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Direct polymerization on the solid surfaces of three crystalline biologically active
drugs has been carried out in this study to provide a thin polymer film (capsule
wall) around the crystals. This pclymer film would act as a release controlling
layer of the encapsulated crystals into a surrounding fluid. To date there has not
been to our knowledge, any study of release control by the encapsulation of solids
by direct polymerization. This thesis describes a new technique based on
solid/liquid interfacial cationic polymerization which was carried out in an entirely

non—-aqueous medium to encapsulate solid crystals of almost any size.

The first step of the proposed technique involved the adsorption of a surface active
agent (a—-monoolein) from n-heptane solution onto the surface of the three drug
crystals used in this study (KCl, @-estradiol and S-aminosalicylic acid) to form a
hydroxylated (polar) surface which was able to complex an appropriate cationic
catalyst, BF ,(C,H.),O from solution to form a highly concentrated layer. This
layer was in turn capable of polymerising the appropriate monomers used in this
study namely, styrene, 3,4—dihydro-2H-pyran-2-methyl-(3,4-dihydro-2H-pyran-2-
carboxylate) (abbreviated to "Cl1 monomer), 2,3—epoxypropylmethacrylate (GMA)
and bisphenol-A diglycidylether (Epikote 828) present in the solution phase to
produce the rate controlling polymer layer. Encapsulation processes were also
carried out without first adsorbing a surfactant layer onto the crystal surface to
investigate whether the surfactant is essential to conduct polymerization and
encapsulation of the crystals by a polymer layer. Experiments proved that the

encapsulation process took place on the surfaces of the three drugs used in this

study even without first adsorbing a surfactant layer on their surfaces.



X1

The studies involved measurements of the area per molecule of a-monoolein which
recorded an average of 46.1 A/M at air/water interface using the automated Lauda
Surface Balance.  The specific surface area of each drug powder was measured by
nitrogen gas adsorption at low temperature using BET method. Values of 0.074,

3.14 and 1.69 m?/g were obtained for KCIl, p[-estradiol and S-aminosalicylic acid,

respectively.

The adsorption of a—monoolein on the three drug powders was analyzed using the
Lauda Surface Balance, which indicated that KClI had higher affinity towards

surfactant adsorption than either f-estradiol or S—aminosalicylic acid.

Encapsulations of the three different drugs by the polymers formed from the four
previously mentioned monomers were achieved. Characterization of the polymers,

their topographies and permeabilities were carried out using GPC, NMR, FTIR, IR,

DSC, SEM, TEM, optical microscopy techniques. From the polymers' analyses
and their release profiles, it was found that the C1 and Epikote polymers prowvided

a continuous glassy thin layer which showed potential for release control.
Polystyrene provided a microporous brittle layer which did not look practically

promising, but interesting signs of tacticity were observed.

GMA polymer provided a rubbery porous layer for which further investigation Iis

warranted.







Chapter 1

1.1 General Introduction

The interfacial polymerization, (in particular polycondensation) came into
prominence as a major technique for polymer formation about 40 years ago with
the work of Schell on polycarbonates('), Conix(2:3) on polyesters and
polysulfonates and Wittbecker, Morgan and coworkers(4:5,6) on polyamides and
polyurethanes. The major contribution to the excitement and interest in
interfacial polymerization was its broad applicability(“-S) forming a flexible film(s)
of aliphatic polyamide at the liquid-liquid interface. The film forming
process(sr ’) has been wused to form membranes which were examined for
ion—exchange properties(a). It has been adapted for the encapsulation of inks,
catalysts and insecticides( 9, 0), Whitfield, Miller and Wasley developed a process
for coating wool fibres in fabric form with a thin film of interfacially formed

polymer to prevent fabric shrinkage during ordinary laundering( 1),

Chang(‘ 2) has used interfacial polycondensation to form artificial cell-like capsules
containing enzymes and other matenals. These cells have possible applications in
artificial kidneys, catalysis and in ion—-exchange processes. Several variations of
interfacial polymerization and its optimization has been reviewed(!3,14) by Morgan.
Additives such as surface active agents (e.g. sodium dodecylsuphate, SDS is known
to enhance the degree of polymerization 11n the interfacial production of

polym«s:rs(1 5,16), The use of SDS and other emulsifiers has been the subject of

optimization studies(15,16),

Morgan(‘ ’)  discussed interfacial polymerization and its  application to



microencapsulation processes. He disclosed that a granular polymer is obtained by
a polycondensation reaction, preferably by adding an organic solution of a diacid
chloride to an aqueous solution of a diamine. In such polymerization and under
agitation a "thin film formed around the periphery of the liquid drop® which, when
broken, exposed the fresh components in the drop to further advance the
polymerization reaction. Such peripheral film around the liquid drop" is a

microcapsule and the procedure is termed microencapsulation.

Microencapsulation is a process whereby small entities are encapsulated by a coating
material. This would provide a means of packaging, separating and storing
materials on a microscopic scale for later release under controlled conditions.
The nature of the polymers and the wall thickness determine the ability of the
microcapsule shell to protect the contents and to release them selectively by means
of permeability, dissolution or swelling of the wall material and the diffusion profile

through the wall material etc.

Increasingly, the potential applications of microencapsulation in fields such as
pharmaceuticals, cosmetics, adhesives, agricultural and food industry have lead to
the developments of a number of techniques and products which have been the
subject of many patents and others(19724) have contributed numerous reviews in
the literature, describing the various methods of encapsulation. A variety of
microencapsulation processes has been developed by a number of companies and
research organizations. Some processes serve a very narrowly defined product
needs, whereas others are broadly applicable. Among the many processes

available, each has its advantages and drawbacks.



The methods of microencapsulation are divided into two broad classes

1. Physical-Mechanical methods

2. Chemical methods

Each of the two categories has various techniques based on their capability to

produce a wide range of capsule sizes and properties using many types of nucleus

materials. These two categories are broken down further into their respective
sub—groups.

Physical-mechanical methods

—  AIr suspension coating (Wurster)

—  Spray drying

- Vacuum coating

—  Electrostatic aerosol

-  Centrifuging

Chemical methods

—  Coacervation

—  Interfacial polymerization

Details of each method have been  thoroughly reviewed in  the

literature(9,18,20,22,24-28). Coacervation (phase separation) is one of the oldest
and most common means of microencapsulation. It has been described as a

process of liquid separation(2 7=29) and has been particularly commercialized by the

pharmaceutical industry.

The production of microencapsules by interfacial polymerization 1is achieved by

polymerization of a monomer at the interface of two immiscible liquids(3°). One

may encapsulate solutions or dispersions of hydrophobic materials by the interfacial



polymerization process. It i1s also possible to encapsulate aqueous solutions or
dispersions of hydrophilic materials. To accomplish this, a hydrophobic monomer,
A, 1s placed 1n a continuous phase, and a hydrophilic monomer, B, is placed in
an aqueous dispersed phase. The interfacial polymerization reaction between the
said monomers is utilized to accomplish encapsulation of the dispersed phase. In
the interfacial polymerization (encapsulation) process, monomers A and B are
polyfunctional monomers capable of a polycondensation or a polyaddition reaction.
They are selected so that one monomer is oil-soluble and the other monomer 1is

water—soluble.

Interfacial addition polymerization may utilize only one type of monomer which
homopolymerises around the core material. This method does not generally require
reactants in aqueous droplets, so it is particularly suitable for enzyme
microencapsulation(3 0,31), Wall formation around the core material occurs
because the formed polymer is insoluble in the solvent and thus phase separate at

the interface.

In in_ situ polymerization the particles are dispersed in a liquid vehicle, e.g.
toluene, followed by an addition of a catalyst which creates activated sides on the
particles to be encapsulated. Polymerization then takes place directly on the

surface(32734) of the core material when an olefinic monomer is bubbled through.

The polymer gradually surrounds the core material as the polymerization proceeds.

Polymerization in monomolecular layers

Since the orientation and packing density of the monomer in monomolecular layer

can be varied, this method allows for the investigation of a polyreaction in such



systems(35);. The orientation of such monomer units may remain unchanged

during the polymerization process. The reaction can result in a highly oriented,
stable polymer film with a degree of orientation not achieved by other methods.
Irradiation—initiated monolayer polymerization has been studied Intensively in recent
years, an extensive review was written by Ringsdorf et al(36,37) The final
polymers occupy a smaller area, their compression isotherms exhibit steeper slopes
and  higher collapse pressures indicating lower compressibility and higher
stability(39'39). Tieke and Lierser(49) have studied the reaction in
Langmuir—-Blodgett multilayers which are known to be models of biomembranes and
have described the structural changes of the multilayers and the behaviour in mixed

mono— and multilayer("""‘3).

Based on these studies and on studies of polymerization behaviour in
monomolecular layers it has been shown that this type of polymerization occurs
even In in Vvivo liposomes(43’49) and Acholeplasma laidlawii cell(46), The
adsorption of diacetylenic monomer surfactants on the surface of core material
followed by irradiation is a technique of encapsulation to form a solid layer which

may control the release of the encapsulated core material.

Applications

The potential range of applications for encapsulation i1s extremely broad and offers
many product opportunities and challenges. @ Functions served by capsules include
(1) Separation of reactive materials;

(2) Reduction of volatility and flammability;

(3) Reduced toxicity;

(4) Taste and flavour masking;

(5) Sustained, delayed or controlled release of contents;



(6) Conversion of a liquid to a solid: and

(7) Reduced odour, and environmental protection(47-50)

Encapsulation is broadly applicable to the pharmaceutical industry and offers many
possibilities for producing new or improved forms of medication(51—53). Drugs
with an unpleasant taste can be masked, even for use in a chewable tablet. The
release of a drug in the body can be delayed in order to achieve prolonged action
and to minimize or eliminate undesirable side effects. In order to maintain a
therapeutic drug concentration in the body over a prolonged period of time,
sustained release formulations are used. The various drug delivery systems have
been thoroughly reviewed in the literatures — such as monolithic systems of inert
plastic_matrices in which the drug is either dissolved or dispersed uniformly in the
polymer matrices and the drug release depends upon diffusion through openings or
channels 1n the polymer matrix(54). Monolithic systems of inert hydrophilic
matrix_(hydrogel) in which the hydrogel is three dimensional network of hydrophilic
polymer which absorbs water when placed in aqueous solutions(55). Depot or
(Reservoir system) in which a core of suspended drug is enclosed within an inert

water insoluble polymeric material; the core serves as a reservoir from which the

drug permeates out(ss6). Osmotic Qumging( s 7)devices _and biodegradable
mlmgrs(ﬂ) are now widely used as drug delivery systems. The release
mechanism from each system is well described in the literature(59762), The

future of biodegradable implants and targetted, responsive and puised drug delivery

systems has been discussed by Graham(§3), The encapsulation of titanium dioxide
pigment by emulsion polymerization with a uniform polymer layer using uitrasound

has also been reported(“).



There has not yet been a lot done about direct polymerization to control the
release of the core species. In this study a completely novel approach by surface
polymerization 1is described. It 1s based on interfacial cationic addition
polymerization on crystal surfaces to provide encapsulation by a flat membrane of
minimum thickness which would control the release of the encapsulated particles.
This technique is suitable for the encapsulation of almost any size of solid crystals.
The technique with surface chemistry studies, should provide the control of both
the nature and the thickness of the capsule wall to achieve the required

characteristics of the final encapsulated particle.

The technique involves the adsorption of an active layer to surround the crystals
(core particles) to create active sites on the crystal surfaces. These active sites or
layers should be capable of initiating a monomer to be adsorbed on the surface to

initiate a polymerization process to form a polymer layer around the crystals.

The key step in the encapsulation of potassium chloride crystals, (B-estradiol and
S—aminosalicylic acid was the adsorption of a layer of a fatty acid monoglyceride
(a-monoolein) onto the crystal surface to form a hydroxylated surface from which
the polymer layer is initiated with the help of an acid catalyst BF ,(C,H.),O.
The monomers used in this study were styrene, C1, GMA and Epikote. The

adsorption of the monoglyceride surfactant was measured using the automated Lauda

Surface Balance as it provides a sensitive means to analyse the very small

concentrations of the surface active agent. The adsorption study requires also the
surface area of the drug powder to be accurately measured. This was achieved
using the BET method of nitrogen adsorption at lower temperature. The

encapsulation processes of the three drugs with the four polymers were carried out



and i1n some experiments the adsorption of the surfactant layer was excluded and
adsorption of the catalyst directly to the crystal surfaces was carried out followed
by dispersing the particles In the monomer solutions. Evaluation of the
microencapsulation process and characterization of the polymer layers and their

topography and permeability were carried out by GPC, NMR, FTIR, IR, SEM,

TEM and optical microscopy.

The release profiles of the different drugs from the different wall materials was
studied using chloride ion selective electrode to detect Cl1, HPLC with a UV

detector to measure the release of (-estradiol and a UV spectrophotometer to

measure the release of S—aminosalicylic acid.
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HAPTER 1II

Monolayer Study of Glycerylmonooleate



Chapter II

tudy of Glvycerylmonooleat

2.1 Introduction

Benjamin Franklin(') observed that oil does not spread (as a film) on water
surface thinner than 25 A. Rayleigh(2), using a technique of confining insoluble
films between barriers extending over the whole width of a trough filled with
water, was able to measure the relation between surface tension and the surface
area quickly and reproducibly. Surface tension was found to fall steeply only
when the surface was covered with a close-packed monomolecular film(2).
Devaux(3) confirmed the results of Rayleigh, and showed that the movements of
the film could be made visible if it were lightly sprinkled with a fine powder. In
this way he showed that even monomolecular films could become solid when
compressed. Hardy(“) pointed out that monolayers are formed from molecules
consisting of a hydrophobic and hydrophilic parts, and hence at the air-water
interface, the molecules must be orientated with the polar, hydrophilic parts buried
in the water, while the remainder of the molecules will tend to leave the water.
It remained for Langmuir to provide a conclusive support for this hypothesis of
orientation: he showed that monolayers of fatty acids of various chain-lengths
compress to the same limiting area, an indication that the different acids must all
form films in which the molecules are orientated identically with respect to the
surfaces(s). Adam has made many refinements in the technique and published
comprehensive data(6). Blodgett( 7) used the so-—called Langmuir Blodgett trough
to deposit successive monomolecular layers, formed at the air—water interface, onto

solid surfaces. This latter technique has been the object of intensive study In
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recent years because of a wide variety of possible applications of these films. A
critical step in many of these applications is the polymerization of the deposited
film to increase its lifetime. For this approach, monomers in the reaction have
generally been long—chain unsaturated carboxylic acids. A renaissance in the
investigation of monomolecular layers of amphiphilic molecules has taken place in
the last two decades(8=11), Sagine and co-workers(12715) have Investigated a
novel method for successively constructing organised molecular layers on solid
surfaces. Surface active compounds are chemically adsorbed at the liquid/solid
interface. Fendler and coworkers(16,17) have studied various kinds of polymerized
surfactant vesicles. Taking advantage of the bilayered structure of vesicles,
constructed of surfactants with unsaturated hydrophobic or hydrophilic moieties, it
has been possible to polymerize them using heat, light or added initiators. Lando
et al(18—20) performed a series of studies on the polymerization of monolayer or
bilayered structures of vinyl stearate at an air—-water and solid-liquid interfaces.
The orientation and compatibility in monolayers and the spreading isotherm of
macromolecular compounds and fatty acids were studied by Gabrielli et al{21-23),
Fluorescence microscopy is a sensitive and non—destructive optical method to
directly investigate monolayers on liquid and solid substrates. This has been

reported by Meller(24) to control the transfer of the monolayers on solid substrates
which should help to bridge the gap between floating monolayer properties and

their transfer on solid substrates.

A distinctive method for producing organized molecular films at a solid-liquid
interface was reported by wul25). The method is based upon the formation, by
physically adsorbed surfactants, of micelle-like surfactant aggregates called

admicelles(26) at the interface. As micelles incorporate other molecules into their
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structure In the process of solubilization, so admicelles exhibit an analogous
behaviour which was referred to as adsolubilization. The feasibility of
manipulating the phenomena of admicelle formation and adsolubilization to form
polymerized, organized ultrathin films of polystyrene inside the admicelles of
molecular dimensions on solid surfaces was reported(25) The application

potential of this work could be unlimited.

In recent years, attention has been focussed on films of polymers at surfaces, the

study of monolayers at the oil-water interfaces, electrically charged films, and the

flow properties of spread and adsorbed monolayers.

2.1.1 Surface Pressure

The surface pressure of a monolayer is the lowering of surface tension due to the
monolayer. The molecules constrained iIn the monolayer may be regarded as
exerting a two—dimensional osmotic pressure; there is a repulsion in the plane of
the surface, which is measured on a floating barrier acting as a semi-permeable
membrane permeable to water only. It is this pressure, opposing the contractile

tension of the clean interface, that is called the surface pressure as shown in the

Fig. 2.1.

* =Y ~ 7 (1)
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Fig. 2.1 Principle of the Langmuir Trough. The lowering of surface tension is

measured directly, as a surface pressure II exerted on the mica "boom"
and balanced by applying an equal pressure from a torsion wire attached
to the "boom". The barrier on the left is used to compress the film

as required. (See Ref. 28).

where <, is the surface tension of the clean interface. The variation of » with
the area available to the surface—active material is represented by x-A curve
(force—area curve). It 1s usual to express » in dynes cm™' and A either in A’
for long—chain (for simple molecules) or in m2mg~' for more complex molecules

and 4 i1s the tension of the film—covered surface.

riterig f readin

If a mass of some substance i1s placed on a liquid surface so that initially it is
present in a layer of appreciable thickness, then two possibilities will exist as to

what may happen. These are treated in terms of what is called spreading

coefficient.

At constant temperature and pressure a small change in the surface free energy

(G) of the system is given by the total differential:



dG = (YG/yA A, + (YG/yAsg)Ap + (YG/yAg)dAg

but

where liquid A constitutes the substrate and

The coefficient (yG/yApg)area gives the free energy change for the spreading of a
film of liquid B over liquid A and is called the spreading coefficient of B on A.

Thus,

SBIA = YA ~ YB ~ YAB (2)

Sg/a 18 positive If spreading is accompanied by a decrease in free energy, i.e., is
spontaneous. From the definitions of work of adhesion and cohesion, it is seen

that the spreading coefficient is the difference between the work of adhesion of A

to B and the work of cohesion of B

Se/a = Was ~ Wgp (3)

Generally speaking, S is positive when a liquid of low surface tension is placed on
one of high surface tension. Cary and Rideal(27) found the spreading velocity of
oleic acid on water to be about 20 cm/sec. Davies and Rideal(28) cited some
work which suggests that spreading rates are proportional to S (presumably Sg;,)

and inversely proportional to the viscosity of the bulk phase. Zisman and

coworkers(29,30) have found that spreading rates can be enhanced, reduced or
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even inhibited by the presence of small amounts of impurities;  in particular,

strongly adsorbed surfactant can form a film over which the oil will not spread.

Many substances do not spread well by themselves, and, it is more common to use
a spreading solvent. Accurate measurement of the very small amounts of
materials involved in the usual monolayer experiment is also facilitated by the use
of a measured volume of a suitable dilute solution. It 1s desired that the solvent
shall accomplish the dispersal of the film-forming molecules at the water-air
interface, and then disappear completely. Devaux( 3), Langmuir(sw’i 3) and
Adam(6,37) developed the technique of spreading with a wvolatile, water—insoluble
solvent. This is the most generally applicable method for materials which form
insoluble monolayers. Solvents must have sufficient solvent power; a spreading
solution which contains much less than 0.1-1 mg/ml of film material will be
impractical because of the large volume required. It must be chemically inert
with respect to the film material and the subphase and be easily purified.
Solvents which boil in the range of 40-809C are generally most suitable for
experiments under ordinary conditions, for example, low—-boiling hydrocarbons
(petroleum ether or n-hexane). Difficulty has been noted for solvents of high

water solubility as some of the monolayer forming materials may then be carried

into the aqueous phase and be precipitated there rather than appearing in the
surface; for example, when acetone or i1sopropanol were used to spread perfluro

acid monolayers(3°). Whether or to what extent a spreading solvent may alter
the properties of the spread monolayer was discussed by Dean(33), Jones et al(34)
LaMer(15), Gaines(#:3¢) and Langmuir(3‘). The procedure(35.37) for spreading,
to minimise adventitious contamination of the film during its formation, has been

regarded as a satisfactory technique by LaMer(38) The reproducibility and
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consistency -of the experimental results demonstrate the ultimate satisfactory control.

The Subphase

Water or other subphase upon which the monolayer is spread requires particular
attention. Purity and protection from contamination are of utmost importance.
Divalent cations in water interact strongly with fatty acid monolayers(39), and
concentrations of Al3% as low as 1078M may affect such films(31). Therefore
considerable precautions are required to keep impurities below this level. A
number of references has been mentioned by Gaines(40)  with respect to
purification of water to be used as a subphase liquid. The problems with

non—aqueous subphases have been discussed by Ellison(41,42)  and Doyle et al(43).

Ir nd Barr

The trough in which the subphase liquid is contained also presents certain special
problems.  Since it generally forms an integral part of the experimental apparatus,
consideration of the trough design is necessary. The necessary developments of
the trough, depending on the nature of measurements to be made, was discussed in
detail by Gaines(8). It is, however, important for us to discuss the principal of
the measurements and construction of the automated Lauda Surface Balance which
is used for the present study of monolayers of glyceryl monooleate at air—water
and air—salt solution interfaces and subsequently for the development of an

analytical technique to analyse very small concentrations of the surface active

material.

2.1.2 Principle of the Measurement

The principle of measurements is based on a continuous monitoring of film

pressure, =, as a function of the area A available to the spread molecules.
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Using an automated Lauda Surface Balance it would be easy to measure the film

pressure.

The subphase is contained in a teflonized metal trough (A) which is thermostated.
The measuring barrier separates the film—clad surface from the clean surface.
The difference in surface tension x(x = vy, — <) is measured with an electronic
pressure transducer (C) and amplifier (D) and fed to the Y channel of the X-Y
recorder. The spread molecules are located in the enclosed surface between the
fixed barrier (F) and the movable barrier (M). The movable barrier is controlled
by a motor and varies the surface area of the film through compression or
expansion. When the surface is reduced (the film is compressed) the film
pressure x for a particular substance rises in a characteristic manner. The
surface area measuring potentiometer geared to the moving barrier converts the
surface into an equivalent d.c. voltage which is fed to the X channel of the

recorder.

Surface Balance

The surface balance consists of four parts, the measuring unit, the circulating
thermostat which maintains the subphase at the required temperature, the control
unit and the X-Y recorder for plotting the x—A isotherm of the film forming

material.  Fig. 2.2 illustrates the construction of the surface balance.

The measuring unit consists of three main parts, the trough, the pressure barrier

with the motor drive, and the area and film pressure measuring system.

The trough is made from brass which is coated with a thin film of Teflon (PTFE)
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2.2 Construction of the Lauda film balance
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to produce- a hydrophobic surface which makes it possible to fill the trough with
the subphase liquid to a level above the brim of the trough. This would prevent
the film from slipping under the moving barrier and thereby introducing an error.
The Teflon coating resists most of the organic substances, preventing any metal ion

from entering the subphase and finally makes it easier to clean and drain off the

subphase.

The barriers are also coated with Teflon. Compression and expansion of the film
on the subphase are reversible processes and correspond to the direction of the
moving barrier. The measuring system consists of the bridge piece which carries

the measuring barrier.

oo.* - § AT1CS and -‘. Tl’ ! ‘0'_" mn

Devaux(3) pointed out that molecules in monolayers could exist in different states
quite analogous to three—dimensional liquids, solids or gases. In some cases, it is
possible to transform a film from "solid® to "liquid” by changing the temperature
or surface pressure. It is quite certain, therefore, that various monolayer states
represent different degrees of molecular freedom or order, resulting from the
intermolecular forces in the film and between film and subphase. The different

state of existence of a matter in monolayers are generally referred to as condensed

(solid or liquid) films, expanded films(48) and gaseous films.

Gascous Monolayers

In principle, any monolayer-forming substance will exist as a gaseous film if the

molecules are sufficiently widely separated. Thermal motion will lead to such

separation, and there will be a two—dimensional “surface vapour pressure”. The
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r—A curves of gaseous monolayers can be explained by two dimensional kinetic

analysis(45) assuming that molecules in the monolayers have average translational
kinetic energy of 3 kT (k = Boltzman constant) for each degree of freedom as the
monolayer film behaves more or less as an ideal gas. @ The two dimensions in the

plane of the surface lead to a total kinetic energy of kT which produces the

surface pressure and leads to an ideal two—dimensional gas equation.

rA = kT (4)

Various expressions have been proposed to allow for the negative deviations of the

x—A product from the ideal value(46,47) are given by,

(A - AQ) kT

"(A = Ap)

qkT

where A, is the observed molecular area in condensed films and q is less than
unity (~ 0.7). Other equations based on various assumptions have been given by

other workers(48—51 ).

Condensed Monolayers

At the opposite extreme from gaseous monolayers in which the isolated molecules
are far apart, are the condensed films, in which the molecules are arranged in
almost their closest possible packing. Gaines(11) has reviewed the different
approaches to account for the shape of the x—A plots of such monolayers. The
x—A curves are quite straight and very steep indicating low compressibility in the

condensed monolayers and strong cohesive chain—chain interaction. The presence
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of polar groups or double bonds in the molecular structure may alter the packing

behaviour.

Expanded Monolaver

Intermediate, in molecular area between gaseous and condensed films of simple
molecules are the expanded monolayers. The =x-A plots of these films show
considerable curvature, although they approach the = = 0 axis at a fairly steep
angle. The molecular area is typically two or three times as large as the
molecular cross section. Many monolayers which are condensed at low
temperature change to expanded films at higher temperatures. It was reported by
Adam and JOSSOP(sz) for myristic acid, in 0.01 N HCI at various temperatures that
films are condensed at the lowest temperatures, while above 25°C the curves are
of the typical expanded type. At 1ntermediate temperatures, the film is expanded
at low surface pressures, but increased surface pressure leads to condensation.
Langmuir(53) introduced the concept which i1s now generally accepted that an
expanded film is a very thin liquid phase in which the hydrophobic portions of the
molecules occupy a random orientation and the polar head groups are in contact
with the subphase. Langmuir derived the first equation of state for an expanded
monolayer by assuming that the upper surface of the film behaved as a bulk

hydrocarbon liquid and therefore exhibited a normal liquid surface tension. It was

also supposed that the contribution of the polar functional groups to the surface
pressure could be represented by an ideal gas equation corrected for finite

molecular size. Balancing these contributions to the spreading pressure of the

film leads to the equation

(r — 7oA —Agy) = kT
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area(s), Films may become “gaseous" at greater areas (with shorter chains or
higher temperatures). Smith(54) has made several attempts at the quantitative
treatment of the x—A curves of the expanded monolayers.

2.1.3 Salt solutions as a Subphase

Some slightly polar substances which do not spread on water could spread on
concentrated salt solutions because salt solutions have higher surface tension than
pure water. Addition of salt to the subphase will alter the polar character of the
subphase which would increase the attraction between film forming substance and
the subphase. Adam, Askew and Pankhurst(32) reported that the shape of »—-A
curves remained unchanged on concentrated ammonium sulphate solution but the
surface pressure at constant area per maolecule has increased. Pankratov(55,56)
observed similar results on a number of salt solutions. Dennis and Heymann(s7)
studied the equilibrium spreading pressure (E.S.P.) of oleic acid and ethyl sebacate
on concentrated salt solutions of a number of univalent salts over a limited range
of concentrations using a ring method and found a linear relationship between

E.S.P. and salt activity in the subphase. Gilby and Heymann(sa) later confirmed

this work using a modified Langmuir—-Adam surface balance.

2.1.4 Purpose of Research

In this investigation, glyceryl monooleate surfactant (o—monoolein) was chosen to
study the monolayer properties at air-water and air-salt solution interfaces. Area
per molecule of o—monoolein was determined using the Automated Lauda Surface
Balance, described earlier on both subphases. The obtained information was

important to develop an analytical technique for studying the adsorption of

o—monoolein from n-heptane to the solid surfaces of three drug models with widely



different surface characteristics. Data from the adsorption investigation were used

to control the encapsulation of the three drugs used in this study.

2.2 Experimental

2.2.1 Setting up of the Lauda Balance

The automated Lauda film balance type FW-1 Nr. 4012006 supplied by MGW
Messgerate-Werk Lauda was placed on a well supported, essentially vibration free,
separate bench where it was protected from direct sun rays. The thermostating

unit, control unit and the XY recorder (Bryans 29000 A3) were connected to the

film balance.

The trough was soaked in nitric acid for 8 hours to clean it from any surface
active contamination, then it was sucked off using a clean glass dropper attached to
a suction water pump and the trough was rinsed with double distilled water.
After wiping with analar acetone applied on a wad of cotton wool and handled
with clean tweezers, the trough was then filled with water to the brim and the
surface was swept and all the water in the trough was sucked off. The trough
was refilled with fresh double distilled water (830 ml) and a calibration of the
water level (volume) in the trough was adjusted using cathetometer (The precision
Tool and Instrument Co. Ltd. 2207). After adopting the cleaning procedure and

adjusting the volume of water to 830 ml after sweeping the surface frequent blank

runs and contamination tests were carried out.

The apparatus including the thermostat and the X-Y recorder was switched on

about 30 minutes prior to the start of the experiment.

26



2.2.2 Handling and Care of Materials
subphase

Water that was used in any subphase was double distilled in quartz and was kept
iIn a clean stoppered glass flask for about 1-2 hours until it attained room
temperature. These precautions were necessary as the quality of the substrate
liquid is extremely crucial because the technique is very sensitive to any traces of
surface active organic contaminants. Any other traces were removed by continually
sweeping and sucking the surface of the subphase in the trough until no film was
detected by zero pressure after maximum compression of the surface of same
volume of the subphase (830 ml). That volume of the subphase was found
necessary to fill the trough such that the level of the liquid was above the brim

and the moving barrier was dipped into the subphase liquid, this would keep the

film floating between the moving and the fixed barriers.

Spreading of Monolavyer

A common method to apply a monolayer of a surface active material is to dissolve
It In a volatile, non-reactive and purified organic solvent. Organic solvents with
positive spreading coefficient, immiscible with subphase were found satisfactory
medium for spreading experiments. The solution of film forming material were
carefully delivered by a 25 u microsyringe (Hamilton, Bonaduz, CH) with an
accuracy of t 0.05 ul. The reproducibility of the experimental results were
satisfactory. The solutions were delivered very slowly to the subphase while
keeping the tip of needle close to the surface of the subphase but not touching.
The solution was dropped at various points on the surface for easier and quick
spreading. The lid of the surface balance was kept closed after deposition of the

film solution to avoid aerial contamination and surface disturbance during the
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compression experiments.

2.2.3 Cleaning of the Glassware

All the glassware used were cleaned with permanganic acid followed by rinsing with
plenty of tap water to remove any adsorbed ions, if any. Final rinsing with
plenty of double distilled water was very important to wash off any source of
contamination. Some of the glassware, especially those with small interior
openings or volumetric ones, required a final rinse with distilled analar acetone to
avold drying at high temperature. The clean glassware was dried in a clean
electrically heated oven above 60°C. After drying, the oven was switched off to
cool the glassware gradually. Then all the glassware was stoppered and the tips

were wrapped in tin foil and kept in a clean cupboard and used within a few

hours.

2.2.4 Calibration of Surface Area Measuring System

The calibration is based on a calibration area of 562.68 cm?2, This area arises
from the geometry of the trough and is well defined within known limits. The
approach of the moveable barrier to the measuring (fixed) barrier i1s automatically
restricted by the iInstrument to a distance of 0.5 cm in order to restrict the
compressed film from flowing over the float and pressing it beneath the surface of
the subphase. Due to this restriction and the sealing bands at the ends of the

barrier, there is a residual area onto which the moving barrier can not intrude.

This residual area (A,;) consists of a constant residual area (A, ) and a variable

residual area (An).

i.e., Ar = Ark + Ary
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2.3 The trough geometry and area reltionships

Fig.
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recorder pen returned to its original nil point. The recorder pen returned back
to the point A, when the surface area voltage was switched on again. This
procedure was repeated few times to ensure proper calibration. Therefore, the

nil point corresponds to surface area of 10.7 cm 2.

2.2.5 Calibration of the Film Pressure Measuring System

Calibration of the film pressure measuring system was achieved by simulating a film
pressure by means of a calibration weight of known mass. The force is
transferred to the barrier a calibration cross resting on the calibration bearing and
with the lower lever pressing on the fixed barrier. The calibration was carried
out by carefully placing the calibration weight on to the calibration cross which had
already been zeroed without the weight. The sensitivity of the recorder was
appropriately adjusted so that 1 cm of the chart paper corresponded to 2
Since the calibration cross with the calibration weight were precalibrated by the
supplier to produce a pressure of 38 mNm~™' on the measuring barrier, the
distance of 19 cm (at Y axis) from the zero point (where r = 0.0) was adjusted.
The calibration weight was then removed and the recorder pen returned to zero
point. This calibration was repeated a number of times to ensure a correct
reading.

The zero point was slightly changed after removal of the calibration weight and
calibration cross but the necessary adjustment were made for corrections. The
moveable barrier was set at the position A, during the calibration process. The
calibration was carried out just prior to the start of the experiment and

recalibration was necessary whenever the subphase liquid was changed.

Finally the surface of the subphase was compressed and cleaned by sucking off the

surface impurities with the help of a clean glass dropper attached to a suction
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water pump and the volume of the subphase was readjusted to the right value by
adding more liquid of the subphase until the calibration level was obtained. The

procedure was repeated until zero pressure was observed.

2.2.6 Materials

Glycerol 1-monooleate (o¢—monoolein)

Anhydrous glycerol 1-monooleate was supplied by Sigma Chemical Co., contained
approximately 90% of the o—isomer and the balance [(-isomer. It was used

without further purification and referred to as a—monoolein in the text.

THZ - 0 -CO - C, ,H,, sz - OH

CH - OH CH - 0 - CO-C, ,H,,
| I

CH, - OH CH, - OH
a-monoolein B-monoolein
Solvents

(a) n-Heptane was supplied by F.S.A. Laboratory. It was double distilled

before use.

(b) Acetone, BDH of analar purity.

Sodium_c¢hloride solution
Sodium chloride of analar purity supplied by May & Baker Ltd (England) was

heated in an electric furnace at S500°C for 3 hours to eliminate any organic
impurities. It was cooled and kept in a clean jar to be used within 24 hours.

A 20% w/v solution of this purified sodium chloride in double distilled water was



33

prepared. . The solution was then filtered through clean glass wool to remove any
traces of surface active impurities. The glass wool was cleaned first by soaking
in permanganic acid for two hours followed by rinsing thoroughly with tap water

and double distilled water.  The salt solution was freshly prepared before use.

Experimental Procedure for Determination of Area per Molecule (A/M
The trough of the Lauda balance was cleaned as described before and filled with
830 ml of the subphase (20% salt solution or double distilled water). The

temperature of the subphase was maintained at the required value (25°C) with an

I+

accuracy of 0.19C. The instrument was calibrated for surface area and film
pressure measuring system and cleaned by sweeping and sucking off the surface of
the subphase. The recording paper was then matched with the surface area
measuring system, the barrier was set to compression mode and the points
corresponding to the total surface area between the measuring and the fixed barrier
were marked to indicate the area of 500-50 cm?. The position of the barrier
was then brought back to the starting point (A,) and an accurate volume (4 -
12.5 ul) of the test solution was spread on the clean subphase surface from 25 ul
capacity microsyringe. The solvent was allowed to evaporate (2-3 min) and the
film was compressed with the moving barrier at its high speed (6.5 cm/min).
The x-A curves were obtained on the X-Y recorder chart paper. These curves

were reduced to smaller size and traced. At the end of each run, the surface
was compressed and recleaned until zero pressure was observed after adjusting the
subphase level to the required value (830 ml). This procedure was repeated for

all the samples tested and the trough was cleaned, rinsed thoroughly and dried by

sucking off all the water after rinsing the trough.
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Assuming that molecules of the film spread as single molecules, the monolayer area
for each sample spread was determined by extrapolating the linear portion of the

compression curve (between 32-44 and 36-46 dyne/cm for water and salt solution

respectively) to zero pressure and hence the area per molecule (A/m) of the film

(a-monoolein) at air-water and air-20% salt solution was calculated from the

equation

Area of monolayer (Az)

No. of molecules spread

The number of molecules was determined by multiplying the gram moles spread by

Avogadro's number (6.023 x 1023).

Developing an Analytical Technic

A solution of a-monoolein in n-heptane was prepared of accurate concentration
(1.974 x 10786 g/ul). Various known volumes of this solution (4 - 12.5 ul) were
spread on air-water and air-20% salt solution interfaces and the x—A isotherms
were recorded. Calibration curves were constructed by plotting monolayer area

against the number of spread molecules.

From the calibration curves it was possible to analyse solutions of a—monoolein by
spreading an accurately known volume at the subphase and determine the
monolayer area from the x—A curves. The concentration of the unknown solution

was then calculated from the following equations.

No.of molecules spread x M.wt. of a-monoolein

Conc. of the solution =
(g/ml) Vol. spread (cm?®) x Avogadro's No.
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where the number of molecules spread can be determined from the appropriate

calibration curve.

or

Area at monolayer (A?) x M.wt. of a-monoolein
Conc. of the solution = _
(g/ml) Vol. spread (cm®) x A/M (A) x Avogardo's No.
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2.3 Results
2.3.1 Surface Pressure — Area Measurements

Figs. 2.4 and 2.5 show a series of r—A isotherms of a-monoolein at air-water

and air-20% NaCl solution interfaces at temperature of 25+ 0.1°C.

2.3.2 Determination of the Limiting Molecular Area of a—Monoolein

Film properties calculated from the isotherms are shown in Tables 2.1 and 2.2
These include cross—sectional area per molecule, collapse pressure and

compressibility. Areas given are obtained by extrapolating the steepest part of the

isotherm to the area axis at zero pressure.

Table 2.1 Monolaver properties of a-monoolein at air-water interface

Vo lume No. of molecules Area of Packed Area per molecule

spread (ul) spread x 10716 monolayer x 107165 A2
A 2

4.0 1.3340 66 45.0

4.5 1.5007 70 46 .6

5.0 1.6675 72 43 .2

7.0 2.3345 113 48 .4

10.0 3.3350 1535 46 .5

12.0 4.0020 47 .0
Mean 46 .1

Sample standard deviation (op-1) = 1.8l
Col lapse pressure - 44-45 dyne/cm

Compressibility - 0.0078 cm/dyne
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Fig. 2.4 YM-A isotherms of « -monolein at air-water interface
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Collapse pressure is sometimes referred to as maximum film pressure. Rigid or
solid—like films wusually collapse abruptly; mobile or liquid-like films gradually
approach constant pressure. In the mobile films, the molecules move less

suddenly from the monolayer into the upper layers.

Film compressibility is the change in area with pressure(sg).

where a, is the extrapolated area of zero pressure, and a, is a smaller area of

pressure f..

Each point on an isotherm represents pressure and an area calculated directly from

measurements on the film.



Table 2.2 Monolayer properties of g—monoolein at air-20% NaCl

solution interface

Vol ume No. of molecules Area of Packed
spread (ul) spread x 10716 monolayer x 10-168
A 2
4.0 1.3340 65
5.0 1.6675 76
6.0 2.0010 93.
8.0 2.6680 133 .
10.0 3.3350 163 .
12.5 4.1688 195.
Mean

Sample standard deviation (op_-1)
Col lapse pressure

Compressibility

2.3.3 Development of the Analytical Technique

.72

49 dyne/cm

Area per molecule
A2

49 .1
45.6
46 .5
49 . 8
48 .9

46 . 8

47 .8

0.0074 cm/dyne

Figs. 2.6 and 2.7 show the calibration plots of the packed monolayer areas of

a—monoolein against the number of molecules spread from n-heptane at air—-water

and air-20% NaCl solution respectively.
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2.4

Discussion of Re: s and Conclusior

Isotherm characteristics are intimately related to molecular geometry and location of

polar groups. The schematic drawings of Fig. 2.8 show the three possible

orientations of o—monoolein and its fS-isomer at air/water and air/salt solution

interfaces.
2 } E
y E <
=C
\ 0=C /
/ \ 0=C
HGH ? l
\CHOH HCH 0
/ \ HC "H H
= e I T R
OH OH OH H...OH
oa—monoolein S-monoolein
Fig. 2.8 Molecular orientations of a— and f-monoolein

The isotherms of Figs. 2.4 and 2.5 show the gradual collapse or slow approach to
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constant pressure. The film has moderate mobility and this is because the
unsaturated monoglycerides and fatty acids are more stable as liquids than as solids
at ordinary temperatures and pressure. The same analogy exists in the
monolayer.

At zero pressure the mean value of the area per molecule of a-monoolein is 46.1
and 47.8 A? at air—water and air-salt solution interfaces respectively as shown in
table 2.1 and 2.2. These values were obtained by the usual extrapolation of the

steepest upper portion of the x—A isotherms.

The area per molecule is slightly less at air—-water interaface (46.1 ;\2) than that
at air-salt solution interface (47.8 Az). This can be related to the association of
the molecules in the monolayer by intra and inter hydrogen bonding of the glyceryl

groups at water substrate being more than at salt solution subphase.

Merker and Danbert studied the monolayer properties of saturated(60) and
unsaturated(6 1) monoglycerrides and reported an average cross-sectional area of
22.9 Az for 1-monoolein calculated from its measured density in the solid state
and X-ray long spacing of 49.5 A The limiting area they obtained from the
force—area curve at 24.3°C and negligible pressure for 1-monoolein was 72 A? per
molecule. HThe limiting area per molecule of a—monoolein at 259C reported by
Rashid(62) was 67.7 and 91.2 A? at air-water and air-20% salt solution interfaces
respectively. These values were estimated from a plot of a number of molecules
versus the logarithm of area per molecule obtained from the »—A compression
isotherms at water and salt subphases. It is important to mention here that the

area per molecule was obtained from extrapolating the linear part of the isotherm

at the pressure of 21-23 dyne/cm. This was not precise as the extrapolation to



zero pressure should be done from the steepest part of the isotherm which is close
to the maximum film pressure (collapse pressure) i.e. at pressure of 42 and 46

dyne/cm at water and salt solution subphases respectively.

Gander(63) measured an area of 50-55 A’ per molecule of a—-monoolein at 209C
from the force—area isotherm at air-water interface. This value (50-55

A?/molecule) agrees well with the value (46.1 Az/molecule) obtained in this study

considering the temperature difference of the subphase in the two studies.

a—Monoolein monolayers have a high collapse pressure of 44-45 and 49 dyne/cm at
water and salt solution subphases respectively. It is slightly higher at salt solution
but this is because the surface tension of a salt solution is higher than water. A
high compressibility, 0.0078 and 0.0074 cm/dyne are apparent in the steeply rising
isotherms at water and salt solution subphases. This indicates the mobility of
a—monoolein monolayer and its high stability compared to the low compressibility

of stearic acid (0.0019) and its extreme rigidity(”).

LN looment C ' 'l:u al Techniqu

The calibration curves shown in Figs. 2.6 and 2.7 gave satisfactory linear piots
passing through the origin representing the monolayer area as a function of the
number of molecules. The calibration curve Fig. 2.6 will be used to analyse the
unknown concentration of a—-monoolein solution after adsorption on the three drug
models used in this study (Chapter III). It was chosen because it was easier to

use double distilled water as a subphase than salt solution.



2.5 References

1. Franklin (1765), see "The Ingenious Dr. Franklin® (ed. Goodman)(1931):
"Famous American Men of Science" (ed. Crowther), Secker and Warburg,
London (1937)

2. Rayleigh, Phil. Mag. 48, 321 (1899)

3. Devaux, P. V. Soc. Sci. Phys. Nat. Bordeaux, 19th Nov., 3rd Dec. (1903);
ibid 7th Jan., 14th April (1904); J. Phys. Rad. 3, 450 (1904)

4. Hardy, Proc. Roy. Soc. A86, 610 (1912); ARS8, 303 (1913)

5. Langmuir, J. Amer. Chem. Soc. 38, 2221 (1916); 39, 1848 (1917)

6. Adam, "The Physics and Chemistry of Surfaces” (3rd ed.), Oxford
University Press (1941)

7. K.B.J. Blodgett, J. Am. Chem. Soc., 57, 1007 (1935)

8 G. L. Gaines, Jr. Insoluble Monolayers at Liquid—Gas Interfaces.
Interscience Publishers, New York (1966)

9. H. Kuhn, Thin Solid Films, 99, 1 (1983)

10. G.G. Roberts, Adv. Phys. 34, 475 (1985)

11. J.D. Swalen, J. Molec. Electron. 2, 155 (1986)

12. J. Sagiv, J. Am. Chem. Soc., 102, 92 (1980)

13. L. Netzer, R. Iscovia, J. Sagiv, Thin Solid Films, 99, 235 (1983)

14. L. Netzer, R. Iscovia, J. Sagiv., Thin Solid Films, 100, 67 (1983)

15. J. Gunn, R. Iscovia, J. Sagiv, J. Colloid Interface Sic. 101, 201

(1983)
16. J. H. Fendler, Chem. Eng. News, 2, 25 (1984)

17. J. H. Fendler, E.J. Fendler, G.A. Infante, P. Shih, L.K. Patterson,

J. Am. Chem. Soc. 97, 89 (1975)

18. M. Puterman, T. Fort Jr., J.B.J. Lando, Colloid Interface Sci., 47,

46



19.

20.

21.
22.

23.

24.
25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35. R. J. Archer and V. K. LaMer, J. Phys. Chem., 39, 200 (1955);

705 (1974)
S.A. Letts, T. Fort, Jr., J.B.J. Lando, Colloid Interface Sci., 56,
64 (1976)

V. Enkelmann, J.B. Lando, J. Polym. Sci., Polym. Chem. Ed., 15, 1843
(1977)

G. Gabrielli and A. Maddii, J. Colloid Interface Sci., 64, 18 (1978)

G. Gabrielli and C. D'Aubert, Colloid Polym. Sci., 56, 258 (1980)

G. Gabrielli, P. Baglioni and A. Maddii, J. Colloid Interface Sic.,

79, 1, 268-272 (1981)

P. Meller, Rev. Sci. Instrum., 59 (10), OCt. (1988)

J. Wu, J.H. Harwell, E.A. O'Rear, Langmuir, 3, 531-537 (1987)

J.H. Harwell, PhD Dissertation, The University of Texas at Austin
(1983)

A. Cary and E. K. Rideal, Proc. Roy. Soc. (London), A109, 301 (1925)
J. T. Davies and E. K. Rideal, Interfacial Phenomena, Academic Press,
New York, 1961

M. K. Bernett and W. A. Zisman, Advan. Chem., Ser. 43, 332 (1964)

M. K. Bernett and W. A. Zisman, J. Phys. Chem., 67, 1534 (1973)

I. Langmuir and V. J. Schaefer, J. Amer. Chem. Soc., 39, 2400 (1937)

N.K. Adam, F. A. Askew and K.J.A. Pankhurst, Proc. Roy. Soc., Al70,

485 (1939)
R. D. Dean and F. S. Li, J. Amer. Chem. Soc., 72, 3979 (1950)

C. L. Cutting and D. C. Jones, J. Chem. Soc. 1955, 4067, D.C. Jones

and R. H. Ottewill ibid, 1955, 4076

Acad. Sci., 58, 807 (1954)

Ann. N.Y.



36.

37.

38.

39.

41.

42.

43.

45.

47.

49.

50

51.

52.

53.

54

5S.

56.

57.

G. L. Gaines, Jr., J. Phys. Chem., 65, 382 (1961)

J. B. Bateman and E. J. Covington, J. Colloid. Sci.. 16, 531, (1961)
V.K. LaMer and G. T. Barnes, Proc. Natl. Acad. Sci., 45, 1275 (1959)
R. J. Myers and W. D. Harkins, Nature, 139, 367 (1937)

G. L. Gaines, Jr., J. Phys. Chem., 63, 1322 (1959)

A. H. Ellison, J. Phys. Chem., 66, 1867 (1962)

A. H. Ellison and W. A. Zisman, J. Phys. Chem., 59, 1233 (1955)

W. P. Doyle and A. H. Ellison in "Contact Angle, Wettability and Adhesion"”
Advan. Chem. Ser., 43, 268 (1963)

D. G. Dervichian, J. Chem. Phys., 7, 931 (1939)

N. K. Adam and G. Jessop, Proc. Roy. Soc. (London), A110, 323 (1926)

J. T. Dawvies, Trans. Faraday Soc., 48, 1052 (1952)

R. K. Schofield and E. K. Rideal, Proc. Roy. Soc. (London), A109, 57
(1925)

A.N. Frumkin, Z. Physik. Chem., 116, 485 (1925)

M. Volmer, Z. Physik. Chem., 1135, 253 (1925)

. J.S. Mitchell, Trans. Farady Soc., 31, 98 (1935)

D.G. Hedge, J. Colloid. Sci., 12, 417 (1957)

N.K. Adam and G. Jessop, Proc. Roy. Soc. (London), All2, 362 (1926)

I. Langmuir, J. Chem. Phys., 1, 756 (1933)

. T. Smith, J. Colloid. Sci., 23, 27 (1967)

A. Pankratov, Acta Physicochim. USSR, 10, 45 (1939)

A. Frumkin and A. Pankratov, Acta Physicochim USSR, 10, 55 (1939)

Joan A. Dennison E. Heymann, Trans. Faraday Soc., 42, 1 (1946)

A. R. Gilby and E. Heymann, Australian J. Sci. Research, A5, 160 (1952)

H.E. Ries, Jr., asnd H. D. Cook, J. Colloid Sci. 9, 535 (1954)

48



61.

62.

63.

D.R. Merker and B.F. Daubert, J. Am. Chem. Soc., 80, 516 (1958)
D. R. Merker and B.F. Daubert, J. Phys. Chem. 68, 2064 (1964)

A. Rashid, "Some Aspects of Surface Chemistry, Microencapsulation and
In Vitro Evaluation of (-estradiol from an Injectable Formulation”

MSc thesis, Strathclyde University (1980)

B. Gander and N.B. Graham, Compte rendu 5éme Congrés Internat.

de Technologie Pharmacetique, APGI, Paris, 1, 251-260 (1989)



CHAPTER IIJ

Determination of Specific Surfa
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Chapter g

31 In tion

The specific surface area of a solid is one of the first things that must be
determined if any detailed physical and chemical Interpretation of its behaviour as
an adsorbent is to be possible. Such a determination can be made through the
adsorption studies themselves. T'he methods of area determination may be
classified in three groups:

(1) Those that depend on the determination of particle size.
(2) Those that depend on the determination of the adsorption isotherm.

(3) Those that depend upon some special property other than particle size or

adsorption. Most of the proposed methods fall into the first two groups, and
since the adsorption methods are the simplest experimentally, most of the
attention has been given to this class.

The methods of particle size determination are numerous. From the known
density of the solid, the geometry of the particles and the average particle size
distribution, it is relatively simple to calculate an area. Particle size
determinations in general are not satisfactory for obtaining the area because if the
solid 1s porous, i.e., possesses an internal area, the particle size measurements can
not account for this area. Further difficulty of having small particles arises from
their tendency to aggregate. An aggregate will appear as one particle and since

a large particle has a lower area than the same weight of smaller particles, the

area again will be low. The different methods of surface area determination of

solids were discussed in detail by Jura(1). The most general method for

determination of the specific surface area of solids is based on adsorption of gases

which is one of the oldest known phenomena.
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Langmuir Method

Langmuir( 2) analysed the assumptions of the theoretical relationship between
the area of a solid and the adsorption of a gas on the surface. The results of
the theory have met with restricted application. The treatment of Langmuir
represents a simple application of the kinetic theory of gases which predict the

Langmuir equation

i — (1)

where S = specific surface aream?/g

= number of molecules required to cover the surface with
monomolecular layer of gas.

N = Avogadro's number
Vi, = gas molar volume

6 = effective cross sectional area of adsorbate, m?2

The most important assumption made is that the adsorption is monomolecular,
which Fowler and Guggenheim(3) considered essential, Langmuir made allowance(2)
for the fact that in special cases the adsorbed layer may become more than
monolayer, especially for high relative pressure values of P/P, near unity in the

treatment. Since in general, the adsorbed films are polymolecular then the

equation will not be generally valid(2,4)  The second assumption made is that the
adsorption energy is independent of the concentration of molecules on the surface.
The physical consequence of this assumption is that the adsorbed phase must be in
a single two dimensional phase for any value of the pressure. Other workers(5,6)
showed that two dimensional phase changes do exist in films adsorbed on the

surface of solids. Also, the interaction between the adsorbed molecules has been



52

considered for films of non mobile molecules( 2). The development of Brunaner,
Emmett and Teller(7) is a theory of adsorption which attempts to explain the
physical adsorption characteristics where only Van der Waal's forces are the means
of interaction between the solid and the gas. This theory yields substantially the
same results as an empirical method developed by Brunaner and Emmett(8~11),
The results of the theory are useful as a method of area determination because
one of the parameters in the resulting equation is V,, the volume of gas required
to form a monomolecular layer on the surface of the sold. The fundamental
postulate of the theory of Brunaner, Emmett and Teller (BET)is that the
adsorption of gases on a free surface is polymolecular.
BET Method

The measurement of the specific surface area of powders by low-temperature
nitrogen adsorption is a widely used technique. The principle of the method is the
measurement of the amount of nitrogen physically adsorbed by the powder at the
temperature of liquid nitrogen over a range of partial pressures, so that an
adsorption isotherm is obtained. The mono-layer capacity is determined by using

the Brunaner, Emmett and Teller (BET) equation( 7,11).

P 1 C-1 P
R + , —— (2)
V,(Py-P) Vi C Vi C P,

where V, is the monolayer capacity (S.T.P.),
V, is the volume of gas adsorbed (S.T.P.),
P {s the equilibrium pressure,

P, is the saturation pressure of the adsorbate, and

C {s a constant

A plot of P/V,(P,—P) against P/P, should be a straight line, of a slope C-1/V,C
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and intercept 1/V,,C, from which both Ym and C can be calculated. The

normal range of validity of the Brunaner, Emmett and Teller equation is for P/P,

= 0.05-0.30.

The specific surface area, S, of the powder is related to the monolayer

capacity by the equations

VmON

(3)

VoW
where N is the Avogadro's number,
Vo Is the ideal gas volume,

W is the weight of sample, and

6 is the area occupied per molecule of adsorbate

With nitrogen gas adsorbed at liquid nitrogen temperature, the accepted value for

is 16.2 A2 and equation (3) becomes

4.35
S§ = ————— - m%g (4)
slope + intercept

Adsorbates other than nitrogen may be used, e.g. argon or krypton, the only
requirement is that the adsorbate should have a well defined orientation on a
variety of types of surface. In this respect nitrogen is highly satisfactory and
value for § is substantially independent of the nature of the solid surface. In a
volumetric apparatus, the volume of gas adsorbed is determined by difference, 1.e.,
the initial and final equilibrium pressures of gas are measured, together with the
volume of free space of the apparatus. Where the volume of gas adsorbed is

small, with matenals of low specific surface area, (e.g. below 0.5 m? per g), it is



advantageous to use a gas with a low saturation vapour pressure (P,) at the

temperature of adsorption, e.g. krypton, so that the actual volume of gas (at

S.T.P) in the free space of the apparatus is greatly reduced in proportion to the

volume of gas adsorbed.

Purpose of Research

The present study involves the measurements of specific surface area of the
solid powder of the three chosen drug models namely, potassium chloride,
f—estradiol, and S-aminosalicylic acid by the BET adsorption method.

These surface areas will subsequently be used to calculate the adsorption area
per molecule and the adsorpiton density of o—monoolein adsorbate on the surfaces

of the three mentioned drugs..

3.2 Experimental

)€ rmina 'n f b, ifi :ﬁ f P __.._.___ 0’ lnd

3-Estradiol and S—Aminosalicyli

3.2.1 Materials and Treatment
Adsorbents: Potassium Chloride (BDH Analar) of average particle 250-355 um.

It was heated at 500°C for four hours to remove any organic
surface residues. The material was kept in a desiccator
containing silica gel until used.

Anhydrous B-estradiol crystalline (Sigma) was dried In vacuum
oven for 24 hours before use and kept dry in a dark bottle in a

desiccator over silica gel. The structure of fS-estradiol is
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Structure of B-Estradiol

The shape and aggregation of [ estradiol particles is shown below in the

micrograph Figure 3.1.

%998 18¢m WD39

Fig. 3.1 SEM micrograph of [-estradiol crystals

Crystalline S—-aminosalicylic acid (Sigma) approx. 99% used as supplied.
3.3.4 Adsorption of N. Gas on the Surface of the Drugs (BET Method

This method is based on the fact that the molecules in the surface layer of a
solid have a surface excess free energy which can be reduced by binding gas
(nitrogen in this case) molecules in order to satisfy the unbalanced, bonding forces.

The attraction in this case is physical i.e. only Van der Waal's adsorption is the

\Jl

\J1



result of a relatively weak interaction between the solid and the nitrogen gas.

Apparatus _and Operation Procedure

The apparatus used for this study was manufactured by Micromeritics
Instrument Corporation, Model:  AccuSorb 2100. Fig 3.2 shows a schematic
diagram of the apparatus measuring system, which consists basically of compatible
components each performing a special function. These are:

1. A manifold system which interconnects the samples, vacuum-producing
equipment, pressure measuring device, and adsorbate sources:

2. The vacuum equipment;

3. The pressure detecting components;

4. A heating system to aid the sample preparation;

5. Temperature monitors for measuring both the sample outgassing and the
refrigerant (liquid nitrogen) temperature;

6. A time-—pressure unit that indicates the extent to which a sample has been
prepared for testing; and

7. A temperature controller for the manifold and pressure transducers. The
meters and monitors are all direct reading.

The basic procedure for operating the apparatus was followed to evacuate the

assembled apparatus and de-gas the solid powders until satisfactory readings were

reached. The dead space in the apparatus, i.e., the volume of the sample bulb

and connections not occupied by powder, is determined with helium, which is not

adsorbed at the temperature of liquid nitrogen. During nitrogen adsorption, the

level of liquid nitrogen surrounding the adsorption bulb was kept constant. A

series of points on the adsorption isotherm over a range of pressures up o

P/P, = 0.3 was recorded. After adsorption runs were completed, the gas law
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calculation was applied to determine the volume of nitrogen adsorbed (va) at each
equilibrium pressure, P, by using the constants for the system determined from the
helium calibration. The data were fed to a computer for calculation and to plot
P/P, against (P/V,)P,—P according to Brunauer, Emmett, and Teller equation to
determine the specific surface area for each drug powder from the slope and the
intercept of the straight line by substitution in equation (4).

3.2.3 Particle Size Method (Sievin

This method was applied only for potassium chloride because [—estradiol and
S—aminosalicylic acid are sensitive to light, air and moisture; they are also in

aggregated forms.

KCl was passed through a set of sieves ranging between 500 and 90 wm
supplied by Endecotts Ltd (BS410) using Endecott Sieve Shaker type (E.F.L.
2MKII). Fractions of KCl powder of particle size 250 um were collected; this
value was used to calculate the surface area per gram assuming that the particle's

geometry is spherical.

Calculatio

Density of KCl (d) = 1.9 g/cm3
Particle size - 250 um

radius (r) - 125 um

- 125 x 10°% m

volume of one particle (v) - (4/3)x r?

- 8.177 x 1072 m3



Surface area of one particle (a) = 4xr?

- 1.9625 x 1077 m?

Weight

Vol ume

. Volume of one gram = 0.50505 cm3

- 0.50505 x 1076 m3

volume of one gram
. Number of particles in 1 gram (n) =

volume of one particle

- 61765

. Surface area of one gram (A) = nXx a

= 1.2 x 1072 m?

T



3.3 Results

3.3.1 Specific Surface Area Measurements of KCl

Typical data of the adsorption of nitrogen onto the KCl solid surface are given in

Table 3.1. The condition of the system at which the data were recorded is given

below.

Adsorbate : Nitrogen
Molar cross-sectional area of N, (5) ; 16.2 Az
Sample weight (KCIl) : 12.1731 g
Bath temperature : 77.70 K
Saturation pressure of N, (P,) at 77.7 K : 791.19 mmHg
Table 3.1 Adsorption of N_ gas onto KCl solid surface

Partial pressure Vol. adsorbed X= P/P, Y = X/((1-X)V) Y = X/V
of Nitrogen (P) (V)cm?/g

mmHg after at (S.T.P.)

adsorption

39.370 0.004 0.050 12.188 11.581
70.300 0.007 0.089 13.18S5 12.013
97.990 0.009 0.124 15.541 13.615
123.110 0.011 0.156 16.164 13.649
147 .350 0.012 0.186 19.067 15.516
173.750 0.011 0.220 24 .051 18.769

197.440 0.017 0.249 19.106 14 339
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3.3.2 '_Sgecific Surface Area Measurements of G-Estradiol

The experimental results of the adsorption of nitrogen to B-estradiol solid surface

are given in Table 3.2. The condition of the system is given below:

B-Estradiol weight 2.4563 g
Bath temperature 77.44 K
Saturation pressure (P,) 767.80 mmHg

Table 3.2 Adsorption of N. onto (-estradiol

Partial pressure
of Nitrogen (P)

mmHg after
adsorption

Vol. adsorbed X = P/P, Y = X/((1-X)V) Y = X/V

(V) cm3/g
at (S.T.P.)

30.386 . 580 0.040 .071 0.068
65.680 . 730 0.085 . 128 0.117
99.820 . 818 0.130 . 183 0.159
129.720 . 860 0.169 .236 0.197
156.970 .905 0.204 . 284 0.226
182.500 .925 0.238 .337 0.257
207.100 . 940 0.270 .393 0.287

A plot of BET equation with x =

P/P, against Y = X/((1-X)V) as shown In

Fig.3.3 gave a straight line of slope = C - 1 and intercept equal

l)v_C from which V, and C were calculated for f—estradiol adsorption within a

relative pressure range P/P, between 0.04 - 0.27

VmC
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3.3.3 Sgeciﬁc Surface Area Measurements of J—Aminoslicylic Acid

The data are given in Table 3.3 and the condition of the adsorption system is

given below:

>—Aminosalicylic acid weight : 3.0245 g

Bath (liquid N,) temperature : 77.53 K

Saturation pressure (P,) 775.84 mmHg

Table 3.3 Adsorption of N ,_onto S—aminosalicylic acid
Equilibrium Vol. adsorbed X =P/P, Y = X/((1-X)V) Y = X/V

pressure of N, (V)cm?3/g at
after adsorption (S.T.P.)

(P) in mmHg
28.805 0.325 0.037 0.119 0.114
61.730 0.388 0.080 0.223 0.205
94.450 0.419 0.122 0.330 0.290
127.720 0.443 0.1635 0.444 0.371
158.640 0.473 0.204 0.543 0.432

The straight line was obtained by plotting X = P/P, against Y = X/V(1-X) from
which the slope and the intercept were determined for the BET surface area
calculation for each drug. For the Langmuir surface area calculation, the straight
line was obtained by plotting X = P/P, against Y = X/V from which the slope and

intercept were determined assuming the adsorption of a monlayer onto the solid

surface.
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The specific surface area of each drug powder is presented in Table 3.4 based on

the data obtained from BET and Langmuir adsorption isotherm plots. The surface

area of potassium chloride calculated from the particle size is also given in the

table.

3.4 Discussion of Res: and Conclusion

The surface area of KCIl obtained from BET and Langmuir adsorption isotherms
was larger t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>