucidated in such a casé, further studies may be conducted

to describe the bonding in more complicated situations.




II. EXPERIMENTAL
A. IExperimental Design

Adsorption isotherm experiments from solution are
fraditionally carried out by exposing the adsorbent in a
weighed amount to a solution of the adsorbing molecule in
an appropriate solvent. By determining the concentration
of solute prior to and after equilibration, the amount of
solute adsorbed can be determined by difference. The
problems in this type experimentation are several-fold.
Both solute, solvent and adsorbent must be anhydrous
(unless adsorption from water is being studied), the
fempefature must be carefully controlled, and the
énalytical procedure must be of a fairly high order of
precision. The latter is necessitated by the fact that
amounts adsorbed are d}fferences between fairly large
numbers. Determination of optimum amounts of adsorbent
and concentration of éolution is, therefore, necessary to
carry out adsorption experimentation successfully.

It is of importance to know the surface areas
- involved in the adsorption process. To this end the
surface may be determined by conventional means (B.E.T.)
but itAis not a priori to be assumed that surfaces
available to nitrogen in the gas phase are the same as

these available to a solute in liquid-solid contact.

1
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B.E.T.-measurements, nevertheless, must bz made, and they
do, whether their quantitative results do or do not reflecf
available surface in liquid-solid experimentation; supply
information of the active sites present on the surface.

It is obvious that the adsorption isotherms will be a
function not only of tempefature, but, for thes same solute
andladsorbent, also a function of solvent. TFor this
purpose macroscopic properties of the solvent should be
avallable to gauge which broperty affects the adsorption;
such properties as polarity, basicity, density or viscosity
might be visualized as being of importance; it shall be
shown that the dielectric constant is the important
parameter, and for this purpose, determination of
dielectric constants aré a necessary step in the
experimental make-up.

Since capability of working under anhydrous cqnditions
should be available, and since methods for dehydrating
substances at room teﬁperature are & necessity, high vacuum
facilities are essential as part of the available equipment.
| A detailed description of the equipment and the

-experimental procedures is part of the following text.
B. Vacuum Rack

For the purpose of B.E.T. surface measurements and for
dehydrations at room temperature at high vacuum, a vacuum

rack was built. The experimental design of the vacuum rack
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is shown in Figure 3 and a schematic drawing of it is
shown in Figure 4. The set-up makes possible preséufes
as low as 10™% Torr and as high as 10 Torr (63}, . This
permits determination of gas adsorption over a wide range
of pressures as required for differentiation between sites
of different adsorption en;rgy levels.

The vacuum rack is built entirely of Pyrex glass
(except graded seals on electrodes as shall be mentioned
later). All stopcocks a;e high precision bore stopcocks
from Krebs and Eck’Corporation'in Long IsYand, N.Y. Two
types are used, and wili be described at the onset:

(2) capillary stopcocks, which are hollow, ground, straight
bore stopcocks, and (b) vacuun stopcocks. These latter are
of the double-azngular désign; here the stopcock is seated
in the housing, the bottom of which is spherical and
attached directly to the vacuum end of the system, In this
manner, the atmospher#c pressure on the outside of the
stopcock aids in the tight seating'of the closure.

The vacuum rack consists of a main manifold of

35 mm I.D. Pyrex glass tubing, closed off and rounded at
one end and, at the bther end, connected to a 45/70 vabuum
stopcock. This in turn is connected to the main trap,
which is an internal seal with a 35/45 ground joint.  The

removable (female) part is 40 mm I.D. Pyrex stock, with the

ground Jjoint in one end and round-closed at the other. A



Eigure 3.

Vacuun rack,
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sidearm connects it to a mercury diffusion pump, which in
turn is connected to a mechanical fore pump.

The diffusion pump is a conventional type water-cooled
apparatus. The distillation bulb has a 150 cc capacity
and is connected to the condenser by an asbestos-wrapped
18 mm bore distilling arm. A Glas-Col heating mantle is
used to heat the mercury, and the power is supplied to the
heating‘mantle from an autotransformer.

A capillary line is connected to the main manifold
via a capillary stopcock, N.

Two-liter round bottomed flasks, tapered down at the
neck, are fused onto tubing and via vacuum (G, H) and
capillary (A, B) stopcocks connected to the manifold and
capillary lines, respectively. These bulbs are used for
storage of nitrogen and helium., A furnace (D) consisting
of 30 mm I.D, tubing is filled with copper filings,
wrapped with Nichrome wire and insulated with asbestos and
then connected via a trap, C, to the capillary line via a
spring-loaded pressure stopcock, F. The outlet end is
connected to a spring-loaded stopcock E to 5 mm straight
Pyrex tubing. Several capillary stopcocks (P) are
connected to the capillary line; they are externally
equipped,with 10/20 joint which allows (a) venting, and
(b) introduction of gases or vapors into the vacuum rack.
A mercury manometer (K) is connected to the capillary line

via a capillary stopcock, L; by opening the stopcock J, the
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manoneter can be complete

@D

ly degassed. Closing J, then
accomplishes a permanent vacuum on the right side of the
manonmeter.,

The far end of the capillary line can be isolated by
means of capillary stopcock, I. At this end a Mcleod
gauge, U, 'is connected to the capillary line via a
stopcock, T, attached directly to the capillary measuring
tubing of the gauge. The smaller (ca. 4 cc) and larger
(ca. 300 cc) reservoirs of the gauge allow a ca. 10,000:1
compression ratio, since the smallest subdivision in the
measuring tubing is ca. 0.04 cc. The operation and
calibration of this is described in detail below.

The bottom part of the Mcleod gauge is filled with
mercury. A side arm connects the headspace of the mercury
rescrvoir to either a secondary (mechanical) vacuum pump
or to the atmosphere. If the sidearm is connected to the
atmosphere (with T closed), the mercury will rise; once it
passes the connecting point between the large reservoi
and the sidearm leading to W, the gas in the systen is
divided into two portions. By raising the mercuryrall the
ﬁay to the top mark in the measuring capillary, the gas is
compressed about 10,000-fold; by applying vacuum to the
sidearm via W, the measured pressure is about 10,000 times
the pressure of the uncompressed gas. Mercury levels are
measured with a precision cathetometer (Gaertner

Scientific Corporation, Chicago), so that pressures down
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to lbmm (actually 0.05 mm Hg) can be measured accurately;
this, then, means that pressures of 107F Torr (0.1 micron)
can be monitored. In terms of gas amounts this amounts to
n = (1/760) 0.04/(82 x 300) = i.e., of the order 10~° moles
_;being'the‘lower level of detection. The main sidearm of
the Meleod gauge is connected to the main manifold, via
the stopcock W,

A joint of the typevP is attachea via a stopcock R to
the capillary line. This allows attachment of a sample
bulb, which can contain samples, the surface of which are
to be measufed. Both sample bulb and the tubing beyond
stopcock R are equipped with ground joint (10/20), the
sample bulb having the female joint.

.The end of the capillary line is connected to a
variable volume McLeod gauge,'which operates in the same
fashion as the high compression gauge. The operation and
calibration of this gauge will be described at a later
point. The sidearm of this gauge is connected, via a
stopcock Q, to the main manifold.

The electrode of a Pirani gauge is attached to the
main manifold. These electrbdes are metal leads that are
attached to a piece of Pyrex tubing via a graded seal,
i.e., the initial seai to the metal leads is soft glass
(which séals with metal) and consecutive layers of harder
glass are fused onto this, eventﬁally sealing it to the

Pyrex tube. These electrodes are available commercially
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(Autovac Corporation). The leads are connected to the
Pirani gauge, which, in essence, is a Wheatstones bridge.
The conductivity of a gas is a function of its pressure,
and the Pirani gauge measures the conductivity and
translates it into microns of pressure. The étandard
calibration applies to dry air, and if the gauge is to be
used for precision measurements oflother gases, it must
be calibrated against them, by che&king needle position
against pressures measured on the MclLeod gauge.

The purpose of the rack is, of course, to provide a
means of attaining high vacuum at any spot. The Pirani
gauge is here used as a check to ascertain that low
pressures (below one micron) exist in the system at all

times. To attain such low pressures necessitates certain
precautions. First of all, as has been mentioned,
precision bore stopcocks were used. OSpecial previously
degassed stopcock grease (Apiezon N) was used. All joints
were glass blown and fresh surfaces cfeated by blowing not
by filing. (File marks introduce small pieces of metal
into the Pyrex, and since these do not seal intimately they
eventually degenerate into a leak.) The rack was checked
for leaks whenever the Pirani gauge so indicated. This was
done by neans of a Tesla coil. Manipulation of stopcocks
(i.e., isolation of certain areas) will, with skill,
pinpoint the position of the pin hole rapidly. Pinholes,

when they occurred, were repaired by glass blowing. All
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glass stock was cleaned with nitric acid, benzene, nitric

system.
C. General Operation of the Vacuum Rack

The first step in operating the vacuum rack is to
open the main stopcock. If stopcock N and G are closed,
this will evacuate the main manifoid; but with the
appropriate stopcocks oﬁen, evacuation of any part or the
entire system is péssible. Moisture has a tendency to
cling to glass, and degassing operations are very lengthy
(days) if a means of remofing moisture is not provided.
For this purpose the glass stock is cleaned meticulously
prior to fusing it into the system. Nevertheless, moisture
will appear in the system every time its interior is
exposed to the atmosphere (e.g., when vented via stopcock
P), and for this purpose, the main trap is alwéys cooled
with liquid nitrozen (in a Dewar jar), when the rack is
operating.

Pressures in the system of over 10 Torr can be
measured on the mercury manometer, K, and lower pressures
can be monitored on the high compression Mcleod gauge, U.

Samples can be dezassed and dehydrated in sample

. bulbs at stopcock V, with all stopcocks other than V and

the main stopcock closed.
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By suitable manipulation of stopcbcks, nitrogen or
helium can be Bléd into ahy part of the systen.

Pressures in the manifold or capillary line can be
measured by opening stopcock W (or T), then closing s
raising the mercury from the reservoir evacuating the
sidearm and measuring the(pressure differential at the
suitable‘calibration mark in the measuring capillary
(velow T). For accurate measurement it is, therefore,
necessary to have precision calibration of the McLeod

gauge.
D. Calibration of McLeod Gauges

The high compression McLeod gauge was calibrated
prior to assembly. The capillary tube of a capillary
stopcock was filled with mercury to various levels, each
of which was marked by an etching with a diamond pencil.
By weighing befdre and after addition of mercury,
recording the temperature, and using fhe density of
mercury at that particular temperature, the volumes
. corresponding ﬁo each mark can be determined. The large
compression reservoirs were calibrated in a similar
fashion but with water. After calibration the four parts
(the mercury reservoir, the two compression reservoirs,
and the capillary stopcock with tube) were fused together

by glass blowing, and connected to the main manifold via
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the sidearm and stopcock W and to the capillary line via
the non-calibrated part of tube on stopcock T.

A sinmilar procedure was used on the other Mcleod

. gauge, the multiple volume gauge, except here all

calibrations were made with water, due to the higher

volumes involved. A schematic, showing all volumes, is

presented in Figure 5.
E. Gas Charging of Storage Bulbs

Helium and nitrbgen are used in B.E.T. surface
measurenents. High purity tank helium and nitrogen are
used (lMatheson, Carlstadt, N.J. and Chemetron, Chicago,
Illinois, respectively). In introducing the gases from
the cylinders into the system, it is necessary to connect
the outlet of the cylinder to'stopcock E, by means of
rubber tubing. This by necessity introduces (gz) air,
1¢€,, OXygen and (b) moisture. In order to remove these
impurities prior to introduction of the gas into the

storage bulb, they are led over copper at 400°C (furnace)

and then through a (liquid nitrogen) cooled trap. The

first operation removes oxygen, the latter moisture.

The pressure for filling gas into a storage bulb is,
then, as follows: all stopcocks are opened, except P, V,
I, W, 9, and E, and the system is thoroughly evacuated.
Stopcocks A, B, G and H are then closed. E is then

connected via rubber tubing. The needle valve of the gas
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cylinder is opened slightly and about 500 Torr of gas is
introducéd (as measured on the mercury manometer). The
system is evacuated, again flushed‘with gas. The systen

~is again evacuated. The furnace leads are connected to a

i Variac, at a predetermined setting which will effect the
correct temperature in the furnace. The trap C is cooled
by means of liquid nitrogen (in a Dewar flask), and A is
now opened, and by opening the ne=dle valve on the
cylinder gas is allowed t6 flow in slowly until a pressure
of about 650 forr is measured on the mercury manometer.
A is then closed, E and F are closed and the entire systen
once nore evacuated. In this manner one storage bulb is

filled with nitrogen, and the other with helium,
F. Volume Calibration in the Rack

Once the volume of the segments of the lcLeod gauge
are known, any volume in the remaining part of the.vacuum
rack can be calculated. The general procedure for
obtaining an unknown volume (y) from a known volume (x) to
which it can be connected by the opening of a stopéock is

:to evacuate x and y, and then charge helium into x to a
pressure of P_ (em Hg). Opening the stopcock between x and
y, and re-registering the pressure P (cm Hg) allows

calculation of y from the gas law:

B e el o (x + 7) (Eg: 1)
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The ‘known vclumes are the volumes in the high
compression McLeod gauge, U, (referred to in the following
simply as U) and the bulbs of the multiple volume McLeod '
gauge M (referred to in the following simply as M). The
sunm of the bulb volumes of M will be denoted V5 below.

For operation of the rack, it is important to know
the volume of certain sections of the rack. For B.E.T.
measurements, to be described shor%ly, it is important to
know the volume of the capiliary line confined by stopcocks
I, T, R and the upper mark ofvgauge M (Vc). It is also
important to have an expansion (discard) volume of known
capacity, and the main manifold volume was used for this
purpose (Vm). Finally, in B.E.T. measurement, the volume
of the space in the sample bulb which is not occupied by
the sample is needed. Helium does not adsorb on surfaces
at 25°C and volume determinstions are therefore carried out
at 25°C using helium to perform the expansion experiments.

For the convenience of further discussion the

notations of the various volumes are listed below:

Gauge U, volume to mark 8: 308.3% cc
Gauge U, volume to mark 7: 4.2232 cc

Capillary confined by I, T, R and l-mark of M: Vc

Sample Bulb S containing a weighed amount of
montmorillonite: V_ (free space)

Manifold plus Sidearm to Gauge M: Vm

Volume of Bulbs in Gauge M: V!
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A

The method leading to Eq. 1 was employed for

£

determining the volumes Vc’ Vv

g and Vm as described below.

During all operations in the following the main trap
is cooled with liguid nitrogen. Stopcocks A, B, G, H, F,
J, E and P are in general considered closed iﬁ the
foliowing, unless otherwise stated. The entire system was
evacuated by opening the main stopcock and all stopcocks
(other than the ones specified and the threeéway stopcocks
at the two McLeod gauges) opened. ‘The main stopcock was
closed and the effectiveness of degassing and tightness of
the system insured by leaving the system undisturbed for
5 minutes and making certain that the pressure on the
Pirani gauze (or as measured on the high compression McLeod
gauge) had not risen above 0.1 micron. Stopcocks N, W, R
and 9 were then closed. The mercury levels of the McLeod
gauges were brought uplabOVe the 8 and 5 marks, and H was
opened briefly. This introduced helium into the cépillary
system. T was then ciosed, and the system external to the
gauge U, evacuated by opening stopcocks W and Q and
iowering the mercury level in M below the 5-mark.

The mercury level in U was then brought up to the
7-mark, and the mercury level in the sidearm and at the
7—levé1.measured with the cathetometer. The difference
(Po) should be about 30 cm, i.e., the number of moles of

helium should be about n = %g x 4éi§9§ (if the

temperature is 298), i.e., about 7 x 1072 moles. If the
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amount of helium wac insufficient (i.e., if the recorded
pressure difference was less than 30 cm) then more helium

was introduced in a manner similar to the one described,

Ay the pressure was too high, part of the helium was

discarded by closing W, lowering the mercury level in U to

below the 8-mark, and then raising it again. This would
discard about 1/4 of the helium in the U-gauge. W was then
opened and the amount of helium in the sidearm discarded.
The mercury level in gauge M was now raised to a
point between marks 4 and 5, and stopcocks R, I and Q
closed. The mercury in gauge U was next lowered to the
8-mark and stopcock T was opened. This would depress the
level of the mercury in gauge M a little, and it is for
this.reason that the level was kept slightly high at the
time T is opened. The mercury levels in U and M were then
adjusted to positions 8 and 5, respectively, and T again

closed. The system external to gauge U was evacuated, the

(9]

mercury level in U raised to the 7-mark and the new
pressure difference (Pl) recorded on the cathetcmeter.

The application of Eg. 1 to this situation now yields:
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or simply

[V, + 308.31P; (Eq.2)

208.3 PO
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wher? Vl is the volume consisting of the capillary volume
V. plus the (knovm) volume of the bulbs (V') in gauge M,
i;e., Vl = P M ’Stopcocks T and R were then opened,
mercury levels adjusted in gauges U and M to 8- and
5-positions, respectively, T closed, and the pressure at
the 7-mark (P2) measured again., This, of course, would
be smaller, since the expansion volume, in this case,

included the volume of the sample bulb S (VS). The

expansion volume (V2) can then be found by

1

[V, + 308.3] P, 508.3 By (Eq. 3)

where V2 = Vc + V' + Vs' There was as mentioned a need

to have a large discard volume of known magnitude for some

~ operations, and the volume (Vm) of the manifold was

determined for this purpose: The main stopcock was closed,
stopcocksQ and T were opened, and the mercury level in |
gauge M lowered below the S5-mark. This expands the gas in

gauges U and M and the capillary volume into these volumes

plus the volume of the manifold. In other words, if the

system is now equilibrated the expansion volume will be

=

V5 = VC + VS + V' 4 Vm. After equilibration, stopcock
was closed and the mercury level in U brought up to mark 7,
and the pressure difference, PB’ measured with the

cathetometer. P, and V., are now related by the equation
, 5. 3
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[V + 308,31 P, = 308.3 P (Eq. 4)

3 &

G. B.E.T, Surface Measurements

The system was evacuated by opening all the stopcocks
(except A, B, G, H, P and F). The main trap was cooled
with liquid nitrogen and it was ascertained that the
pressure was less than O.l micron. The mercury in gauge U
was then raised halfway up into the large reservoir,
theredby isolafing the gauge space from the remaining
system. The stopcocks N, I, W and Q were closed and
stopcock A was opened théreby introducing nitrogen into
the capillary line. Stopcock I was then opened carefully
to allow nitrogen to flow into the gas analysis section.
Care was taken not to let the mercury level fall below the
dividing T's of the two lMcLeod gauges. The stopcocks A and
I were then closed and the mercury level in gauge M was
raised until the mercury level in gauge U was at the
8-mark. The pressure PA was recorded with the cathetometer
and the number of moles (na) of nitrogen in gauge U was
calculated. Stopcock T was then closed, stopcocks I and N
opened and the nitrogen remaining in the capillary line of
the sysfem was evacuated.

The sample bulb S was then cooled with liquid
nitrogen in a Dewar flask; cooling was maintained for at

least one-half hour to permit the sample to reach thermal
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equilibrium, with the liquid nitrogen. This is a slow
process due to the vacuum in the sample bulb. The mercury

was now raised in gauge M to a position about halfway up

. through the bulbs. Stopcock T was then opened and the

‘ mercury level raised in gauge U until the level in gauge M

is at position 5. If the level in M were raised further,
the mercury level in gauge M would fall below the T to the
sidearm and the gas would be lost. This is the reason for
originally raising the 1evél to midway up the bulbs in
gauge M. The mercury level in gauge M is again raised
halfway up the length of the bulbs, and the process
repeated until the level of fhe mercury in gauge U is at
mark #l. At this point virtually all the gas in gauge U
has been transferred to the space occupied by the sample
bulb and gauge M. The pressufe (PB) is recorded and the
number of moles (nb) of nitrogen remaining in gauge U is
calculated from the known volume at mark #1 (0.04655 cc).
Stopcock T is then closed, and the number of moles of

nitrogen in the sample section is now known to be

A T R ¢ I
e a b

The mercury level in gauge M was then lowered to
mark #5, and the system is left standing for 24 hours.
This is the length of time required for initial
equilibration, the limiting factor being temperature

equilibration in the sample bulb. Care is taken to
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maintain the level of liquid nitrogen at a preset mark of
the capillary tube above the neck of the sample tube.

After equilibration, the difference between the

| . mercury leveles at mark #5 of gauge M and the mercury level
E- / in its sidearm was determined by means of the cathetometer.
| The mercury was then raised to mark #4, equilibration
| (at this point requiring about one to two hours) achieved,
and the pressure differential recorded. This was then
repeated for the remaining'marks on gauge M, i.e.,
eventually measuring the pressure at mark #l.

The mercury was then lowered to mark #2, the pressure
recorded, then to mark #3%, and so on. The reason for

recording the pressures in descending fashion as well as

in ascending order, is to check porosity characteristics
of the powder. The mercury level in gauge M was then
lowered below the sidearm level, Q and the main stopcock
opened, énd the Dewar jar removed from the sample bulb.
The system was evacuated.

In some experiments the initial amount of nitrogen
was not recorded (especially where high pressures of
vnitrogen are involved). In this case, the amount of

' nitrogen was determined after the pressure recordings by
lowering. the level of mercury in gauge M below that of the
sidearm, keeping the main stopcock closed, and removing
the liquid nitrogen from the sample bulb. The level of

mercury in gauge U was then raised to a level halfway up




| 36
the large reservoir (i.e., between the 7- and 8-marks)
and the sample wés allowed to warm up. In this manner the
nitrogeﬁ was allowed to escape into the 1argebexpansion.
volume of the manifold, and hence pressures above one
atmosphere would not be cr?ated in the system. The level
of the mercury in gauge U was continually watched, and in
essence this gauge was used as a gross manometer in the
operation to insure that the pressure remained below
atmosphere. When the sample had reached room temperature
(when the pressure was steady), the mercury level in
gauge U was lowered to level 8, stopcock T was closed and
the mercury raised to the 7-ﬁark. The pressure was
recorded (P'). The number of molecules in the system (n)
was then calculated froﬁ the relation corresponding to
these measurements:

/

Pt 2252 v

% 3555 n.82+298 - (Eq.5)

3 =

In whichever way the number of moles of nitrogen

- introduced into the system is calculated, the general

calculation for number of moles adsorbed is carried out as
follows:

Lgt'n be the number of moles introduced into the
system (i.e., n = n, - ng or as given by Eq. 5). After
cooling the sample bulb, the number of molecules (ng)

present in the gas phase is given by:
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B, .= §§T§§7"7§ E;ﬁ - ;%]v (Eq. 6)
Vb is herelthe volume of the 5ulbs not occupied by mercury
in gauge M plus the capillary volume (Vc).
- The difference n - ng then reflects the number of
moles of gas adsorbed at the pressure Pa registered.

It will be noted that in each experiment four sets of
ng-values and corresponding Pa-values are obtained. The
experiments were repeated with different initial amounts of
nitrogen, each experiment providing four mdre points, All

the values were then compiled and graphed to give the

éntire isothermn,
He  Chemicals

The montmorillonite used was micronized, neutralized

montmorillonite as received from the supplier (R. T.
Vanderbilt Co., Inc., 230 Park Avenue, New York, Wale
10017). Except where noted the entire study refers to one
single lot (Type S-6814, Lot FX 329). In some of the

« initial studieé (relative to benzoic acid isotherms),
different lots were tested giving results identvical %o
those found with thé stated lot. BSamples were also
preparea by acid washing the montnorillonite with

0.1 N HCl, but several difficulties arose; grinding to a
wniform particle size is difficult, and in the cases where

this was attempted results did not differ from samples
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prepared with the lot as received from the supplier. Acid

o

treatment‘entailé the danger of chemical change of the
clay. One sample treated with 0.2 N HCl changed,

. presumnably to kaolinite or ilite. This is in line with
‘the findings of Schofield (34), Caillere, et al. (35,36)
and Weaver (64) who found that the pure H-form is difficult
to obtain with acid because A177" ions are liberated from
the interlaminar space and then remain as cations on the
surface.

Drying of the sample is obviously of importance; this
cannot be accomplished by heat without possibility of
chemical changes, and samples were therefore placed in a
bulb with a 10/30 ground joint and attached to point P of
the fack, and degassed for fwo weeks at room temperature.
The equilibrium moisture pressure of these samples was
less than 1 micron Hg. The samples were stored in vacuum.

desiccators affer drying.

Benzoic acid (Merck) was recryétallized from boiling
water and thé crystals were colorless, needles of melting
_point 121.6-121.8°C (65).

Solvents: Methyl alcohol (Mallinckrodt),
2-Propanol (J. T, Baker), n-Amyl alcohol (Baker and
Adamson), n~Propanol (Mallinckrodt), Ethyl alcohol
(Commercial Solvents Corp.), Isobutyl alcohol (Mallinckrodt),
Isoamyl alcohol (Baker and Adamson), tert-Butanol (Fisher

Scientific Company), Acetonitrile (Fisher Scientific
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Company, Certified Reagent), and Dichloroethane (Aldrich

e

Chemical Company) were all reagent grade and were used
without further purification.

Benzodiazepine derivatives tested were kindly

' supplied by Hoffmann-La Roche, Inc., Nutley, N.J. and

were regarded as pure and were used without further
purification. These compouﬁds have all been subjected to
stringent quality control and have been shown by TLC,
polarography and other highl& sensitive methods to be of
99.8% purity or better. The compounds tested are listed

in Table I. Oxazepam (7-chloro-l,3-dihydro-3-hydroxy-5-
phenyl—EH—l,4-benzodiazepine¥2-one) was kindly supplied by
Wyeth Laboratories, Inc., Radnor, Pa., and was used without
further purification.

Moisture determinations were indicated at various
stages of this study and were performed by Karl Fisgher
titration. The Karl Fischer reagent is a solution of
iodine, sulfur dioxide and pyridine in methanol; reagent
purchased from Fisher Scientific Co. (Catalog No. So-k-3)
was used. The reagent was restandardized daily by

titrating known quantities of water with it before use.
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In an adsorption isothefm, the quantities measured
are the amaunt of solute in solution before and after
attainment of equilibrium; the difference yields the
amount of solute on the adsorbent. In other words, the
adsorbeﬁt is added to a solution of>the solute, which has
been previously assayed, and then assaying the solution
after equilibrium is established. 3By multiplying the

assays (C, and C

Yritial l) by the volume of solution,

fina ‘
the total amounts in solution before and after are
obtained. The difference is Csolid’ the amount adsorbed
by the solid. This latter figure is, in essence, the

difference between two large figures, and good assay

. precision is therefore a mandate for obtaining good

adsorption isotherms. Also a fair amount of initial
investigation is necessary to establish the optimun
concentrations of solute for a particu;ar isotherm. The
isotherms, if Csolid is plotted versus Csolution’ will be
downwards concave and asymptotic; it is important to

. obtain pointé in the curved part of the plot (i.e., not
just saturation, or plateau values), and for this reason
as well, it is essential to operate in optimum concentra-
tion rangés. The various points of the isotherm can be
obtained in two fashions., ZEither various amounts of
adsorbent can be added to a stock solution of solute in

solution, and assays performed before and after as

42
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nt can be added

D

described, or, a standard amount of adsorb
to various concentratioﬁs of solute._ In this study the
former procedure has been used most often, but the latter
has also been applied. The analytical methods for
benzoic acid isotherms and benzodiazepine derivative

| '
isotherms differ and will be described separately.

Benzoic acid isotherms were performed as follows:

approximately 4 grams of montmorillonite which had been
stored in a vacuum desiccator were rapidly transferred to
a téred Erlenmeyer flask with groﬁnd Jjoint top and
stopper. 100 cc of benzoic¢ acid stock solution in
énhydrous solvent were then added and the flask weighed
again and sealed with parafilm. The flask was shaken
mechanically at 25°C for 48 hours on a Metabolyte Water
Bath Shaker (New Brunswick Scientific Co., Inc.). The
sample was then centryéuged at 1500 rpm and a large
aliquot of the supernétant titrated with 0.02 N NaOH,
The stock solution was titrated and the amount adsorbed
was calculated by difference. Blanks, containing no

- benzoic acid, were treated similarly and showed no
significant titer. The experiments were then repeated
using different concenfrations of benzoic acid.
Experimenﬁs were performed in the same fashion using the

following solvents: methanol, ethanol, tertiary-butanol,

isopropanol and water-isopropanol mixture (50% w/w).



The benzodiazepine icotherms were determined by

making a stock solution of the solute and adding to it
various amounts of montmorillonite and proceeding in the
'fashion described above. Stock solutions were assayed
speétrophotometrically before and after by using a

Cary 14 (Applied Physics Corporation) spectrophotometér.
Matched cells with 1 cm optical path were used. |
Approximately 1 to 10 grams of montmorillonite were
weighed accurately and répidly transferred to a tared
Erlenmeyer flask with ground joint top and stopper.

50 cc of stock solution in énhydrous solvent were then
-added and the flasks were sealed with parafilm. The
flasks were shaken mechanically overnight. The samples
were then centrifuged and an aliquot of the supernatant
was diluted with absolute methanol and assayed spectro-
photometrically at the wavelength shown in Table I. The
stock solution was assayed in the same fashion and the
amount of each solute was calculated by difference. The
adsorptivity of each solute was determined by Beer's law -
plots. The absorptivity values of the benzodiazepine

derivatives tested are shown in Table I.

Moisture adsorption isotherms were determined by

exposiﬁg 5 gram samples of montmorillonite to 100 cc of
water-isopropanol mixture (12.5%, 25%, 37.5%, 50%, 62.5%,

75% and 87.5% of isopropanol, v/v) in sealed flasks and
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then shaking mechanically overnight. The suspensions
were then transferred to sedimentation tubes of 4.2 cm
inside diameter, of the type described elsewhere (66,67),.
for three weeks. The water content of the system was

determined before and after equilibrium by means of Karl

Fischer titration (68).
J. Dipole Moment Deternminations

To determine the dielectric dipole moment of a
solute molecule, the measurement of dielectric constant,

density and refractive index are necessary.

The dielectric constants of the various solvents were

determined by using a Sargent Chemical Oscillometer,
nodel V7 (Sargent-Welch Scientific Company, 7300 North
Linder Avenue, Skokie, Illinois), according to the
manual (69).

In order to obtain reproducible readings, the
instrument was pre-warmed for two hours. The 10 ml
sample cell was rinsed carefully with water, alcohol and
anhydrous ether and then dried thoroughly with air to
insure complete dryness. If the surfaces are not dry
(for instance if they are contaminated with perspiration
moistufe from handling) the value ofAthe cell filled with
air may vary several magnitudes. This is important since

the zero adjustment of the instrument is performed using
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an empty Cell; The empty cell was installed at its
selected positioﬁ in the céll holder and the zero
adjustment was performed by means of the center édjust
knob and the zero set. With the range switches set at
full capacitance (toward the operator) and the measuring
dial counterclockwise to read zero, the center adjust
knob was rotated until the meter.needle pointed to or was
close to center zero scale positioﬁ. The final zero
adjustment was then made.with the zero set so the needle
would point at center position with the high sensitivity
switch depressed. Without removing the cell, the sample
under investigation was cafefully poured into the cell
until its level was approximately 1 cm over the electrode.
The range switches were thrown (away from the operator)
and the measuring dial rotated until enough capacitance
units have been removed to restore the meter needle to
center position while the high sensitivity switch is
depressed. The scale reading was then obtained by adding
the values for each switch and that indicated by the dial.
Thq cell was then emptied, cleaned and dried, and the
procedure was repeated in the same manner for the next
sample. When after measurement of a sample the zero
point is to be re-established some alteration of the
position of the zero adjust control may be necessary.
Such alterations in the apparent capacitance is due to

slight instrument drift, residual moisture or sample
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contamination in or on the cell or change of position of
the sample cell with respect to the cell holder.
Particularly, the orientation of the cell in the cell
holder is important in reproducing the same conditions
for repeated readings. If it is found that the cell
position is critical, the éell and cell holder should be
marked to indicate the orientation of thé cell,

The dielectric constants of the diazepine
derivatives were determined by the Heterodyne-Beat method.
The principle on which this is based is schematically
represented in the following page.

A radiofrequency signal of constant frequency fo is
generated by a fixed-frequency oscillator, and a second
signal‘of frequency f ié generated by a variable-frequency
oscillator; they are fed into a mixer, whose function is
to produce in its outplt voltage a component of frequency
(£ -_fo]. This diffe#énce frequency, or beat frequency,
will be in the audio range when f and fo are nearly equal
which can be accomplished by introducing a 1000 cycle per
second wave frequency into the beat indicator. The beat
ffequency can then be detected by oscilloscope by its
particular pattern.

The heterodyne-beat apparatus was kindly provided by
the Division of Physical Chemistry, Department of Chemistry,
the University of Wisconsin. A method of generating a

calibration chart to compensate for condenser nonlinearity
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has>been described (70) and pfepared in the course of this
measurement.' A two terminal cell was chosen for
determining the permitivity of liquids and its

construction according to Bender (71). Solutions of

; diazepam and the remaining benzodiazepine derivatives were
prepared by dissolving approximately 1 gram of solid in
100 ml purified 2,4-dioxane and then poured into the cell
case (cell volume 100 ml). The two positions of the cell
are located by moving the insulated handle to the stops.
The stops may/be moved relative to one another to provide
a range of capacitance differences between the two positions.
The theory and application of the two terminal cell have

been described elsewhere (72).
2. Density Measurement

The density measurement used was a buoyancy methed in
which a Christian Beckers Balance was precalibrated’with
water at 25°C. The scale reading equals the ratio of the
density of the liquid to the density of water at 25°C. The
sinker is suspended with a very fine platinum wire so that

 the surface tension effect on this wire is negligible. The
wire was always immersed to the same depth and the sinker

was rinsed with alcohol and dried for each measuremente.
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5. Refractive Index Measurement

The refractive indices of the benzodiazepine
derivatives were determined by means of Abbe refractometer
f‘(w. H., Kessel & Co. Scientific Insfruments, éhicago, |
Illinois) at 25°C with a constant temperature water bathj;

a circulating pump was connected with rubber tubing to the
inlets and outlets provided for temperature control on the
refractométer. :

The Abbé‘refractometer mekes use of the principle of
the grazing'angle; the telescope is stationary and the
prism is moved. The prism must be moved through a certain
angle so the critical boundary in the field of view
corresponds to the critical angle of refraction. The field
in the telescope will show a light region and a dark region
and the sharp line of demarcation corresponds to the
grazing angle. The scale of the Abbe refractometer is
calibrated directly in refractive index, so no calculations

are necessary.
K. Infrared Absorption Spectrométry

In some types of adsorbates it is possible to obtain
information regarding‘the bonding involved via infrared
absorptidn spectrometry. An example of this is the work
by Herl and Hair (73) who demonstrated that interaction in

silica adsorbates was confined to hydroxyl groups (by the
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shift of the OH stretching frequency). It was hoped that
IR spectra would throw light on montmoriilonite adsorption
in the same way and KBr pellets were therefore prepared
of (a) montmorillenite, (b) diazepam, (c¢) diazepam
adsorbed on montmorillonite, and (d) oxazepam adsorbed on
montmorillonite. The spectra were obtained on Beckman
model IR5 infrared spectrophotometef. Adsorbates were
prepared by drying the solids from an adsorption

experiment (1 gram of montmorillonite in a solution which_

S s 1072 molar in solute).

B

L. Reflectance Spectra

Reflectance spectra of (a) montmorillonite,

(b) diazepam adsorbed on montmorillonite, and (c) diazepan

were performed on a Beckman model DB spectrophotometer with
integrating (barium oxide) sphere. These spectra were
performed by !Mr. James B. Johnson at Hoffmann-La Roche,
N.J. :




Tl RESULTES
A, Benzoic Acid Isotherms

The amount of benzoic acid adsorbed fr&m isopropanolic
solutign by montmorillonite was calculated by difference
before and after equilibraéion and the data shown in
Table.II. Reciprocal plotting of the data yields straight
lines as exemplified in Figure 6; as seen in Figure 7,
straight lines are also ogtained with other solvents. The
dehydrated clay still contains 5-6% water in the inter-
laminar spacing as shall be discussed shortly.

Since anhydrous solvents (e.g., methanol) have been
reported to (and were found to) extract and replace the
structural water from méntmorillonite, the solvent after
equilibrium will contain smali'amounts of water.
Experiments were therefore performed as follows: one to
six grams of méntmori%ionite in a tared container were
used per 100 cc of solvent, so the moisture content of the
solvent would be 60-360 mg per 100 cc. To ascertain that
this small amount did not affect the results, two runs
were made with montmorillonite pre~extracted with solveht,
results from these fall in line with the remaining

results (Figure 6); hence, the effect of the small amount

of water is within experimental error. Two runs were made

~52-
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Figure 6. Benzoic acid isotherm from anhydrous

isopropanol.

Key:
(O = the procedure described in the
text
e = re—extracted montmorillonite
see text) ' :
(D= a lot of Veegum different from

the lot used in the main portion
of the study
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Figure 7. Benzoic acid isotherm on montmorillonite

from various solvents.

Key:

Solvent ()

©
O

(D = methanol

Itert-butanol

ethanol

I

n

50% isopropanol
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with a different lot of montmorillonite, also giving

consistent results (see Figure 6).
B. Moisture Isothern

It should be pointed out that in spite of the low
equilibrium moisture presgﬁre of the montmorillonite
obtained with the high vacuum capability of the vacuunm
rack, it still contains about 5.6% structural water as
determined by the Karl Fischer titration.

Montmorillonite swells in contact with solvent (51)
although not nearly to the degree experienced with water.
Wai and Banker (33) have described a method for
determining swelling volume and a similar method was used
bere., Figure 8 demonstrates that the swelling volume
does not change too markedly up to about 50% water content.
Samples of supernatant; of the systems were tested before
and after equilibrium for water content by Karl Fischer
titration. The calcuiated results are shown in Table III,
A plot of moisture content of the montmorillonite as a

function of water content of solvent is shown in Figure 9.

C., Diazepam Isotherms on Montmorillonite in
Various Solvents

Diazepam isotherms were determined in hydroisopro-
panolic. vehicles in a similar fashion as described

previously. For reasons to be discussed later (future
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The swelling volumes of montmorillonites in
isopropanol containing various concentrations
of water.

Key: () and & show different runs.
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oG

-work), the initial part of the Langmuir iso;nerm cannot
be detected, but the plateau can be accurately
established by conducting experiments at constant solute
concentration and varying the amount of montmorillonife
added. In this fashion the plateau value (meq. diazepam
per gram montmorillbnite) émerges as the slope of a
(linear) plot of meq. diazepam as a function of the
number of grams of montmorillonite added. Figure 10 shows
such a plot. .

It is noted from Fizure 10 that the amount of
diazepan adsorbed decreases with increasing water content
and this is probably due to the effect of the increasing
dielectric constant of the solvent. Isotherms from
anhydrous solvents are éhown in Figure 11 through Figure 21.
The equations for the lines are unweighted best fits. In
most instances the isotherms emerge directly. In the
three cases with the quhest dielectric constant, however,
solvent will penetrate into the crystal in excess of the
number of solvent layers there initially. This causes a
reduction in the external volumej; the result is that if
this is not accounted for then the isotherm will not be
linear. Figures 11, 12, and 13 show isotherms with and

without adjustment. Only acetonitrile, methanol and

ethanol (Figures 11, 12, and 13) fall into this category.



Figure 10. Diazepam adsorbed as a function of the
amount of montmorillonite in a hydro-

" isopropanolic system.,

Key:
Iine & = 2,55 H20 content
B = 7.5% H20 content
c = 12.5% H,0 content
D = 20.0% H,0 content
E = 25.0% H,0 content
F = 31,5% H2O content
G = 37.5% HEO content
H = 50,0% H20 content
I =60.0% H,0 content
J = 75.0% H20 content
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Figure 11, Diazepam isotherms on montmorillonite

from acetonitrile.

Key: r
Curve A 1is the conventionally treated
curve, where no allowance is
made for solvent intercalation

Curve B, .C and D are lines where
allowance is made for 12, 12.5
and 1% layers of acetonitrile
between silicate layers.
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Figure 12. Diazepam isotherms on montmorillonite

from methanol.

Key:

Curve A 1is conventionally treated,
without allowance for solvent
intercalation.

Lines B, C and D are lines where
allowance is made for 6, 7 and
. 8 layers of methanol.
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Figure 13. Diazepam isotherms on montmorillonite

from ethanol.

Key:

Curve A is the conventionally treated
curve, where no allowance is
made for solvent intercalation.

Lines B, C and D are lines where
allowance is made for 4, 5 and 6
.layers of ethanol.
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D. Adsorption of Other Benzodiazepine
Derivatives on Montmorillonite

Isotherms were also performed using one solvent
(anhydrous isopropanol) and different solutes and
repeating the experiments. The LangmuirAtype plots are

shown in Figures 22 through 27.

E, The Estimated Values of the Cross
Sectional Area of Solutes

The cross sectional area of benzoic acid was
‘estimated by a traciﬁg from a C.P.K. atomic model. The
-tracing was cut off and thén weilghed and the total area
was estimated by comparing with unit weight of the
original tracing paper.

The estimated value for the cross sectional area
of benzoic acid was 10 2. |

In the same fashion, the cross sectional area of

diazepam was estimated as 25 32.

72
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" from c-prozancl,

The egquation of the line is 7 = 5.4%x + 1.0

Ddarapan isothers on montmorillonite

where v = 1_&'”-r:_;1 and x = 107T.C 7",
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Rigure 15, Diazepam daolhernm on montmorillonite

frow isoamyl sleohol.

The egquation of the line iz g = O.8kx + EI,‘;E-'-'I
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: Figure-l6. Diazepam isotherm on montmorillonite

from n-amyl alcohol. -

The equation of the line is y = 0.68x + 0.64
 vhere y = 10"4:Qv‘1 and x = 10"4-05’1.

¥
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Diazepam isotherm on montmorillonite from

isobutyl alcohol. The equation of the line is
sl -l :

¥y = 0.8x + 0.82 where y = 10 r-Cv and

S 0 'us ®
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~ Figure 19. Diazépam isothern on montmorillonite
from tert-butanol.

The equation of the line is y = 0.302x + 1.52
“where y = 1070 7! ana x = 107%c_"L. s
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Figure 20. Diazepan isothern on montmorillonite

from dichloroethane;

The equation of the line is y = 0.135x + 0.61

“where y = 1077°C "1 and x = 207%¢ "1,
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Figure 21. Diazepam isotherm on montmorillonite

" from isopropanol at 6°C.

The equation of the 1iné is y = &4.1x + 0,1

i

where y = 10 'Cv"l and x = 10-3‘CS-1.

O and @ show different ruhs.
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Figure 22, 7-Nitro-l,3-dihydro-~l-methyl-5-(2-fluorophenyl)-
2H-1,4-benzodiazepine~2-one isotherm on

montmorillonite from isopropanol.
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- Figure 23, 7-Bromo-1,3-dihydro-5-(2-pyridinyl)-2H-
l,4-benzodiazepine~2-one isotherm on

montmorillonite from isopropanol.
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2
¢
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o ( MOLAR™ x107™%)
Oxazepam isotherm on montmorillonite from
isopropanol. The equation of the line is
¥ =9,60 lO_Zx + 7.14 where y = 10"”"0‘,_":L

and x = 10“4°CS'1.
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7-Nitro-1,3~dihydro-5-~phenyl-2H-1,4~benzo-
dizazepine-~2-one isotherm on montmorillonite

from isopropanol,



Figure 26. 7-Nitro-1,3-dihydro-5-(2-chlorophenyl)-
‘ - 2H-1,4-benzodiazepine-2-one isotherm on

montmorillonite from isopropanol.

The equation of the line is y = l4.4x + 4.2

where y = 10"4'Cv-1 and X = 10'4'08*1.
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F, B.E.T. Nitrogen Isotherms

o4

Surface area measurement on montmorillonite by B.L.7D.

nitrogen isotherm:

The volume of capillary, glass bulbs, sample bulb

and discard portion were obtained by the methods indicated

in Section II-F.

TABLE IV

They are summarized in Table IV,

Determination of Volumes on Vacuum Rack (cc)

Po Pl Vl Average Vl
32,835 29.010 40.68
31.320 27.605 41.49 41,70
27.180 23,860 42,90

Po P2 V2 Average V2
29.010 24,140 62.20
31.320 25.990 65.23 ©63.00
27.180 22.530 635,63

Po P3 V3 Average V5
29.010 7.380 903.4
31.320 7.965  904.0 903.7

Therefore, the discard volume V4 V5 - V2‘ is 840.8.

The total volume of glass bulbs can be computed by

adding the individual volume of each glass bulb (refer to



Figur

of the multiple volume McLeod gauge

5) and is equal to 35.39 cc.

the total volume vy (glas
bulbs and caplllary§

the total volume Vo (Vq
plus sample bu1b§

therefore,

the volume of sample bulb

follows:

the volume up to mark 5

volume up to mark 4

the volume up to mark 3

the volume up to mark 2

the volume up to mark 1

S

The volumesincluding capillary

i

95

41,7 cc

63%.0 cc

= 63.0 - 41,7
= 2105 CC.

to the different marks

were calculated as

41,7 cc
41,7 - 22.650

- 19.05 cc

41.7 - (22.650 + 8.2542)
10,8 co
41,7 - (22.650 + 8.254
+3.452)
7.345 cc

8l.7 = 55.39 ‘= B.51.¢c

The actual computations, now, teke into account that

during measurements part of the nitrogen is at room

temperature and part at -196°C.



We denote by

ny: the number of moles of nitrbgen contained in
the sample bulb which is immersed in liquid
nitrogen

the volume of sample bulb which is equal to
21,5 ec, &nd

P_: +the partial pressure of the nitrogén at the
temperature of the experiment.

According to the ideal gas equation,

Pa L4 21.5

Ny = (EE)(IILIE)(TE) (B, 7)

Again, denoting by

n_: the total number of moles of nitrogen
€&  utilized for adsorption study

n,: the number of moles of nitrogen beyond the
sample bulb during adsorption, i.e.,
ng = ny + n,, and

V.: +the volume of the capillary up to a certain
mark during adsorption study.

Then:
Pa Sl
Bo = B =By = B S085.1)077.150076)
(Eq. 8)
and
P .V
a2 (Eq. 9)

\ Bonl = BOTislaln 18 + L) e

96
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where t is the temperature during the experiment. By

substituting Iq. 8 into Eq. 9 we get

P . 21.% P .V
o a - a b
g K82 1077 15)070)  BRA-(275.15 + € i

This can be rearranged to

P ‘V P . 21.3
n, = a_ b % a
o8 BP. 125,15+ £)+76 « (83,3 77. 150 /6)
(Eq. 10)
Therefore,
5 v
2 b 21,
n = tezE Memas T ¢t gt (Ba. A1)

Denote by

n : the number of moles of registered nitrogen
ready for adsorption study, and

An : the number of moles of nitrogen adsorbed onto
montmorillonite,

then,

T ng (Bq.. 12)

If we convert the moles of nitrogen adsorbed onto

montmorillonite to the volume at STP (0°C, 1 atm), then,

y (s1p) = 48(82.1)(273.15) (Eq. 13)

\
|

%runauer, et al. (74) arrived at the following equation

for the.treatment of multilayer adsorption:
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z {0<1) B 1

= + N (qu 14)
V(PS - Pa) VmC PS Vmb

where

V: the total volume of adsorbate per sample of
adsorbent

V_: +the volume of adsorbate adsorbed when the entire
adsorbent surface is covered with a complete
unimolecular layer

P_: partial pressure of the adsorbate at the
temperature of the experiment

P_: +the saturated pressure of the adsorbate at the

o temperature of the coolant
Pa
Fet the relative pressure

s

C: a constant at a given temperature expressing the
net adsorption energy.

The constant C is usually large when compared to unity and

is given by the equation:

¢ = exp.[(E; - E,)/RT] (Eq. 15)

where

E.: the heat of adsorption of the monolayer

X
E2: the heat of condensation for subsequent layers
R: +the gas constant
| T: +the absolute temperature.
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According to the B.E.T. equation (Eq. 14), a plot of
Pa/V(Ps <4 Pa) versus Pa/PSAshould give a straight line
with a slope of (C—l)/VmC and an intercept of 1/VmC.

The adsorption and descorption data have been treated
accbfding,to the B.E.T. equation and arevtabulated in
Table V and Table VI and the ensuring B.E.T. plots are
shown in Figure 28 and Figure 29, respectively.

Fron the graﬁh, it is seen thét the intercept is

equal to 2 x 10™* and the slope is equal to 400 x s

Therefore,
S Then e (Eq. 16)
VmC
s (Eq. 17)

By solving equation 16 and equation 17, we obtain

s w20l

<
i

24,9 (unit in cc)

The number of moles (n_ ) at S.T.P., then, can be calculated

~as follows:

BV e noRT

B

o
!

J

i o - Té%%%é%i?T%T = 1.112 x 10~ moles
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Figure 28. Nitrogen adsorption curve (B.E.T. plot).
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Therefore, the number of molecules of adsorbate required
to cover the entire adsorbent surface with a complete
unimolecular layer is 1.112 x 1072 x 6 x 1022 = 6.672 x 1020,
If the area occupied by a nitrogen molecule at -196°C is
estimated to be 16.2 A° (75), the total surface area is

! o
equal to

20

16.2 % 6,672 x 10 108.0864 x 10°C 2%/sample

L}

"

108 m2/sample

The amount of sample is equal to 1.43%6 gm; therefore, the
surface area of montmorillonite per unit weight is

108/1.4336 = 75 m°/gm.
G. Dielectric Constant: Measurement

In the apparatus described in the experimental section,
two components will contribute to the measured capacitance,

viz, the capacitance of the glass walls, C_, and the

g
capacitance of the sample contained in the cell, OS

(whether this sample be air or solution). Because of the

series connection the total cell capacitance is:

e ——S-SC (Eq. 18)

The dielectric constant of air is unity; if we denote by
Co the contribution to the capacitance of the air, then a

sample with dielectric constant € will contribute



Coi. €0, (Eq. 19)

to the capacitance. Introducing this into Eq. 18 yields

the combined capacitance of glass and solution:

s :
Ol e e B2l (Egq.. 20)

¢ C
C_ + gCo

g

The instrument scale is in equal units of capacitance and
the point of reference is(established by adjusting the
needle to zero (center position) when the cell is emnpty.
Since the dielectric constant of air is unity, it contri-

butes to the capacitance by an amount of:

g
R 6;5:96; (Eq. 21)

If a solution of known dielectric constant, El, is

placed in the sample cell, its contribution to the

capacitance will be
Gy = m-nBa. (Eq. 22)

Since the apparatus was adjusted to zero with air, the

measured scale reading will be C] --C = Sl’ 1.€.,
f T s e SR Y

' 8, - phSghe - B2, (Eq. 23)
| ¢ : ‘ g s g ¥ g o
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Doing likewise for a second solvent with known dielectric
constant, 52, yields

G0 & C C

8 s . B (Eq. 24)
B @é + 0052 C +C

Eq. 23 and Eq. 24 constitute two equations with two
unknowns, Denoting Cg/oo = ol for convenience, these may

be solved giving the following solutions:

C BakBr s Ao Bl a1
) 0 2ol TP
FL S e < B : (Eq. 25)
o G, E181 (B, = 1) = 2,5,(8] = 1) 4. 25
and.
S+ 1) « £.8 (i + 1)
S5 B e o (Eq. 25)

8 E/l"l

Hence we know both Cg and Co (=dLCg) and can use

!

Eq. 23 in the form:

Cg + Sx(oc+ 1)

E, = (Eq. 27)
5 c, - 5. (% + 1) S

to calculate the dielectric constant for a sample from the
measured scale reading Sx' The dielectric constant values
of various solvents obtained in this fashion compared

fayorably with the values in the International Critical

Tables (Vol. VI), as shown in Table VII,



Comparison of Dielectric Constants of Various Solvents

TABLE VII

Data from

Measured from
Model V

Solvent I.C. Table Oscillometer
Acetonitrile 34,00 %6.16
Methanol 31.50 30.28
Ethanol 25,00 L
n-Propanol 20,00 19.44
Isobutyl alcohol 17 .34 s PR
Isoamyl alcohol 15.3%0 15.75
n-Amyl alcohol 14,34 14.08
Isopropanol 12.42 15.41
Dichloroethane 10.3%6 9352
tert-Butyl alcohol 9.90 8.42
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H. Dipole NMoment Determination

According to Guggenheim (76) and Minkin, et al. (77),

—— ——

2

3M,V dn : 2
(5. +12)2 [(dwz) W5 0 (dw ) = S %ﬁ (Eq.28)
1

where
ME: the molecular weight of solute
Vl: the molar volume of solvent
£4¢ dielectric constant of pure solvent
N: Avogadro number
k: Boltzmam constant
T: absolute temperature
M: dipole moment of solute
g: dielectric constant of solution
ng: refractive index of solution
Wot weight fraction of solute
The ,problem is to evaluate the quantities ( )w L and
(iﬁg 2”’0 This is done by assuming both the dlelectric

~ constant of solution,iil, and the refractive index of the
solution, np, (in high dilution) to be linearly dependent

on the weight fraction of solute, w, (78), i.e.,

™
L

£q + aw, (Eq. 29)

2 2 ¥
S b, (Eq.. 30)
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where ng ,1 is the refractive index of pure solvent and

a and b are coeff1c1ents. Equation 28 can then be written

511
2 o ikt
P =%'ﬁﬁ-'2’“’§§(a'b)
l
|
that is
M.V
i [%.%--ﬁ(a—b)]% (Eq. 31)

The value of u is obtained in this form in esu units which
then are converted to Debye units. The dipole moments of
diazepam derivatives obtained in this fashion are shown in

Table VIII,
I. Infrared Spectra of Adsorbates

The IR spectra of! (a) montmorillonite, (b) diazepam
adsorbed on montmoril#onite, and (c) oxazepam adsorbed on
montmorillonite are shown in Figure 30, It is noted that

there is no substantial difference between the spectra.
~ J. Reflectance Spectra

The reflectance spectra are shown in Figure 31.
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Figure 30. Infrared spectra of adsorbates.
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g montmorillonite

114



i15

wedsazeTp :
TouwedoadosTt sntd PQTUOTTTIOWAUOW JSUTede poanseou opmghomvm ammmwmww "m

TouedoadosT WOIF ©3TUOTTTIOWLUOU WO 93eqxospe wedoZeIp :
(MueTq) e3TUOTTTIOWRUOW :v : Loy

*93eqaospe Jo eagoods 90UBZO9T IOy °*T¢ @anlTy

o

s i o Q

BE

o o

e o

T

S2

-mw:u

b

=

SE:

\ -0

/ %

! & &

o o e e g ! | 1 i i 4
O =0 PMeite (0 e} < M N S
= O8O0 ®) @) @) o) O

1/°1,90]



IV. DISCUSSION

In investigating the adsorption of various solutes
on montmorillonite it became clear, at an eafly point in
- the investigation that, as a trend, the adsorption from
anhydrous solvents was the stronger the smaller the
dielectric constant. Prior to investigating this
systematically, it was necessary to establish the order
of magnitudes of the adsorption of the solvents
themselves.

This (and obtaining information relative to the
number of adsorption sites) was the prime purpose of
Conducting this set of experiments with benzoic acid as
solute., If the adsorption of benzoic acid is a
competition between solvent (o) and benzoic acid (b), then
the surface fraction covered (8) is given in terms of the
concentrations in solution (C) by (79):

o, = ;‘“g"b | (Eq. 32)

+ I, + K C
1+ 5% 0’0

£f KOCO is negligible compared to unity, then (taking

reciprocals) this equation becomes:

PR ~f16-
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If one gram of montmorillonite contains N sites in total,
and the number of sites occupied per gram is n (i.e.,

there are n molecules adsorbed per gram), then eb = n/N

is the fractional coverage. If (as is conventionally
assumed) the number of sites N equals the saturation

value of n for high values of Cb’ then N = n,, and

Qb = n/n, is a dimensionless quantity. Equation 3% may

then be written:

Bl v (Eq. 34)

Since this equation is dimensionless, Kb is in reciprocal
concentration units; molarity is used here so this unit is

ML, Eq. 34 may be written:

% = ']:.\!']-"FK":L‘N"J:'— (qu 35)

so that a plot of the reciprocal of the number of molecules
adsorbed per gram of montmorillonite wversus reciprocal
concentration will yield an intercept of 1/N and an
intercept/slope ratio of Kb’ These considerations assume
thét cho is negligible compared to unity. If KoCo is not

negligible, then Eq. 35 becomes:

[KOCo + 1]

=R
n N KbN

(Eq. 36)

&1~
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For benzoic acid isotherm

O]

s the concentration of benzoic
acid is low, 50 Co is practically invariant; reciprocal
plotting of benzoic acid adsorption data from isopropanol,
therefore, still yields a straight line (Figure 6).
However, the intercept to slope ratio only yields the
value for Kb if the value &f KOCO.is negligible compared
to unity.

Figure 6 shows that the intercept is 1.67 x 10720,
hence N = 6,0 x lO19 for isopropanol., Intercept and
N-values for other solvents and benzoic acid are listed in
Table IX, and it is seen that these do not differ greatly
from solvent to solvent; N = 4,8 x 1019 is the average
value. From Figure 6 it is, furthermore, seen (from
intercept to slope ratiS) that provided KOCO is negligible
compared to unity, K, = 20 M,

From Eq. 35 it follows that if the concentration on

the solid is expressedJas Cv moles per gram then

n = 6.1025 X Cv, then

1 1 1 :
] R S (Eg. 37)
6.1025 2 Cv N KbN Cb
or
< S 27 v
%__. 2 6013\30 e 6}’{-11% e -(-];;-— (Eq' 58)



Benzoic Acid Isotherms in Various Solvents

TABLE IX

Sites
Solvent Intercept per Gram
Isopropanol 1.67 x 1()'"20 64,0 o 1019
Water-Isopropanol - ~20 19
C50% w/wg 2,07 x 10 4,6 x 10

Ethanol 2.51 x 10~20 4,0 x 1019
Butanol 2,34 x 10~20 4.3 x 1049
Methanol 2,01 x 1020 5.0 x 101°

Average: 4.8 x 1019

Standard
Deviation:

D8 x

1019

119
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so that N equals 6 x 1023 divided by the intercept and
K, emerges directly (in units of M'l) as the
intercept:slope ratio. The graphs (Figure 11 through
Figure 27) are presented in this fashion.

As mentioned in the introduction, solvent (and water)
molecules migrate into the crystal space in the
montmorillonite. It is, a priori, possible that the
solute molecules will behave likewise (62). If this were
the case, then the total number of interstitial and surface
sites should be available for adsorption. If so, the
number of sites obtained from a water isotherm should equal
that from a benzoic acid isotherm. It was for this reason
that the amount of water removed by montmorillonite from
hydroisopropanolic solutions was determined. In this case,
the concentration of water in'Eq. 36 is represented by
Cb and Co is the concentration of isopropanol. Since Cb
in this case is not small and is varied over a large range,
C0 is not invariant. If, however, KoCo is negligible
(compared to unity), Eq. 35 should be obeyed.

A plot of the data is shown in Figure 9 and plotting
according to Eq. 35 is shown in Figure 32. The linearity
of the data in Figure 32 is good and the number of sites
calqulated is N = 5;5 X 1022. This is about 600 times
1aréer than the number of sites available for benzoic acid
adsbrption and it may be éoncluded that the adsorption of

the latter is strictly a surface phenomenon on the

neutralized montmorillonite.
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It is important to.note that the number of sités
available to benzoic acid adsorption does not change
appreciably with water content as seen from Table IX:
the number of sites calculated from the benzoic adid
isotherm in 50% agueous isopropanol equals the number
obtained_from anhydrous isopropanol and other solvents
tested in this series.

Regarding the assumption that KOCO-<K- l, it is
seen from Figure 32 that reciprocal plotting yields a
straight line; in order for linearity to prevail in the
water isotherm it is necessary that KCy < 1 (Eq. 36).
The value of K, = 20 M_l, therefore, represents a
realistic figure. It should be noted that in the benzoic
acid isotherm, Cb is in the range 0.02-0.05 M, so
Kbe = 0.4 - 1; since Kbe, therefore, is of the order
of unity and KoCo is much smaller than unity,lit can also
be stated with acceptable credibility that Kbe = KOCO.

The manner in which this will be utilized in the
following is that if K202, where the subscript 2 refers

to solute, is larger than unity, then it is valid to

neglect the effect of solvent adsorption in data
treatment, and Eq. 35 may be used as written.

As mentioned, the general %rend is for stronger
adsorption from liquids with lower dielectric constants,

and this would imply that the interaction is electrical

in nature. To investigate this possibility a series of



selected. These benzodiazepines are not ionized in

solution and this eliminates the possibility of ion
exchange being a mode of adsorption. The compounds;
however, possess dipole moments, and if the forces
involved in the adsorptioniare electrical forceé between
surface ions and the solute dipoles, then forces can be
formulated mathematically and the pertinent relations
tested experimentally.

If it is assumed that the interaction is one between
a dipole consisting of two fundamental electrical
charges (e) removed from one another a distance 244 L€,
having a dipole moment of 2 e.d. and a surface ion of
charge 2 (i.e., for ins%ance minus two for a doubly
negatively charged oxygen), then, at a distance X between

dipole and ion, the force exerted would be:

!
{

292 Ze2

e ] Eq.
AT (Eq. 39)

i =-[
C (x-d)2

.
&
Repulsions are counted as being negative and attraétions
as being positive. & is here the dielectric constant of
the medium between ion and dipole. This preliminary
model assumes that only one ion and dipole interact.

More realistic corrections to this will be introduced
shortly; It should be noted that 2 is probably more than

minus two (of smaller absolute value) for the



124

montmorillonite surface oxygens since (a) part of their
charge is diverted by cations in the crystal interior and
(b) minus two is not the effective charge in any event,
because it only represents one of the resonance forms of
the silicate moiety in montmorillonite (80). |

. When adsorbed, the dipole is an equilibrium distance
r from the surface ion, so that the'energy involved is:

I

2
E = e ..Z.ag—. [ 1 5 - 1 2] . A%
0o (X s d) (X -+ d)
(Eq. 40)
_ 724"
e - a)
when 4 << r, this reduces to:

ke (Eq. 41)

where p is the dipole moment of the dipole. Up to this
point the. development follows the treatment by Amis (81)
to some extent. As mentioned, the picture is over-
simplified since it accounts for only the interaction of
the dipole with one surface ion (the nearest surface ion,
referred to as the contact ion in the following). A
further complication is the fact that the cross-sectional
area of diazepam (about 25 12) is too large to allow a

one-to-one relationship between ion and dipole.
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To take these factors ihto account consider the geome--
tries of Figure 33. This is essentially Schofield's model
(82); the oxygens are in a hexagonal array and 4 K apart.
It is noted that each oxygen has three nearest neighbors
(denoted B) at 4 A distance, six next-nearest neighbors
(denoted C) at 4 x f%r = 7 A distance and three third-
nearest neighbors (denoted D) at 8 Z distance. It is hardly
plausible that there should be a one-to-one relationship
between oxygen ion and organic solute dipole., The smallest

2 and the

area inscribed by four oxygens (BCCD) is 13.8 3
largest (DBDC) is 27.7 12 so both benzoic acid and diazepam
could fit into this picture in spite of the disparity in
cross section (10 versus 25 Kg). It is noted that both
benzoic acid (Table IX) and the benzodiazepine derivatives
(Table X) give numbers of sites of comparable magnitude (of
the order 1019 sites per g).

It is, hence, more rational to assume that the "sites"
are in a quadratic array, 8 Z apart. In this visualization
Z is twice the charge on the surface oxygen and there are
- arrays of the crystal surface where the distance between
each surface ion is the minimum dictated by the lattice,
viz. f (8 Z) as shown in Figure 33, Then there are
/ arrays where ions are ¢/2, ,éjE} A(fi- EE ,éf;Fr:T;E;
apart. In each array, except for i = O and i = 1 there
are eight surface ions (N) at the same distance from the

dipole. For i = O (Point A in Figure 34), there is one

and for i = 1 there are four surface ions (N) at a
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igure 3%. Geometrical drawi of montmorillonite surface.
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1
distance b from A, a distance ¢ from P and a distance £
from Q, where P and Q are the end points of the dipole.
This is depicted in Figure %4. Depending on the array,

b will be a multiple of £ by n .« /m° + i (m= 1,2,+++-

and i = 0,1l,°*++). The force exerted by the four ions
on the dipole has a resultant which is perpendicularly

downwards and of the magnitude:’

2’[ (% = &) ® (x + d) in
b + (x - %112 [b° + (x + @)221e?

P % Ze

(Eq. 42)

The forces between N and P and between N and Q, of
magnitude Ze2/2-[b2 + (x - d)2] and Ze2/5-[b2 + (x + d)2],
respectively, have been multiplied by the cosines of the
angles APN and AQN, i.e., (x - )/6% + (x - a)219:2 ana
(x + d)/[b2 + (x + d)210‘5 to project them on the vertical

~axis APQ. Attractions, again, are counted as positive

(i.e., Z negative) and repulsions negative. The factor
four in Eq. 42 reflects that there are four points N for
each value of b.

If the dipole is moved a distance dx, then the work

done is f'b » dx so that the energy of one dipole as a

| result of its interaction with the four surface ions at a

distance b from the contact ion is:

&
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f2= b2+ (x+d)?
6o Bes g d
COS(AQN) = (x +d)/f

T N e

Figure 34, Geometrical forces of surface ions on dipole,
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Ok ; (x - d) (x + d)
E' = - = TZe L - ] ax
, = /{' [ + (x - %102 b2 + (x + a)R1T0

ze? {[b° + (r - @)?170+5 (Eq. 43)

]
(ol

= The (r + d)2]"o'5}

If the term b2 + r2 + d2 is denoted a2, then the expression

in Eq. 43 can be simplified (denominators 2® X 2rd) and

then, assuming 2rd to be small compared to a we may write:

~ i 1 1
E'8/L!-Ze = - oo (P
x;g - 2rd jhd ¥ 2rd

Ba® + 2rd - Ja2 - 2ral - [Ja® + 2rd + a%_:_gggl .
a® o ; [,/a2 + 2rd +\/;é - 2rd]

(a2 i 2 (ag w 2rd).  ard

a2-2j;§— ; 2a5

SO:

Zeh 4rd fe A rZpe
& 2[b2 +'d2 i r2]l.5 £ (b2 % d2 - r2>1.5

(EQ.O 44)
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£

Eq. 4
G2 1 atyTes (Eq. 45)

We have noted at an earlier point that b =

Since ¢ can be expressed as some multiple of r, i.e.,

L=p-r, we may write: b = n.a.r. n® + i2 and:

ol g 4Zpe 1
€r 1 +/32n2 (n® + i

2)]l E (Eq. 46)

" The total energy then is:

B e Zg%w{l + 4 25% Ll # (32n2) =45
Exs A

o ) o
+ 8 zl_ EL_ 21__ [1 +(32n2 (n° + i 2y 1l 5]}
=1 m=0 n=]
(BEq. 47)

The quantity in the brackets converges, and for the sake of

convenience we shall denote the quantity in brackets o ,

) TR
= 1+4Z (1 +(522)+8ZZZ [1 +(s?n @+ 12115
i=jm0n=]
(Eq. 48)
so that we may write for the energy:
B o oé_?ll_g_.al (Eq. 49)
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It should be noted that the assumpfions made to this point
affect only the value of of and not the expression in
Eq. 49 as a whole. As mentioned the sum represented by
oL converges. It converges rapidly with i and less
rapidly with n; as an example the value, assuming @ = 1
and truncating at n = 10, m = 1 and i = 3, is 8,0,

When adsorption conditions are at equilibrium at one

particular temperature T, then the equilibrium constant,
K (=k+/k_) is related.to energy by E = -kT.1nK, where k is
Boltzmann's constant and where pressure-volume and entropy

terms have been neglected., inserting this in Eq. 49 gives:

tini

Zdype D
“kT.1nK = =248 . 2 (Eq. 50)
r% o e
At any one temperature, this may be written:

WE R = log Kl - _ZiEE__E . 2 o B B3
2.5p = ' C .

i.e., with positive slope (Z < 0). K« is, here, the
constant at temperature T, in a medium with infinite large
dielectric constant. It should be noted that the term Keo
is not temperature independent, and that for compounds with
P o= O and solvents with large £ the assumption that G = E
will fail and hence Eq. 51 is only applicable in a limited

£ -range.
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For this reason, it is not possible to test Eq. 51 by
testing K at various temperatures. There is, however, a
means by which the expression can be tésted. By plotting
- the data in Table XI as log K versus 1/¢, , a straight
' line results as shown in Figure 35. Via Eq. 51, the slope
and intercept give the values: ZoC—/r2 = 1,44 x lO15 and
1o Ka = 2,156 at 25°0,

Eq. 51 may be re-written:

P

Iog K = log Koy - - -2%51%%51,2 2 p (Eq. 52)

-~

so that if seyeral substances of varying dipole moment
were tested in one solvent, the plot should be linear in P
The fallacy in this argument is that r (and maybe also Z)
may differ from compound to compound. If compounds of
similar geometry were selected (as is the case here),

Z (which depends on the number of oxygen molecules
"occupied" by one solute molecule) would be the same, but
equilibrium diétances, r, would still be prone to differ
from compound to compound. Whether r would increase or

: decrease with increasing dipole moment is not obvious a
priori, since the increase in dipole moment from member to
member in a pseudo-homologous series could be either due
to an increase in charge at the dipole heads or due to an
increase in distance between the heads. If the equilibrium

distance for diazepam is used as a reference standard,
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TABLE XI

Dielectric Constants, Equilibrium Constants (K = k+/k_)
of Diazepam Isotherms and Number of Sites (N) on
" Montmorillonite for Various Solvents

Loy Dielectric Number
Solvent Consgtant log K of Sites
Acetonitrile 36.2 2.86 6 x 107
Methyl aleohol 30.3 2.46 4 x 10%9
Ethyl alcohol . 28,7 3,18 1 x 1039
n-Propyl alcohol G 3,27 & % A0~
Isobutyi‘alcohol 175 4,01 i 1019
" Isoamyl gleohol | 15:8 595 By 1019
n-Anyl alcohol 15.0 3.97 8 x 1019
Isopropyl alcohol 15,4 4,10 s 1019
Dichloroethane . 9.32 4,65 O'x lO19
Tertiary butyl alcohol 8.42 4,720 4 x 10%9

Average: 5.8 x lO19
Digiggfﬁg: 2.4 x 1019
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1%6
then the relation

r2 = r02 [1 - olp - Pl (Eq. 53)

would qualitatively describe this change in r with dipole

moment. Ty is here the eq&ilibrium distance for

diazepam. By denoting by p' the dipole moment in Debyes,

and by inserting the valge po' = 3.45 for diazepam, Eq. 52

may be re-written:

-18 !

5+ T =g = 5,457

Zde » 10
2.3kT£Ib

log K - 1oé Ry fabine

i

(Eq. 54)

where q' is in D71 (as 6pposed to q which is in cm™% esu™1)

It is easier to treat the reciprocal of Eq. 54, i.e.,

/

1 LT AR B g0l Sl eat Y
Iog K - Joge, T T Zde . iy q
(Bg. 55)

. Values of.log Ko and ZeL/ro2 have been estimated at an
gariier point from Pigure %%5. If it is aséumed that
ZoC/r62 = =l.44 x‘1015 then the coefficient to the
parenthesis on the right hand side of Eq. 55 becomes 1,784,
and various values for log Ka{ can be tested in the above
equatioﬁ. Since both the slope and the intercept give a

value for q', the value of log K¢ which gives the best
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* = 15 & can be caleculated, and if 2 = 2 and o

e
consistency between the two q'-values yields the best fit.
Plots of 1/[log K - log K, ] versus 1/P' are shown in
Figure 36. The corresponding q'-values are shown in

Table XITI. It is noted from the table that log G SR

‘inserted in Eq. 55 in the form (Z-oL/r2 = =144 x 1015):

1
log K -~ log K

= 1.784 o (1 + ;:45Q') - 1,784 ot

(Eq. 56)

. gives a value of q' of 0.33 from the slope and 0.29 from

the intercept, so that for this value of K, there is
good consiigency. By evaluating the data by least squares
fit via Ed: 20y the slope is 3.75 when log Keo = 2.5,
which, with a q'-value of 0.31 yields a value for Z'ob/ro2
of -1.,45 x 1015, so that this (recycled) value is in good
agreement with tﬁe originally assumed value. It is noted
that with the assumption that one molecule of benzodiazepine
occupies two oxygens (Figure 33) there would be two surface
oxygens involved per adsorbed benzodiazepine molecule. This
means that 2 <L 43 for Z = 4 and &£ = 8, a value of

= 8
then a value of r = 10 A results. Since ¢ = 7-8 K, this
is hot compatible with the previous estimation of B = 1.
The numerical calculations above, of éourse, are based on
guesses of the magnitudes of @ and Z. To arrive at a reason-

able and self-consistent set of values the following may be
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TABLE XIT

Estimation of Best g~Value in Equation 56

q=Value from Average

log Ko Slope Intencept q Z%/rg

e SO e D00 - 0,082  0.50 x 10%?
1.5 L L - 0.068  0.54 x 1012
2.0 + 0,027 + 0.056 +0.042  0.81 x 10%°
2.5 G35k 0,20 + 0.31 1.45 x 1012

3.0 + 05 3 0.0 +0uB8 1.16 x 102
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considered., It is noted that &« is a function of 3 and
to gauge the effect of one on the other, calcﬁlations
have been made and tabulated in the following fashion:
It follows from Eq. 48 and Eq. 56 that r/\f(:ZS =
(/1,45 x 1012)%°2 ana 2 /S (=2) = @ (¥/1.45 x 1015)0+5,
where (-Z) > 0., These values have been calculated for a
series of (3 -values, truncating at n = 10 and i = 3
(leaving the last terms less than 0.1% of the leading term).
The values are listed iﬁ Table XIII. It will be noticed
“that ﬂ/ R-_-E-) is fairly independent of 8 and from the
average value (7.6 x 10'8), it appears that ‘IZ:ES lies
between 7 x-207°/7.6 x 1072 and 8 x 1078/7.6 x 1078, i.e.,
(-Z) is about unity. As mentioned earlier, the actual value
of (~2) 18 less than 4, but how much less cannot be stated
a priori. The fact that 2 /{(<2) appears to be non-
variant with (3 is a result of o being a function of (3
and lends some measure of credence to the calculated value
of (-Z). The actual value of r cannot be pinpointed but,
as seen in Table XIII, it appears to be of the right order
of magnitude.

Although not pointed out earlier, it should be
mentioned that in this study desorption was found to be
too rapid to measure by conventional means. Column
chfomatography was also found unsuitable and this and the
fact that r cannot be pinpointed makes it impossible to

check whether the adsorption described here adheres to the
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theories of Hague, et al. (83,84).

Nitrogen adsorption data are shown in Figure 37 and
Figure 38. As mentioned, porosity is negligible since
the adsorption and desorption curves are found to be
experimentally indistinguishable (Figure 38). From the
B.E.T. data it is noted that the area is 75 m2/g or
75 x 102O Re/g of montmorillonite. The cross section of
a nitrogen molecule is conventionally assumed to be
16,2 8° (75) and, using this figure, there should be

20

4.6 x 10 sites. Assuming one molecule of benzodiazepine

to occupy the area of one hexagon there would be two
'sites for each sorbed benzodiazepine molecule, so that the
number of sites available in this fashion is 2.5.X 1620.
This is within an order of magnitude of the number of sites
found in adsorptiof from liquids (Tables X and XI) and the
data therefore within the limitations of the B.E.T. method
(85), support previous arguments. That the figure should
be less for the benzodiazepine molecule night be expected,
since with the assumed model, the solute molecules would
adsorb in the described fashion on the platelet surfaces,
not on the edges. It should be noted, that since

nitrogen adsorbs on the surface only, not by intercala-
tion (86). This is in support of the previous arguments

regarding adsorption of solute from liquids being confined

to the surface.
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Figure 38. B.E.T. nitrogen isotherm of montmorillonite

(1.4336 gm sample). Open circles are
adsorption and closed circles desorption
points,
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Consistent values have, therefore, been arrived at by
two different prdcedures with respect to the type of
isotherm and the equilibriﬁm value at infinite dielectric
¢onstant (or the value of Zd/ro2). A consistent relation
has been found between dipole moment and equilibrium
distance. The number of sites have been found to be
comparable by two different approaqhes, and these values
do nbt conflict with the numbers obtained from B.E. T,
measurements. This latter point, furthermore,
‘substantiates the concept that the solutes are adsorbed on
the surface only. All these facts are based on a model
whereby the=solute molecﬁle, whickh is not ionized, but
which possesses a dipole moment, is bound to the surface
oxXygen ions by ion-dipole interaction, and it therefore
seems reasonable &o postulate that the data support such
a model,

The aboVe facts are the general conclusions of this

work. It should be pointed out that phenomena regarding
solvation of montmorillonite have also been deduced and

~ these are described shortly below: It has been mentioned
in the aforegoing that isotherms, in general, have been of
the Langnuir type; most of the solvents tested have had
dielectric constants of less than 20, and the data are
generated in conventional faéhion as pointed out in the
experimental section and the section on results. It has
also been pointed out that solvents of high dielectric

constant (36.2, 30.3, 28.7) penetrate the montmorillonite




147

attice, and form solvent layers between the silicate
layers. In the solvents of higher dielectric constant,
reciprocal linearity is lost, Examples of this are lines
A in Figures 11, 12, and 13, The -distance (J Z) between
silicate layers has been given by Mering (26) to be
'9.3 K; the increase caused’by one solvent layer (A j) has
been reported by MacEwan and Talib-Uddin (62) to be
3.4 1 for the three solvents tested. The data can be
treated with the assump%ion that n layers of solvent are
.formed betweeﬁ each silicate layer, and that these solvent
layers have the same density, P g/cc, as the bulk density.
If each monggorillonite particle has a cross-sectional
area A andﬁheight Jsy then m such particles would have a
volume of m A j = w/dﬁbefore addition of solvent. w is
here the weight of the m particles and d is the absolute
density of montmorillopite., After addition of solvent,:n
layers each of thickne'ss aj will be formed between each

!

silicate layer, so that the swell volume will be

. (93

nAjJ

Q=

+
®

93

The number of layers is assumed to be large so that edge

effects are negligible. This in turn means that

W . b S s s 1 - e o o s
R o - 11 = g5

of solvent no longer are in the external phase.
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The amount of solute adsorbed is obtained by adding
100 cc of a solution of molarity Cy Cigms , 0.1 Cq moles‘
of solute) to w g. or w/d cc of montmorillonite, and then
determining the molarity, M, of the solute after
adsorption equilibrium has been established. The total
amount of moles present inLthe external phase is,
however, not 1%55 x 100, since 100 cc external phase are
no longer present but rather 1%55 (100 - ﬂ%ﬁ%ﬂ] moles,

By inserting various values of n, a situation is
reached where the plot is linear. To evaluate the point

of best linearity, least squares fits have been calculated

and the residatal sums of squares:

é bl 2,r
s Ry T P

have been plotted in Figure 39, v is here the number of
determinations3 T3 is '‘the observed quantity (1/Cm, where
C. is the (adjusted) concantration on the montmorillonite)
and'§i is the quantity calculated by inserting xg (1/Cs’
where CS is concentration in solution) into the least 4
"squares equation. It would appear that 12-13 layers are
involved in the acetonitrile intercalation, 6 layers in
the case of ethanol and 6 layers in the case of methanol,
The computations above assume that the density of

the "liquid" between the silicate layers is the same as

that of the bulk liquid. This, of course, is not

necessarily likely;bin the cited cases the error
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introduced by this assumption is, however, not serious.
If there are attéched fo each lattice point one solvent
molecule per layer, then it can be shown geometricsally
that each solvent molecule ocdupies* 29 Kg and hence a
" volume of 23 x 3.4 = 78 A7, i.e., in the case of

2% 4 6 x 1022

acetonitrile one mole (41 g) occupy 78 x 10
= 46,8 cc., This is equivalent to a density of
0.875 g/cc as opposed to 9.78 g/cc‘for bulk acetonitrile.
The number of layers is, therefore, %f%%; Xikeen o = o]
rather than 12-13, For methanol and ethanol the spacings
are about tﬁe same as for acetonitrile (51) (and the
available surfidce at each lattice point also remains the
same) so the densities of the solvents in the crystal are
Eg%E = 0,68 and E%%g = 0.97 g/cc, respectively, as
opposed to bulk densities of 0,80 and 0.79 g/cc. The
adjusted number of layers is, therefore, 7 for methanol
and 5 for ethanol. It is interesting to note that in the
liquid-solid equilibria the rule of»the number of layers
being the larger the larger the dielectric constant is
~even more predominant than in vapor-solid equilibria.

It should be noted (cross-hatched circles in Figure
35) that the data fgll in line with isotherms from solvents

of smaller dielectric constants, and that the number of

sites calculated (Table XIV) is in line with the remaining

*Based on lattice parameters of Figure 33 (26).



Figure 39. Residual sums of squares for least
" squares fits of data allowing for
various numbers of layers of

intercalation,

Legend:
A: acetonitrile (right ordinate)
B: methanol (left scale)
C: ethanol (left scale)
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MART® TV
Labiay " XLy

[ S

Comparison of Parameters Obtained in Solvation
of Montmorillonite with Conventionally Obtained
Parameter Values

Log k /k_ log k /k_

Number
Number o R Figure 35 This
Solvent of Sites Layvers* (Theoretical) Work
Acetonitrile 6 x 1O19 11 2e58 2.86
Methanol 4 x10% . 9 2,96 2.40
Ethanol LR 5,23 5.18

/
Reference 6 19
(Average) e

E

*Density adgﬁstment is accounted for in this column.
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data from other solvents and derivatives. Comparisons
‘are listed in Table XIV, :

The value of the described approach is not only that
of establishing the number of layers of solvent in the
montmorillonite but, from an experimental.point of view,
it is important since it péints out the necessity of
volume adjustment in establishing adsorption isotherms
in solutions where solvent intercalation into the adsorbing
species is a possibility.

It may be worthwhile, as a last point, to examine the
possible'bontribution of Van der Waals forces. Such
forces have™been shown té be the sole contfibutors to
adsorption of sulfonic acids onto cellulose (87). The
main criterion is that ﬁ is proportional to the molecular
welght of the substance being adsorbed. It can be seen
from Table X that this'is not the case here. Van der
Waals forces, of cour§g, will contribute some, but

negligibly in comparison to the méntioned electrical

interactions.
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