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Summary

Quotients of the ‘effective’ surface areas (A ;) and the boundary layer thickness (d) are calculated from initial dissolution rates of
pharmaceutical powders in 2-propanol /water mixtures by taking the corresponding solubilities and diffusion coefficients into
account. These quotients A ;/d are correlated with the contact angles of the drug against the solvent mixtures, Increasing wettability
results in an evident increase of the ‘effective’ surface area which in turn leads to a higher dissolution rate. The correlations found for
several examined drugs are quite similar. Studies on surfactant solutions instead of 2-propanol/water mixtures principally show the
same results. Obviously the complete wetting of the drug surface (A ,; = 100%) is achieved by contact angles of about 40 degrees in
contrast to the commonly accepted value of zero degrees for spreading wetting. Assuming complete wetting, calculated values of the

boundary layer are comparable 1o literature data.

Introduction

It is well known that improving the wettability
of a drug leads to less agglomeration of drug
particles in contact with the liquid. Thus the dis-
solution rate of the drug powder is increased be-
cause the surface area which is definitely wetted
by the solvent is greater. According to the Noyes-
Whitney,/ Nerst-Brunner equation (Eqn. 1) the
kinetics of the dissolution rate is zero order if sink
conditions are maintained and a constant drug
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surface area is assumed in spite of dissolution:

dm D-A
—a—{.z—_—dﬁﬁ'cs:k‘cszki) (1)
where dm/dt is the dissolution rate of the drug, D
is the diffusion coefficient, d is the thickness of the
liquid boundary layer, ¢, is the solubility and A ;
is the “effective’ surface area (Finholt, 1974; Gold-
berg. 1974). A; can be calculated from dissolution
rate constants k (k = k,/c,) by means of D and d
(Eqgn. 1), k-values can be obtained from the slopes
k, of initially linear plots of dissolved drug versus
time. It is important to stress that for a given
solvent A ; depends on the wettability of the drug
powder.

A, for different solvents is correlated with the
wettability of the drug characterized by the con-
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tact angles against the corresponding solvents
which are obtained by means of the Sessile Drop
technique (Ohm and Lippold, 1985). It is assumed
that this correlation characterizes quantitatively
the relation between the wettability and the dis-
solution rate of pharmaceutical powders.

Materials and Methods

Substances

Chloramphenicol palmitate polymorph A
Gruppo Lepetit (Milano); phenacetin, salicyla-
mide and theophylline Merck (Darmstadt);
amidopyrine, phenazone and chloramphenicol
Bayer (Leverkusen). Purity is checked by differen-
tial thermoanalysis. 2-Propanol analytical grade
Merck (Darmstadt); sodium dodecylsulphate
Texapon K 12 Henkel Dehydag (Dusseldorf).

Contact angle measurement

The contact angles are determined by the Ses-
sile Drop technique (cf. Johnson and Dettre, 1969),
device by Lorentzen and Wettres (Stockholm). The
measurement is carried out at 20+ 1°C im-
mediately after placing the drop on the surface of
the compacted powder. Compaction of the powder:
hand hydraulic press Perkin Elmer (Uberlingen),
pressure: 11.3 X 10* Pa, weight of the compact:
300 mg; the liquid is not saturated with the drug.
More details are given by Ohm and Lippold (1985).

Specific surface area of the pharmaceutical powders

The determination of the drug specific surface
areas was carried out by an AREAmeter Il
Strohlein (Dusseldorf) after storing the pharma-
ceutical powder in a pure nitrogen atmosphere at
temperatures well below the melting point. The
temperature of storage was changed in order to
check the complete desorption of molecules from
the surface area of the drug. No sample assayed
showed a greater specific surface area at higher
storage temperatures. Both carbon powder
possessing a specific surface area of 74 + 2 m? /g
and quartz powder, W 10 Quarzwerke (Frechen),
possessing a surface of 0.1 m?/g, were used as
standards. In order to achieve a reliable decrease
in pressure, large amounts of powder had to be

TABLE 1

SPECIFIC SURFACE AREAS OF PHARMACEUTICAL
POWDERS (m?/g)

Drug Gas adsorption method ~ Nomogramme
correction of the volume
CPA 0.82 0.88
salicylamide 0.50 0.46
phenacetin 0.48 0.46
chloramphenicol  0.66 0.70
theophylline 1.99 2.04
amidopyrine - 0.58
phenazone 0.25 0.36

used for measurement. In those cases the volume
of powders was compensated in the reference con-
tainer by glass spheres. Consequently new con-
stants for the determination of the specific surface
area had to be calculated (Haul and Dumbgen,
1960; Johne and Severin, 1965; Rath, 1971; Lip-
pold and Lippold, 1973). Specific surface areas
obtained in this manner and by means of the
AREAmeter nomogramme are listed in Table 1.
The difference between the values determined by
these two methods is insignificant.

Diffusion coefficients

The diffusion coefficients are obtained by means
of the diaphragm cell technique introduced by
Stokes (1950). Temperature: 20 + 1°C. The diffu-
sion media are degassed by ultrasonics, Sonifier
Cell Disruptor B 15 Branson (Schwibisch Gmiind).
The concentration used for the experiments is
25X 1077 mol/1; time of diffusion: 48 h (if
necessary 72 h). The cell constant is obtained by
using nicotinic acid methyl ester: D =0.81 x 10°°
cm’/s at 25+ 1°C (Cadman et al., 1981). More
details are given by Ohm (1984). The experimen-
tally determined diffusion coefficients (D,,,) are
listed in Table 2. The diffusion coefficients of the
drugs are quite similar to each other.

Using the Stokes-Einstein equation, diffusion
coefficients can be calculated by means of the
partial molal volumes (Flynn et al., 1974). For the
drugs examined the volume of the drug molecules
1s assumed to be larger compared with the volume
of a water molecule. Calculated diffusion coeffi-
cients are listed in Table 2, too. A correction



TABLE 2

EXPERIMENTALLY DETERMINED AND CALCU-
LATED DIFFUSION COEFFICIENTS (D,,, AND D)
OF DRUGS IN WATER AT 20£1°C

Drug Desp (10° cm*/s) Dy (10° em?/s)
mean (minimum-—
maximum)
CPA - 0.38
salicylamide 0.76 (0.60-0.90) 0.65

0.63 (0.55-0.70) 0.56
0.60 (0.51-0.66) 0.51
0.63(0.55-0.71H) 0.67

phenacetin
chloramphenicol
theophylline

amidopyrine 0.39 (0.33-0.46) 0.52
phenazone 0.74 (0.51-0.91) 0.57
nicotinic acid-

methylester 0.81% 0.77

* Value taken from Cadman et al. (1981).

considering the non-spherical shape of the mole-
cules is not carried out, which means that a toler-
ance of about 10% has to be taken into account. In
case of CPA it might be greater. Diffusion coeffi-
cients calculated in this way (D, ) are similar to
those obtained experimentally (D,,,).

The influence on the diffusion coefficient of
salicylamide by increasing the 2-propanol con-
centration is studied, too. According to the
Stokes-Einstein equation the diffusion coefficient
decreases because the viscosity of 2-propanol/
water mixtures is increased up to a volume ratio of
about 50% (cf. Ohm, 1984). Values of D, Dy
and of diffusion coefficients calculated by Eqn. 2,
inserting the D,, -water values, are listed in Table
3:

1 1
D, — =Dy — 2
Daw o Y g @

TABLE 3
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where 7 is the viscosity of the diffusion medium,
D is the diffusion coefficient, the indices W and 1
stand for the diffusion media water respectively
2-propanol /water mixtures. For the other drugs
the diffusion coefficients in 2-propanol/water
mixtures are calculated by means of Eqn. 2.
Viscosity of 2-propanol/water mixtures and of
sodium dodecylsulphate solutions are determined
by a Hoppler viscosimeter Haake (Karlsruhe).

Solubility

Solubility of the drugs at 20+ 1°C is de-
termined spectrophotometrically. Samples are as-
sayed after 72 h via a sintered glass filter (porosity
4). In case of CPA the determination of the solu-
bility as well as the dissolution rate is carried out
by means of high-pressure liquid chromatography
{(HPLC) Hewlett Packard 1088 A (Frankfurt).

Dissolution rate

Apparatus

The dissolution rate of the drug powders is
studied in the paddle apparatus USP XX 72 RL
Hanson Research (Northridge, U.S.A.). In be-
tween the stirrer and the edge of the vessels sam-
ples are assayed continuously at medium level via
glass sintered filters (porosity 2) with glass wool in
front of it. After measurement by a spectropho-
tometer PMQ II1 Zeiss (Oberkochen) samples are
pumped into the vessel again via glass tubes (di-
ameter: 3 mm) which end 1 cm under the surface
of the liquid. The solvent is degassed by ultrason-
ics. The temperature is 20 + 1°C, agitation speed
100 min~! and the solvent volume is 1 litre. Thus
sink conditions are valid for the drugs studied
until 20% of the dose used in the experiment is

DIFFUSION COEFFICIENTS (10° cm?/s) OF SALICYLAMIDE IN 2-PROPANOL /WATER MIXTURES AT 20 + 1°C

2-Propanol Viscosity D, D Daic

(%) {mPas) mean {mipimum-rmaximum) (Egn. 2) (Flynn et al., 1974)
0 1.00 0.76 (0.60-0.90) 0.76 0.65
5 1.18 0.67 (0.64-0.70) 0.65 0.55

10 147 0.61 (0.42-0.77) 0.52 0.44

20 2.09 0.47 (0.30-0.66) 0.36 0.31

30 2.75 0.43 (0.30-0.53) .28 0.24
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dissolved. The only exception is CPA. Further-
more dissolution rate of CPA is analyzed discon-
tinuously by taking samples through a sintered
glass filter (porosity 4).

All tubes leading to the spectrophotometer and
back have equal length and consist of PTFE. The
tubes inside the pump consist of a modified PVC
Tygon Norton (Northridge, U.S.A.). Pumping
speed is constant 12.8 ml/min.

The pharmaceutical powder is placed mn a plas-
tic tube on a movable pusher that closes and opens
the tube. After generating vibrations, the pusher is
put aside — thus the tube is opened. Then the
powder passes a 1 mm sieve which disperses larger
agglomerates. This sieve is placed 1 cm above the
solvent surface in between stirrer and the edge of
the vessel (Ohm, 1984). The method which allows
a standardized placing of the powder on the liquid
1s comparable to those of other authors (Efentakis
and Fell, 1980; Kaneniwa and Watari, 1974; Red-
dy et al., 1976; Schafer, 1980). The experiments
are carried out with powder samples possessing the
same surface area of 0.1 m’. Therefore sample
weights vary from 50 to 250 mg.

Evaluation

It is assumed that dissolution rates of the
pharmaceutical powders follow zero-order kinetics
until 20% of the used dose is dissolved. The only
exception is CPA as its solubility is extremely low
{the zero-order kinetics is not applicable if sink
conditions are no longer granted).

Mixing and dilution processes in the tubes lead-
ing to the spectrophotometer are additional
parameters to be considered in case of high dis-
solution rates. This is caused by the fact that
transport is faster in the interior of a tube than
near to its edge (Poiseuille-flow); additionally
turbulent flow may occur too. Thus a drug solu-
tion pumped through a tube is transported and
diluted at the same time. The dilution processes
are assumed to be describable by first-order kinet-
ics. Experimental dissolution graphs are evaluated
in respect to those mixing processes. Two methods
are used: a graphical one by comparison with
simulated zero-order kinetics (graph comparison
method) and a mathematical one (Ohm, 1984;
Baumgarten et al., in press).

In respect to the graph comparison method
experimentally obtained concentration/ time
graphs with given kg-values are required. They are
generated by pumping a concentrated drug solu-
tton into the vessel. This method allows a de-
termination of unknown k;-values up to relatively
high dissolution rates. In case of extremely high
dissolution rates, e.g. phenacetin-2-propanol/
water 25 and 30% (v/v), kg, however, can only be
roughly estimated. Combinations of drug/solvent
where most of the individual experiments do not
show lower increases in concentration than those
increases obtained after pouring a solution of a
drug on the solvent in the vessel (20% of the dose
used in dissolution experiments) are not evaluated.
This means that, even if the mixing processes
discussed above are considered, the dissolution of
drug powders can be followed only up to ranges of
a fairly good wettability (contact angles of about
40 degrees).

As to the mathematical evaluation of mixing
processes, k-values of more than 3.5 mg/s are
only estimated values as a calculation is impossible
without risking considerable mistakes.

Results and Discussion

In Fig. 1 quotients of A_;/d in dependence on
the contact angles are shown in a semilogarithmic
plot. In case of low contact angles (good wettabil-
ity) the quotients A /d were evaluated graphi-
cally. Quotients determined in this way are very
close to those obtained mathematically (Ohm,
1984). With decreasing contact angles, the quo-
tients A ;/d are increasing evidently (exception:
CPA). The correlation seems to be linear. Whether
A or d is the parameter which determines this
correlation is discussed below.

The value of the boundary layer thickness d
depending mainly on the agitation rate (Bir-
cumshaw and Riddiford, 1952) should almost be
constant under the experimental conditions chosen
in these studies (constant agitation speed). Conse-
quently it is assumed that A, is the parameter
mainly responsible for the increased dissolution
rate constant k of hydrophobic drug powders when
the surface tension of the dissolution medium is
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Fig. 1. Quotients of the effective surface area and the boundary
layer thickness (A /d) in dependence on the contact angle;
2-propanol /water mixtures. Filled symbols: values of k, are
obtained without correction, open symbols: values of k, are
obtained by means of graphical correction. Dashed lines: value
is considered to be relatively unreliable. Contact angles: mean
+S.D., A, /d: mean, minimum/maximum value. Phenacetin
{03), salicylamide (O), chloramphenicol (a), chloramphenicol
palmitate polymorph A ().

lowered. Even if agitation speed is varied between
75 and 150 min~', A /d-quotients only rise to a
factor between 1.5 and 3.5 (Ohm, 1984, similar
results are given by Levy, 1963). The increase in
A /d caused by varying the solvents (water to
2-propanol /water mixtures), however, is char-
acterized by a factor of 63 in case of phenacetin, a
factor of 23 in case of salicylamide and in case of
chloramphenicol by a factor of 17.

The drugs possessing fairly good wettability,
like theophylline, amidopyrine, and phenazone,
dissolve so fast in water that their concentration /
time graphs increase as quickly as if drugs which
are already dissolved are poured on the dissolution
medium (dose 20%). Thus an evaluation of k-val-
ues is impossible for hydrophilic drugs. Neverthe-
less, this observation confirms the fact that the
effective surface area A, of hydrophilic drug
powders is about 100%.

7

‘Critical contact angle’

Decreasing contact angles of pharmaceutical
powders with good wettability seem not to be
followed by an increase of A . This assumption
holds for the experimental data of CPA, too. The
range of contact angles studied in case of CPA
does not show any alteration in A (Fig. 1) which
means that the dissolution rate is not increased by
lower contact angles in this region. In the case of
phenacetin, a plateau seems to be achieved for
contact angles, too. The corresponding values,
however, are connected with considerable errors
{cf. discussion above). An error in the range of a
factor 5-9 is, however, quite impossible. This fac-
tor refers to a continuing linear increase in A /d
versus contact angle graphs. Assuming a continu-
ally linear relationship of A, /d versus contact
angle (Fig. 1), in case of spreading conditions
(contact angle =0 degrees) A, /d values follow
which are quite unrealistic if the surface area of
the powder samples used is considered (0.1 m?). If
d is estimated to be about 0.003 ¢m (cf. Bir-
cumshaw and Riddiford, 1952; Langenbucher,
1974; Patel, 1984) phenacetin and salicylamide
will have surfaces of about 7-60 m® (in case of
chloramphenicol the areas are even higher). Vice
versa, boundary layers will be smaller than those
developing at extremely high agitation speeds (cf.
Levy, 1963} if they are calculated on the basis of
the experimentally determined powder surface
areas of 0.1 m’. In contrast to this, realistic values
of about 5.8 X 1073 cm (CPA) and 0.9 X 107 cm
{phenacetin) are achieved, if d is calculated from
the plateaus in Fig. 1 by means of the used powder
surface area.

Thus, if the contact angle of a pharmaceutical
powder is 40 degrees or below this value, dissolu-
tion rates result which are obviously not influenced
by a decrease in the effective surface area caused
by the agglomeration of the drug particles. There-
fore it is assumed that in case of contact angles
below 40 degrees the velocity of the solvent
penetration into the powder agglomerates suffices
to disperse the agglomerates at once. Consequently
powders then possess an effective surface area of
100%. The angle of 40 degrees mentioned above is
empirically required for complete wetting of the
material used for contact lenses by physiological
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salt solution, too (Kreiner, 1980). According to the
term ‘critical surface tension’ introduced by Zis-
man (1964) which defines the value necessary for
complete wetting, the value of 40 degrees is referred
to as ‘critical angle’. Another ‘critical angle’ was
already defined by Parfitt and Wharton (1972)
when they studied the relation between contact
angle and dispersibility (sensitivity to dispersing
effects) of graphon and titanium dioxide in
surfactant solutions. For a certain minimum of
dispersibility these authors indicate a value of
80 + 12 degrees as a limit which means a better
wettability can be observed for the first time at
this angle: now the liquid starts penetrating into
the powder agglomerates. For drugs which are
difficult to wet a similar behaviour is expected in
these studies and is indicated in case of salicyla-
mide because the graph (Fig. 1) is flattening for
high contact angles.

In ali, further studies will have to prove whether
the critical angle found in this study is evident in
all cases and thus referable to other systems, e.g.
gastric juice. A variation of the critical angle in
dependence on experimental conditions, e.g. agita-
tion speed, particle size and distribution of the
powders used, is to be expected as well. Thus the
wetting of agglomerates depends on their structure
{Heertjes and Witvoet, 1970).

Discussion of the graphs

The parameters discussed above can also be
used for explaining the differences in the char-
acteristics of the individual graphs (Fig. 1). This
means that slope differences are probably due to
different particle sizes and distributions. In order
to explain the different plateaus, a variation of d
in dependence on the particle shape (Bircumshaw
and Riddiford, 1952) should be taken into consid-
eration. Further possible explanations are fe. er-
rors in the diffusion coefficients applied and the
use of the specific powder surface area determined
by gas adsorption in the place of the actual maxi-
mum surface area available for dissolution. Thus it
can be concluded that surface roughness of the
particles is sort of covered by the boundary layer
and resulting from this the actual surface area of
the dissolving particles no longer corresponds to
the surface area of the boundary layer (Levy,

1963). The factors mentioned above may be re-
sponsible for the observed differences of the drugs
in Fig. 1. Their influence was not investigated.

Despite the observed differences in all, a similar
behavior of the investigated common drug powders
becomes evident. Therefore a correlation of gen-
eral validity between the wetted surface area and
the contact angles seems to exist.

Dissolution rate in surfactant solutions

In order to examine whether the relation bet-
ween wettability and dissolution rate proved for
2-propanol /water mixtures is also valid for diffe-
rent systems, dissolution studies with salicylamide
in surfactant solutions (sodium dodecylsulphate
SDS) are carried out. Only concentrations below
the critical micelle concentration (CMC) are used.
If there is foam on the liquid surface it is removed.
Assuming ¢, and D to be constant, A /d-values
which are graphically obtained as well as calcu-
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Fig. 2. Quotients of the effective surface area and the boundary
layer thickness (A /d) in dependence on the contact angle of
salicylamide; sodium dodecylsulphate solutions. Filled sym-
bols: values of k, are obtained without correction, {O) values
corrected by mathematical means, (a) values corrected by
graphical means. Dashed lines: value is considered to be rela-
tively unreliable. Contact angle: mean+S.D.. A, /d: mean,
minimum/maximum value.



lated are shown in dependence on the concentra-
tion of SDS in Fig. 2. In this case a graph first
steeply increasing, then flattening to a plateau is
also observed. The plateau of A_/d is found at
about 220 X 107" cm and is thus comparable to
values in 2-propanol/water mixtures. Conse-
quently a similar value is also obtained for the
thickness of the boundary layer (about 4.5 x 1077
cm).

The critical angle for salicylamide in SDS is
found, however, at about 55 degrees and is thus
clearly higher than for 2-propanol/water mix-
tures. Where concentrations of 0.05 and 0.1% (62
and 71 degrees, respectively) are concerned, the
determination of the contact angle is problematic
because of its *drifting’, i.e. contact angles with
respect to time are decreasing more than propor-
tionally due to the adjustment of equilibrium con-
cerning adsorption processes {Lippold and Ohm,
1985; Ohm, 1984). Up to now it has not been
proved whether the used contact angles which
were directly measured are also valid for the actual
angle determining the dissolution rates in SDS
solutions. If “true angles’ (time = 0) are estimated
by extrapolation of the drift, a critical angle of
about 50 degrees follows. These estimated values
most probably better describe the wettability of
salicylamide in SDS solutions than angles directly
measured. Nevertheless further studies elucidating
this problem are necessary.
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