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SHSIVE BUSOTDLION. - 1 Q1S 15 a conseguence of the multiple Y e e -
hor'groups. 1t -is not probable that fandom’ thernially e

uced fluctuations would remove all anchor groups simul: A M
cousty, even ifthe individual anchor grotip interacts with ¥ i
F4or5RT energy. ‘Many anichor groups may'be attached v ]
he loop seétion of the moleculs and cannot adsorh atths ! ]
e interface. - However, they have the potential of ad- _ m

sing atthe interface of 4 neighboring solid particle. H | m
he wiature of the' frainloop ‘configuration of adsorbed m | |
/mers causes the amount'of polymer adsorbed perunit of m ! }
ace area to increase extremely vapidly with increase in 3 |
rmer concentration until the surface coverage of the solid H |
arly complete. Above this plateau level further adsorp- w.m

 may be negligible. The adsorption often is nearly irre- 28

ible, very little being removed by repeated washing.

s polyimer adsorbs; the fres energy of interaction between i

hboring loops Becomies strong enough to arrest adsorption.
‘good solvent this interaction is'stronger than'in a4 poor
ent; therefors, the adsorbed layer will contain more
rmer when the adsorption is from a poor solvent. Con-
ely, in a'good solvent fong loops tend 16 eause the polymier
esorb because of the large free eneray of interaction of
mier toops in close proximity. “Similarly, the configuration
ie moleciile and the extension ofthe loopsare dependent
olvent quality.” Loops in a poor solvent tend to coil and
rtend less distance from the interface than those in 4 good
ent. - Again the controlling factor is the miapnitude 6f the
ractionof nieighboring loops. ‘

Fig ,m_nmm“ ﬁum, electrical double laver m:n the symbols ﬂmma to de-
scribe the potential at various points. A The Stern layer, B: “the
slane of shear, and C: the sphere of influence of the diffuse double
laver, e :

Layer comprises the {irst part, the thickness of which is of the
order of ionic dimensions,  The potential drop across this
region is Yo — s Thesecond part is called the diffuse double
laver across which the potential drop is ¥ The thickness of
mwm diffuse double layer is given by the Debye-Hiickel quantity
ik, ,

kT vtm
A7e?ZTniz?
where ¢ is the dielectric constant in the diffuse double:layer
region, & is the Boltzmann constant, 7' is the absolute tem-
perature, e 1s the electronic charge, n; is the bulk concentra-
tion of 1on i, and z; isits valence,

According to Eq 19 2 1% agueous sodium chloride solution
at room temperature gives 1/k = 8 A, 2 0.01% solution gives
1/k =80 A, 21X 10~% solution gives 1/k = 800 A, etc. These
caleulations show that the electrical influence among particles
in agueous media is relatively short-range compared to that
involving powder particles which, as predicted by Egs 3and
4, extend to distances of the order of particle dimensions.

In nonpolar media n, the bulk jonic concentration, isusually
very small. Therefore, 1/x values of the order of centimeters
are sometimes encountered, and in'such cases the distances
of electrieal infliience approach those encountered in powders.
This frequently leads to the “electrostatic” problems insuch
systems. Antistatic agents are helpful in these situations by
raducing 1/x and by relieving the buildup of charge.

Hg 19 aise shows that polyvalent counterions are much
more effective than monovalent ions in reducing the double-
laver thickness, A 2-9 electrolyte is about four times more

ticles in Liquid Sysiems ik ukh a9
he behavior of particles dispersed in a liguid mediom is
ect to'essentially the sams forces as those described for
ders although the resulis can be differént.-due to the
ence-of the liguid.. . For example, as.will be seen, the
rical forces in aqueous media between particles can play
re important role than in powders under certain condi-
ffect of Charges—A solid particle or.d droplet of an
mmn.mEm liguid may be slectrically charged béeause anex-
of ionsof onesign may be present at the interface.  The
ge-conferring ions may be a constituent of the particle
f, impurity ions from the external-phase liquid, or sur-
int ions preferentially adsorbed at the interface. .

he particle charge gives rise to asurface potential, Yo, at
urface of the particle (see Fig 21-13). The potential will
to zero at some distance away from the surface depending
e concentration of the counter-ions in the external-phase
;. The region in which the influence of the surface charge
preciable is.called the electrical double-layer region.

1 double layer may be visualized as being made up of two
5. The specific adsorption of counter-ions in.the Stern

e e IR e

compared to the size of the adsorbed surfactant molec
cles ata close distance where repulsive forces arisew
molecules are squeezed together and/or desorbed.

effective than a 1-T electrolvie in reducing the
bletlayer thickness.

Zeta Potential—When a charged particle st
liquid is placed in an electrical field, it will mis
the electrode with the opposite charge.. The ior
Layer and the bound solvent molecules are also
with the particle. Thus, the plane of shear (e«
very close to the Stern Layer but slightly farth
the particle mm&mam. While the exact relation
the zeta potential, ., and ¥, is not clear, it is ¢
posed that ¥, and ¥, are of the same order of m
latter being slightly smaller. If, in addition, ¥y
mV) and there is little special counterion-binc
at the interface, the zeta potential will also reflec
and the changes in it. The surface potential, ¥/
the surface charge density, the number of che
area, by the Gouy-Chapman diffuse electrical
theory. . o

As will be seen in the next section, when slect:
is present, the flocculation behavior of sus
emulsions strongly depends upon the surface
particles which is reflected in the magnitude of y
when, is of the order of 25 mV or less, the sy:
kinetically unstable to flocculatien and agzre
alescence may take place. V

Particle Interactions in Liguids—Acco
theory of the stability of lvophobic colloids (par
media) a number of forces are at play in del
overall interaction among particles.  Consider
interaction forces is helpful inunderstanding |
process as well as aggregation and coalescenc
dispersed particles. Atrelatively large distance:
(310 A) the primary forces are the London dis
of attraction and the electrical repulsive forces ;
the interaction of the diffuse double layers of
The electrolyie flocculation behavior of sus
emulsions is frequently attributed to the int
electricsl and the dispersion forces. o

Other forces of repulsion should also:be co
ticularly at close distances of approach betweer
These.are the repulsive contributions due to 1
molecules themselves, arising from steric hind
21-14). Particles at very close distances of api
kept apart by this mechanism and by the res
adsorbed agents from being displaced (desor!
interface; When surfactant desorption is involy
be done against thoss same forees that are reep
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100 200 300
Inferparticle distance{angstroms)

e net interaction of two spherical particles considering
nforces of atiraction and electrical repulsion (kt units)
of the ‘interparticle distance (A) Tor two equally sized
ML CAD K = 23X 105, B k= 4K 108, ¢ k= 107,
X 107, The peaks represent the maximum potential,
alculations used the following values: A = 10=13 ergs,
ndA = 10~"5¢cm.

a temperature parameter (Flory temperature),
py term for solvent-polymer interaction, 6 is the
he adsorbed polymer layer, r is the radius of the
Vg isthe volume fraction of adsorbed polymer
) region, and V is the molecular volume of the
ules, When the interparticle distance, H; is less
-greater than 0; for H.2 26, Vo = 0. For addi-
es and-informationsee references 5 to 14; at the
apter.
raction—The net interaction of two spherical
ven by,

Vietal = Va+ Vg + Vg (23)

only the London forées of attraction and the
ilsion,* Fig 21-15 shows plots of Viotar for two
jual size (a7 = gy = 0.1 am) at different ionic
vater. Atlow ionic strengths where 17k is large
ectrical repulsion dominates at most distances,
bositive for all distances beyond the first few
e maximum potential V..., is large, ~95'ET.
wentration is increased (k = 4% 105, ca 0.10%
lecreases and a minirnum develops in the po-
curve at H ~ 150 &, This minimum is called
minimum, Vi, which, although small in'the
ple, could be of substantial depth for larger
high salt concentrations (x = 107862 X 107, ¢ca
repulsion is almost completely eliminated and
 persists. . The influence of particls size 'on the
| energy is shown in Fig 2116, The energy
o increase with increasing particle size.

us solution at higher concentrations of slec:

rical caleulations of the potential energy of repulsion,
rergy of attraction, and of adsorbed polymer repitlsion
dix Biof a communication by Schneider; Stavchansky,
| Pharm Ed 42:980, 1978).:.

el
10kt
/0 Hum
Okt - +
secondary minimum
-10kt
j i i
100 200 300

interparticle distanceangsiroms)

Fig-21-16. Influence of particle size on total potential energy of in-
teraction. A=5X 10" erg, Y = 25mV, and x = 2 X 106 o™,

trolytes, the double-layer thickness may be so small that it will
have no significant effect on the stability of a sterically sta-
bilized system,5 eg, a double layer of a few angstroms thickness
would have little influence when the polymer loops extend into
the solution 30 or more angstroms, ie, 1/x < 6. As suggested
earlier, electrolytes may produce floceulation inthe presence
of adsorbed polymer, but the flocculation may not be the re-
sult of their effect on the double layer. The use of electro-
phoretic mobility to determine the charge on the particle must
be viewed with apprehension when adsorbed polymer is
present. The extending Joops cause the hydrodynamic shear
plane to be moved out from the particle surface; thus, a much
lower value of the zeta potential will be observed than would
be justified for the charge distribution in the double layer.
The presence of other solvents may affect the Stern layer.$
Also, changes of the dielectric constant of the liquid and of the
solvent quality are not independent factors.

An anchor group on the polymer may form a weak bond and
be an inefficient anchor.®  Such a polymer could desorb during
interparticle collisions. This is designated “displacement
flocenlation.” 'The kinetics of this should depend on the size
of the adsorption interaction energy. Also, the addition of
smaller molecules that could compete for and displace the
polymer from the adsorption sites would be a controlling
factor for the effectiveness of the polymer.  One should be
alert to these possibilities.

A possible mechanism of polymer action is that the polymer
could prevent the particles from entering into the deep po-
tential energy well illustrated in Fig 21-16, resulting from the
combination of the van der Waals attraction and the dou-
ble-layer repulsions.” “"The relative thickness of the doubls
layer ‘and the adsorbed polymer layer would determine
whether steric repulsion prevented entry into the primary
minimum. If properly balanced, the net effsct of the two
terms could be tochange the primary minimum 1o a shallow
minimum by preventing closer approach of the particles.

LiCles WOrenolesierol galstonesjan the presence ol ne;
charged~ micelles. . The- disselution rates-are en
manyfold inthe pressnce of high electrolvte concent
neutralizing amines and quaternary ammonivum comy
Hence, the dissolution of cholesterol galistones by pe
of the gallbladder with sodium cholate micellar solu
interfacial barrier-controlled in the absence of salt
aqueous diffusion layer-controlled in sodium chloric
tions.

Flocculation Kinetics

Rapid Flocculation—In the absence of any re
barrier (Vs = 0) and when it is controlled only by Br
motion diffusion, the flocctlation rate of a2 monodi:
suspension is given by the Smoluchowski equation:

mmxm = —47DRN?

dt

where dN/dt is the disappearance rate of particles/cc,
distance between the centers of the two particles in ¢
N is the number of particles per mL, and I is the di
coefficient. Kq 24 shows that the flocculation reactic
molecular, the rate being proportional to the square
particle concentration. If D is replaced by the E
relation, D= ET/6wna, and B = 20, the Smoluchow:
constant for rapid floceulation is predicted by

K=47DR= gaiild

37

The time, ¢1 5, required to reduce the total number 6f e,
to one-half the original number'is given by

81

4RTN
Here, 7 is the viscosity of the liquid medium and N
initial concentration of particles (number of partic
ce).

It is'well known that agitation promotes floceulati
appears to have little influence in the initial stages
floceulation.  In the simplest case (see Fig 21-17) consi
particles in a laminar shear field with a velocity grad
80 that other particles are swept into the sphere of ac
a central particle. The increase in the flocculation
evident when the collisions cansed by the movemant
liguid and by Brownian motion are added. By compar
probability of laminar shear eollision, J; with the prob
of Brownian collision, [,

tirz

_na’g

I 2kT
the measure of the relative contributions of these 13
motions to flocculation is found. Table VIl shows t]
small colloidal particles collisions caused by agitation ¢
compared to those caused by Brownian motion unle
shear gradient is very high. Tt also shows the transiti
tween the region of colloidal dispersion, where Bro
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calculated rates of aggregation of 0.1 um, 0.5 um,
es with themselves and with larger particles as a
rationof a 1-1 slectrolyie in solution, .mwo is 25mv
Sergs. Ar 1.0/1.0um; B 05/1.0 pmi C: 0.5/0.5
am; £0 03705 p; Fr 0017001 um,

NilNo - 3nWig
10w electrolyte concentration may markedly
sference for'the aggregation (or coalescence)
les with each other or with large particles,
¢ 260 4 X 108 for p = 25 mV, it can be seen
t the rate of aggregation (or coalescence) of
s with themselves or larger particles may be
f magnitude greater than that for two 0.5:um

Q1. .03

Gro _ 2T ﬁ;wfsi& (30)

th

uspensions may undergo dissolution and ra-
-

m'part because ot the recognized variation of
oarticle size, expressed mathematically as

mmfﬁwv ,
rpRT

olubility of a spherical ervetal of radius ri 8y
of an infinitely large crystal (r="0); Mis'the
ity prisithe density, v is the crystal/solvent
i, R is the gas constant, and T isthe absolute
nly approximations can be obtained with this
se'the particles ave niot spheres, and v values
different crystal faces. Table IX shows the
article size effécts on the solubility for rea-
f M and p. It is evident that with particles
i, 8 values becorne appreciably greater than
& crystal, hence the tendency forivery fine
olve and for coarse crystale togrowat the ex-
mer.: This difference in solubility explains
s encountered in preparing and stabilizing
ery fine particles of certain'substances:

8=8"¢xp A 81

I —Solubillly of Small Parlicles

i) S

1 T8

0 1.12°S.
1018,
1001 S,

gs/em? p.= 1

Suspensions

A-pharmaceutical suspension-may be defined as a coarse
dispersion containing finely divided insoluble material sus-
pended in-a lquid medium: Suspension dosage forms are
given: by the oral route; injected intramusculary or subcuta-
neously, applied tothe skin in topieal preparations, andused
ophthalmically in the eye; . They are an important class of
dosage form. - Since some products are oceasionally prepared
in a dry form, 1o be placed in suspension at the time of dis-
pensing. by the addition of an appropriate vehicle, this defi-
nition is extended to include these products.

There are certain criteria that awell-formulated suspension
should meet... The dispersed particles should-be of such a size
that they donot settle rapidly. in the container. -However, in
the event that sedimentation oceurs, the sediment must. not
form a hard cake.- Rather, it must be capable of redispersion
with-a minimum effort on the part of the patient. . Addition-
ally, the product should be easy to-pour, pleasant to take,and
resistant to.microbial attack.

The three major problem areas associated with suspensions
are{l) adequate dispersion of the particles inthe vehicle,; {2)
settling of the dispersed particles, and (8) caking of these
particles inthe sediment s0.as to resist redispersion: . Much
of the following discussion will deal with:-the factors that in-
fluence these processes and the ways in which they can be
minimized.

Interfacial Properties

When considering the interfacial properties of dispersed
particles, two factors must be taken into account, regardless
of whether the dispersed phase is solid or liguad.” The first
relates to an increase in the free energy of the surface as the
particle size is reduced and the specific surface increased,
The second deals with the presence of an eléctrical charge on
the surface of the dispersed particles,

Surface Free Energy— When solid and liquid materials
are reduced in size, they tend to agglomerate or stick together.
This clumping, which can oceur in either air or a liquid me-
dium, is an attempt by the particles to reduce the excess sur-
face free energy of the system. The increase in surface free
energy is related 1o the increase in surface area produced when
the particle size is decreased. Tt may be expressed as fol-

lows: ;
AF =vAA , (32)

where AF is the increase in surface free energyin ergs, AA is
the increase in surface area in.cm?, and 7y.is.the interfacial
tension, indynes/cm, between the dispersed particle or droplet
and the dispersion medium..- The smaller AF is, the more
thermodynamically stable is the suspension of particles.. A
reduction.in AF often is effected by the addition of a wetting
agent. which is adsorbed at the interface between the particle
and. the vehicle, thereby.reducing the interfacial tension,

Unfortunately, while the particles remain dispersed
flocculated; and settle relatively slowly, they can form
cake at the bottom of the container when they eve
settle. - Such a ssdiment can be extremely difficult
perse.

Surface Potential-—As discussed sarlier in thise
both attractive and repulsive forces exist between p
in a liguid medium. - The balance achieved betwee
opposing forces determines whether or not.two parti
proaching each other-actually make contact or are x¢
at a certain distance of separation.

While much of the theoretical work on electrical
potentials in dispersed systems has been carried out
phobic eolloids; the theories developed in this area ha
applied to suspensions and emulsions.?

Flocculation and Deflocculation——Zeta potenti
a measurable indication of the potential existing at the
of a particle.  When, is relatively high (2bmV or mc
repulsive forces between two particles exceed the at
Liondon forces.  Accordingly; the particles are disper:
are said to be deflocculated, Even when brought ¢
gether by random motion or agitation, deflocculated p
resist collision.due to their high surface potential.

The addition of a preferentially adsorbed ion whose
is opposite in sign to that on the particle leads toa pro;
lowering of ;. - At some concentration of the added
electrical forces of repulsion are lowered sufficiently 1
forces of attraction predominate. - Under these condit,
particles may approach each other more closely and for
aggregates; termed-flocs. Suchasystem is said to be
lated. ]

Some workers restrict the term flocculation to the
gation brought about by chemical bridging; aggrega
volving a reduction of repulsive potential at the doub
is referred to as coagulation.  Other workers regard
lation as aggregation in the secondary minimum of
tential energy curve of two interacting particles and
lation as aggregation in the primary minimum. Inthe
chapter the term flocculation is used for all aggregati
cesses, irrespective of mechanism.

The continued addition of the floceulating agent can
the above process, if the zeta potential increases suff
in the opposite direction. . Thus, the adsorption of anic
positively charged deflocculated particles in suspens
lead to flocculation.  The addition of more anions ca
tually generate a net negative charge on the particles.
this has achieved the required magnitude, deflocculati
occur again,. . The only difference from the starting sy
that the net charge on the particles in their deflocculat
is negative rather than positive. Some of the major
ences between suspensions of flocculated and defloc
particles are presented in Table X.
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> O6 sediment should encompass the voiume of the

&wzmm are 0.33 pm for latex particles'snd 0.017
rticles. Micelles and small phogpholipid ves-
ttle unless they aré subjected to céntrifuga:

tiong in a pharmaceutical suspension are not
i with those laid down for Stokes’ law, Eq 33
factors that can be sxpected o influenée the
Thus, sedimentation velocity will be reduced
he particle size, provided the particles are kept
ed state. The rate of sedimentation will be an
n of the viscosity of the dispersion medium.
igh a viscosity 1s undesirable, especially if the
dium is Newtonian rather than shear-thinning
), singe it then becomes difficilt to redisperse
 has settled. It-also may be inconvenient to
us suspension from its container.
» Stokes”law, the rate of sedimentation will be
difference in the densities {pi and po) of the
icles and the continuous phase can be de:
i rarely possible in practice, and will not be
o
Eaﬁmamafﬁwg the size of ‘particles
imentation is reduced to approximately 2 um,
vian movement is observed and the rate of
deparis markedly from the theoretical pre-
ces” law.. The actual size at which Brownian
mes significant depends on the density of the
| as the viscosity of the &mﬁmwmas medium.
e Jower limit of the coarse-size range, the dis:
mnay remain suspended for a prolonged @mzom
his phenomenon.
oceulation—In a deflocculated system con-
bution of particle sizes, the larger particles
faster than the smaller particles.” The very
remain suspended for a considerable length
e result that no distinct boundary is formed
pernatant and the sediment. Even when a
mes discernible, the supernatant remains

me system is flocculated (in a manner 10 be
two effects are immediately apparent. First,
yfall topether so'that a distinct boundary be-
ient and the supernatant is readily ohserved:
erngtant is clear, showing that the very fine
een incorporated into the flocs: " Theinitial
1 floceulated systems s determined by the size
the porosity of the aggregated mass Under
nees it is perhaps better to use the térm sub-
than sedimentation.

Quantitative Expressions of Sedimentation and
Floceulation

Frequently; the pharmacist needs'to assess a formulation
in terms of the amount of flocculation in the suspension and
to.compare this with that found in other formulations. The
Wﬁ% parameters commonly used for this ﬁEﬁOmm are'outlined

elow:

Sedimentation Volume-—The mm%SgSSg volume; F,
igthe ratio of the equilibrium volume of the sediment; Vi, to
the total volume of the suspension, V.- Thus,

F= M\:\w\@ ; ; Awmv

As the volume of suspension which appears occupied by the
sediment increases, the value of F,; which normally ranges
from nearly 0-to 1, increases. In the system where F = 0.75,
for example, 75% of the total volume in the container is ap-
parently ‘occupied by the loose, porous flocs' forming the
sediment. ‘This is illustrated in Fig 21-19. Obviously,in a
particular suspension, if F can'be made to approach closer to
unity, the product becomes more acceptable, since the volume
of supernatant (undoubtedly regarded as unsightly) is being
progressively reduced.  When F = 1, no sediment is apparent
even though the system is flocculated. This is the ideal sus-
pension for, under these conditions, no sedimentation will
oceur. Omﬁmm also will be absent. - Furthermore, the sus-
pension is esthetically pleasing, there ggm no SEEm clear
supernatant.

Degree of mﬁona:_mﬂéb,l»p better parameter for com-

paring flocculated systems is the degree of flocculation, B,
which relates the sedimentation volume of the flocculated
suspension, I, to the sedimentation volume of ?m suspension
when mmmoooimﬁmm Fo.. It is expressed as

B=F/Fs (37)

P4
o

The degree of flocculation is, therefore, an e
increased sediment volume resulting from flocculation.” 1f,
for example, 3 has a value of 5,0 (Fig 21-19), this means that
the volume of sediment in the flocculated system is five times
that in the deflocculated state.  The flocs are quite porous and
the desirable scaffold-like structure is present. If a'second
flocculated formulation results in a value for 8 of say 6.5, this
latter suspension obviously is preferred, if the aim is to pro-
duce as flocculated a product as possible. "Asthe degree of
floceulation in the system decreases, 5 approdches unity, the
theoretical minimum value.

Formulation of Suspensions

The formulation of a suspension possessing optimal phys-
ical stability depends on whether the particles in suspension
are to be flocculated or to remain deflocculated.” One ap-
proach involves use of a mﬁsoﬁﬁmm vehicle to keep defloccu-
lated particles in suspension; a second depends on controlled
flocculation as a means of preventing cake formation. A third,

} AS:RRal proguct ¢ r‘\{ﬁll‘

Deflocculated ~
Incorporation
struclured vehi

suspension
in structured vehicle
as final product

ession of the

Floceculated
suspension
instructured vel
as final predu

Fig 21-20. " Alternative mnn«omo:mm to .%m formulation of s
sions,

a combination of the two previous methods, restls
product with optimum stability. 'The various schem
illustrated in Fig 21-20.

Dispersion of Particles—The dispersion step has
discussed earlier in this chapter. Surface-active ¢
commonly are used as wetting agents; maximum effic
is obtained when the HLB value lies within the range ¢
A concentrated solution of the wetting agent in the v
may be used to prepare a slurry of the powder; thisis d
with the required amount of vehicle. Alcohol and gl
may be used sometimes in the initial stages to disper
particles, thereby allowing the <m?&m to penetrate the p
mass;

Only the minimum amount of wetting agent should be
compatible with producing an adequate dispersion «
particles. Excessive amounts may lead to foamingor i
an undesirable taste or odor to the product. Invarial
a result of wetting, the dispersed particles in the vehic
deflocculated.

Structured Vehicles—Structured vehicles are gen
agqueous solutions of polymeric materials, such as the
colloids, which are usually negatively charged in aquec
lution. Typical examples are methylcellulose, car
methyleellulose, acacia, bentonite, and Carbopol. 'Th
centration employed will depend on the consistency d
for the suspension which, in turn, will relate to the siz
density of the suspended particles, - They function ¢
cosity-impartingsuspending agents and, as such, redu
rate of sedimentation of dispersed particles, in accor
with Stokes’ law. - 1t should be noted, however, that S
law applies strictly only to:Newtonian fluids; the majo
suspending agents used in practice are non-Newtonia

The rheological properties of suspending agents ar
sidered elsewhere (Chapter 22). Ideally, these form
doplastic or plastic systems which undergo shear-thii
Some degree of thixotropy is also desirable. ' Non-Newt
materials of this type are preferred over Newtonian sy
because, if the particles eventually settle to the bottom
container, their redispersion is facilitated by the v
thinning when shaken. When the shaking is discont:
the vehicle regains its original consistency and the redisj
particles are held suspended. This process of redispe
facilitated by a shear-thinning vehicle, presupposes th
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