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Summary 

The movement of hydrophilic fluids into and out of beds of two grades of lactose, microcrystalline cellulose (MCC) and 

mixtures of the two materials has been assessed by a pressure membrane technique. While water was an appropriate fluid to use 

with MCC, because of its solvent properties, it proved unsuitable for use with lactose and the binary mixtures with MCC. In these 

cases, a 50:50% mixture of ethanol and water proved acceptable. The method clearly illustrated the differences in the movement 

of fluid in the two grades of lactose, which differed in particle size, and between lactose and MCC. These differences could be 

quantified in terms of limiting saturation pressures, irreducible saturation and ‘apparent’ pore distributions. The MCC introduces 

absorptive and adsorptive influences into the binary mixtures with lactose which are absent or minimal in the lactose systems. Such 

effects are undoubtedly involved in ensuring that these binary mixtures can be used to produce spherical granules by extrusion/ 

spheronisation whereas the process is not successful for lactose alone. 

Introduction 

The preparation of spherical particles by ex- 
trusion/ spheronisation requires a mass with spe- 
cific rheological characteristics. An essential fea- 
ture of this rheology is the presence of water in 
association with the powdered ingredients. The 
mobility or, rather, limited mobility of this water, 
as the material is forced through apertures during 
extrusion or subjected to centrifugal force during 
spheronisation, is fundamental to the process. 

Correspondence: J.M. Newton, The School of Pharmacy, Uni- 
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Loss of water or movement to different parts of 
the system will change the rheological character- 
istics. This is illustrated by the work of Fielden et 
al. (1989) where the influence of particle size on 
extrusion rheology was demonstrated. These 
changes must be associated with the movement of 
fluid in the bed. It is therefore important to 
measure this movement if an understanding of 
formulation and process variables is to be quanti- 
fied. 

Theory 

The flow of liquids through a porous medium 
is governed by the same principles that apply to 
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fluid confined in various types of containers. 
However, the fluid flowing through a porous 
medium will experience additional effects due to 
the proximity of the solid interface to practically 
all the molecules of the fluid. The interactions 
which are produced have been described by 
Scheidegger (1974) under four main headings. 
(1) Adsorption 

Van der Waals forces of attraction cause ad- 
sorption of the fluid at the solid interface. The 
extent of the interaction depends on the na- 
ture of the adsorbent and adsorbate, the sur- 
face area of the adsorbate and temperature 
and pressure. The net effect is that a finite 
number of molecules are always present at the 
surface of the adsorbent. 

(2) Capillary condensation 
The influence of the walls of the pores may 
cause some of the fluid to condense to form 
another phase. This second phase lines the 
walls of the pores as a static film of variable 
thickness. If the film emerges to form menisci 
the phenomenon is known as capillary conden- 
sation. 

(3) Displacement associated with wetting 
Depending on the contact angle between two 
fluids, one will wet the solid more preferen- 
tially than the other. Therefore, one fluid (the 
preferentially wetting one) will penetrate into 
a porous medium against a less wetting one. 
The relative wettability is a consequence of the 
presence of capillary forces. 

(4) Capillary forces 
Capillary forces act at the interface between 
two immiscible liquids when one liquid is dis- 
placing the other in a porous medium. Under 
circumstances in which the displacing fluid is a 
gas, capillary forces dominate. Three satura- 
tion regimes are possible; they are described 
for an ideal porous medium, consisting of 
spheres according to Versluys (1927), as 

6) Complete saturation 
The porous medium is completely saturated 
with the liquid phase. 

(ii) Pendular regime 
The porous medium has the lowest possible 
saturation with the liquid occurring in the 
form of pendular bridges throughout. Since 

the pendular bodies do not touch each other, 
there is no possibility of liquid flow in this 
regime. 

(iii) Funicular regime 
The porous medium exhibits an intermediate 
saturation stage with both phases. If the pen- 
dular bodies of the pendular regime expand 
through the addition of fluid, they eventually 
become so large that they both touch each 
other and merge. The result is a continuous 
network of the fluid phase across the porous 
medium, allowing flow to occur along what 
must be very tortuous (funicular) paths. 

Water is retained in porous materials mainly 
as a result of the adsorption and capillary effects. 
In the previous example, water in the funicular 
saturation regime is retained by capillary effects 
resulting from surface tension. Moisture reten- 
tion is strongly influenced by the matrix suction 
and the pore size distribution. In the pendular 
regime the adsorption effect dominates. This is 
particularly critical in less porous materials such 
as clays where water retention may be influenced 
by electric double layers and the presence of 
exchangeable cations. However, it is difficult to 
separate these two mechanisms since the ad- 
sorbed films may be in contact with capillary 
water held in wedges. The complexity of this 
double effect is such that it is now more usual to 
consider the combined effect of adsorption and 
capillary potential, and this has been called the 
‘matrix potential’ (Hillel, 1971). 

If the gas pressure above the porous matrix is 
raised above atmospheric pressure, gas will enter 
the pores. This displacement will be opposed by 
the surface tension of the liquid. The combined 
effect of all these forces is such that, at a consis- 
tent applied pressure, a pressure differential ex- 
ists between the gas and the liquid, and an equi- 
librium is established in which no further move- 
ment of liquid occurs. This pressure (P) is called 
the capillary pressure (P,) and is a function of the 
saturation (S) of the porous bed: 

P, = P=(S) = P(liquid) - P(gas) 

The existence of capillary pressure may be 
explained by considering the porous medium as 
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consisting of an assembly of capillaries, and by 
describing the surface tension and pressures de- 
veloped by the curvature of a liquid meniscus 
(Hillel, 1971; Kirkham and Powers, 1972). 

Capillary curvature and capillarity 
In a single capillary, the liquid meniscus curves 

upwards due to its surface tension and attraction 
of the liquid molecules to the capillary walls. This 
causes the pressure just beneath the meniscus to 
drop below atmospheric pressure. Young and 
Laplace derived an expression for the pressure 
(P) developed under a general curved surface 
using a free energy model, where 

P = 7(1/R, + l/R,) (I) 

where R, and R, are the principal radii of curva- 
ture and T is the surface tension of the liquid. In 
circular capillaries of radius r cm, the meniscus is 
assumed to be hemispherical so that 

R, = R, = r/cos @ (2) 

where @ is the contact angle of the liquid. If it is 
assumed that the liquid makes zero contact angle 
with the capillary wall, then Eqn 1 reduces to 

P= -27/r (3) 

The pressure deficit below the meniscus causes 
the atmospheric pressure on the water outside a 
capillary to force water into the tube to a height 
h,. Capillary rise ceases when the negative pres- 
sure is balanced by the pressure <P,> created by 
the hydrostatic head. This pressure is given by 

P, = -h,rr2gp/rr2 = -htgp (4) 

where g is the acceleration of gravity and p is the 
density of water. The negative signs in Eqns 3 
and 4 arise from the convention that measure- 
ments made from the liquid surface to the atmo- 
sphere are negative, hence, h, and R are nega- 
tive. At equilibrium a balance between the forces 
P and P,,, is maintained, therefore, the left-hand 

side of Eqn 3 may be equated to the right-hand 
side of Eqn 4 so that the negative pressure P may 
be written as 

P= -htgp (5) 

The negative pressure under the meniscus is de- 
scribed as a tension (T) so that 

T=h,gp (6) 

In discussing water movement in soil, the ten- 
sion T under a water film is often expressed in 
terms of an equivalent hydraulic head, which is 
the height h, of water standing in a capillary tube 
corresponding to a given pressure. Justification of 
the use of h, is seen from Eqn 6 where the 
tension corresponds to h, cm of water. However, 
the pF scale (after Crooney and Coleman, 1954) 
is more commonly employed. This is the loga- 
rithm of the equivalent hydraulic head of water in 
cm, and thereby the use of very large values of 
equivalent hydraulic head is avoided. The applied 
pressure in terms of pF is then plotted as a 
function of the saturation of the porous bed. 

The tension under a meniscus may also be 
related to the radius of a circular capillary. At 
equilibrium the upward force due to surface ten- 
sion in Eqn 3 is balanced by the pressure of the 
hydraulic head of water in Eqn 4. Therefore 

2r/r = h,gp or h, = 2T/rgp (7) 

Carman (1941) devised a more general expres- 
sion which could be applied to capillaries of 
non-uniform cross-section. For such capillaries, 
Eqns 1 and 4 may be equated, giving 

-4 =7(1/R, + l/R,)m (8) 

The various expressions for (l/R, + l/R,), for 
cross-sections of different shapes, were replaced 
by a single quantity. This was justified by redis- 
cussing capillary rise from a more simplistic view- 
point, i.e. as representing an equilibrium between 
an upward force due to surface tension acting 
over a perimeter, and a downward force due to 



gravity acting over the area of the cross-section, 
so that 

T X perimeter = htgp X area 

and Eqn 8 becomes 

h, = r/gpm (9) 

where m represents the ratio of the area to the 
perimeter, and its reciprocal replaces the term 
for the total curvature of the meniscus, i.e. 

(l/R, + l/R,) = l/m (10) 

If Eqns 7 and 9 are compared, it can be seen that 
2m is the radius of a circular capillary with the 
same ratio of perimeter to area as the given 
non-circular capillary, and is known as the mean 
hydraulic radius. 

Using Eqn 9 in this way, individual pF values 
may be converted into mean hydraulic radii, which 
suggests the possibility of determining the pore 
size distribution curve for a given bed structure. 

Procedures 
A review of the methods available in determin- 

ing the relationship between the capillary or ma- 
trix potential of the powder bed and its moisture 
content has been given by Crooney et al. (1952). 
The method used in this work is based on the 
pressure membrane technique described by 
Richards (1941), and is illustrated diagrammati- 
cally in Fig. 1. The method involves increasing 
the equilibrium pressures at various degrees of 
saturation of the porous bed during a displace- 
ment process. Fig. 2 is included to illustrate the 
principles on which the apparatus operates. The 
capillary tubes in the illustration represent the 
pores of various diameter in a porous matrix 
which is partly saturated with liquid. The tubes 
are attached to a porous membrane which is in 
contact with the liquid phase at atmospheric 
pressure. Pressure may be introduced into the 
chamber containing the capillaries. The figure is 
drawn for the case of initially atmospheric pres- 
sure. If a pressure equal to h,, cm of water is now 
applied, the column h,, will drain to the top level 
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Fig. 1. Diagrammatic representation of the pressure mem- 

brane apparatus. C, pressure chamber; D, drain tube; F, 

capillary tube; H, filter holder; M, membrane filter; P, applied 

pressure; R, locking collar; S, sample; T, three-way tap. 

of the membrane. If the pressure is increased to 
htz cm, column ht2 will similarly drain, and if ht3 
cm is applied all three capillaries will drain. It has 
been found that in order to drain a pore P in the 
semi-permeable membrane, much higher pres- 
sures are required, e.g. approx. 100 kPa for a 0.15 
wrn membrane. This concept of capillary drainage 
may be related to the emptying of the pores in a 
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POWUS 
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Fig. 2. Diagram illustrating the operation of the pressure 

membrane apparatus. 
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porous medium by Eqn 9 which indicates that the 
radius of the pores is inversely proportional to 
the capillary or matrix potential, (h, a l/m>. 

The actual changes occurring in the apparatus 
may now be described. When the gas pressure 
surrounding the wet powder bed is increased, the 
liquid in the sample suffers an increase in pres- 
sure. The face of the sample is in contact with 
liquid at atmospheric pressure through the mem- 
brane and, consequently, liquid will pass through 
the membrane. This process continues until the 
liquid in the sample is at atmospheric pressure. 
When the pressure in the chamber is released, 
the chamber returns to atmospheric pressure, and 
the pressure of the liquid in the sample now falls 
to a value which is less than atmospheric by an 
amount equal to the gas pressure previously ap- 
plied. A suction is therefore present in the sam- 
ple immediately on release of the pressure. 
Therefore, re-absorption of the free liquid from 
the reservoir will occur. The amount of liquid 
removed at various pressures may be measured 
and the relationship between suction potential 
and moisture content can be estimated for the 
material in the drying state. 

The process may then be reversed by lowering 
the pressure in stages and measuring the volume 
of liquid being sucked back, and the moisture 
content relationship can be found, for wetting 
conditions. The hysteresis between advancing and 
receding contact angles explains why the capillary 
pressure also exhibits the effects of hysteresis. 

Materials and Methods 

Materials 
The powder samples were two grades of 

‘coarse’ and ‘fine’ lactose BP (Dairy Crest U.K.) 
and microcrystalline cellulose (Avicel PHlOl, 
FMC Corp.) as used previously (Fielden et al., 
1989). The fluids used were: absolute alcohol 
diluted to 50% with distilled water and saturated 
with lactose, which was filtered; and distilled 
water. The liquids were degassed under a vacuum 
prior to use. The surface tension of the ethanol 
solvent was determined by a du Nouy ring ten- 

siometer, and the density by a density bottle (BS 
733). The values were 31.37 kN m-r and 0.936 kg 
rnm3, respectively. The surface tensions and den- 
sity values for pure water were found to be 72.8 
kN m-r and 1.002 kg rnp3, respectively. 

The pressure membrane apparatus 
The apparatus consisted of a stainless-steel 

pressure chamber (Sartorius SM 16223) fitting in 
three sections (Fig. 1). Tubing connected the top 
section to a nitrogen cylinder which provided the 
source of gas pressure. Fine control of the gas 
pressure was achieved by fitting a regulator valve 
(Norgren O-60 psi [lb/inch’]> calibrated in units 
of 1 psi distal to the cylinder valve (BOC nitrogen 
M.lS-NG). An air-tight seal was maintained be- 
tween the three sections by soft rubber washers. 
A 0.2 Frn membrane (Nucleopore) was mounted 
at the base of the cylinder on a filter support. 
The base of the pressure chamber was connected 
via a three-way tap by PVC tubing to a calibrated 
capillary tube (0.0189 ml per cm) of approx. 60 
cm length. This was positioned horizontally at the 
same level as the membrane and a metre rule was 
placed above this so that the amount of liquid 
leaving or entering the sample when the pressure 
was changed could be observed. This allowed the 
moisture content of the sample to be calculated 
without removing the latter from the apparatus. 

Method 
The integrity of the filter was tested prior to its 

use, as any leakage would invalidate the results. 
The pressure chamber was half filled with the 
liquid being used in the experiment. A small 
pressure was applied to the chamber and the 
liquid was allowed to flow from the pressure 
chamber until a continuous length existed from 
the filter to a suitable position in the capillary 
tube. Excess fluid was drained as waste. The 
pressure on the filter was then increased to 68.9 
kPa rnp2 and applied for 5 min. A constant 
meniscus position in the capillary indicated that 
the filter was satisfactory. Leaking filters were 
recognised by the flow of liquid along the tube at 
a slow constant rate. 

A slurry of powder and liquid was prepared in 
a beaker and transferred to the pressure cham- 
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ber. The quantity of powder used was standard- 
ised (typically 5 g), and a minimum amount of 
fluid added, so that the slurry was just pourable. 
The gas above the sample was ‘humidified’ by 
placing a sponge, dampened with the same liquid, 
at the top of the pressure chamber. This min- 
imised evaporation of solvent from the sample 
and the risk of precipitating lactose from the 
saturated solution. 

The system was allowed to drain into the capil- 
lary and reached equilibrium as judged by a con- 
stant position of the meniscus in the tube (typi- 
cally 30 min was allowed). The position was ad- 
justed to the start of the capillary tube by means 
of the three-way tap. The relationship between 
the volume of liquid extracted as a function of 
time was obtained by applying known pressure to 
the chamber and observing the position of the 
meniscus in the flow tube at timed intervals, until 
a constant position was reached. In practice, 60 
min was allowed for the equilibrium to be estab- 
lished. The pressure was then released and simi- 
larly the movement of the meniscus in the oppo- 
site direction was noted, as the liquid was being 
sucked back into the sample. When the capillary 
remained stationary the damp mass of powder 
was weighed and dried to constant weight, in 
order to establish its liquid content. This value 
was adjusted to allow for the mass of residual 
solid adhering to the pressure chamber and mem- 
brane after removal of the sample, and for the 
mass of lactose which precipitated from the liquid 
on drying. 

The percentage saturation (expressed as vol- 
ume of liquid per 100 g of solid) of the sample, as 
a function of pressure, was determined by repeat- 
ing the procedure with a series of increasing 
pressures from 2.4 to 68.9 kPa m-*. The menis- 
cus advanced at each pressure increment and 
gradually became stationary, or proceeded very 
slowly as equilibrium at that pressure was reached. 
When the meniscus was stationary (or if its move- 
ment was less than 0.5 cm min-‘), the position 
was noted and the pressure was increased to the 
next value. When the maximum pressure was 
reached, the process was reversed by decreasing 
the pressure stepwise to atmospheric pressure. 
The liquid content at each pressure was calcu- 

lated from the volume of liquid pushed out and 
the final liquid content of the sample. 

Results and Discussion 

The influence of the liquid phase on fluid motie- 
ment 

A problem was immediately encountered in 
the selection of a liquid phase that was compati- 
ble for all three solids. Water was satisfactory for 
use with microcrystalline cellulose, but in experi- 
ments with lactose a saturated solution of lactose 
(17% w/w> would have to be used to prevent any 
effects due to the dissolution of the powder bed. 
For such a system the volume of liquid extracted 
at a given pressure for the lactose/water system 
is low, and continually rises at a slow rate. There- 
fore, the saturated lactose solution is unsatisfac- 
tory for use as the liquid phase, because the 
moisture content of the powder bed is too slow to 
reach equilibrium. This was attributed to a com- 
bination of the effects that a concentrated lactose 
solution has on altering the surface tension, wet- 
tability, and viscous properties of pure water, 
thereby altering the mobility of the liquid through 
a powder mass. 

A liquid phase was required that had physical 
properties similar to those of water, but in which 
lactose was sparingly soluble. Various organic 
solvents were tested. Some were found to be 
compatible with lactose, but none gave entirely 
satisfactory results with microcrystalline cellulose. 
In general, the solvents were found to move more 
freely than water through the microcrystalline 
cellulose in particular, which meant that either an 
equilibrium liquid content was never reached (e.g. 
dilute propylene glycol, glycerol, ethanol) or 
drainage was so thorough that application of the 
lowest pressure caused complete removal of the 
liquid phase (e.g. dodecane, toluene). However, a 
compromise was accepted and the liquid chosen 
was ethanol diluted to 50% with a saturated 
aqueous solution of lactose. Fig. 3 compares the 
effect of this liquid phase with water on the 
relationship between the volume of liquid ex- 
tracted as a function of time for microcrystalline 
cellulose. 
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Fig. 3. Volume of liquid movement as a function of time at 

17.3 kPa mm2 for various powder-liquid systems. (A) Fine 

lactose-water; (v) MCC-water; (0) MCC-50% ethanol. 

The water flow curve shows a high initial rate 
of drainage (from 0 to 5 min) which then levels 
off to a very slow rate, and after 30 min, the 
powder bed has usually equilibrated at that pres- 
sure. Similarly, in the reabsorption phase, water 
is initially rapidly sucked in during the first 5 min, 
before reaching an equilibrium value. These char- 
acteristics are modified by the ethanol solvent. 
Greater mobility of the solvent through micro- 
crystalline cellulose is demonstrated by the re- 
moval of a larger volume from the powder bed. 
After the initially high drainage rate, the rate 
declines and becomes constant at 0.15 ml min-‘. 
This is maintained from 30 to 60 min (the dura- 
tion of the experiment). As a result, relatively 
more solvent is reabsorbed when the pressure is 
released, namely, 3.21 ml of ethanol compared 
with 1.80 ml of water. It follows then that the 
equilibrium liquid content of the microcrystalline 
cellulose will be lower with ethanol than with 
water, the respective values being 120.0 and 
169.6% for those experimental conditions. The 
greater mobility of ethanol over water through 
porous beds has also been reported by Parker 
(19211, who commented that it was caused by 
preferential wetting of the former solvent for the 
substrate. This property was used as a technique 
for displacing water from soil beds. The differ- 
ence in behaviour of the two solvents, however, 
must be attributed to differences between their 
physical properties, e.g. surface tension, viscosity, 
density and possible interactions with the micro- 

crystalline cellulose-liquid interface. Therefore, 
results between the three powder samples may 
only be compared if the same liquid phase is 
used. Fig. 4a shows the effect of pressure on the 
volume of liquid extracted with time for micro- 
crystalline cellulose and two grades of lactose. 

For application of the same gas pressure the 
volume of liquid removed and the magnitude of 
the hysteresis loop for microcrystalline cellulose 
are far greater than for both grades of lactose, 
and similar curves are produced at both pres- 
sures. The lactose samples may be distinguished 
by the coarse grade having a larger hysteresis 
loop at low pressure (17.3 kPa mV2) which does 
not differ significantly from the loop obtained at 
the higher pressure (55.1 kPa m-2). In contrast, 
at 17.3 kPa rnp2 (Fig. 4a), the fine lactose re- 
leases less fluid from the powder bed, and has a 
negligible hysteresis effect when the pressure is 
released. Different results are obtained when the 
experiment is repeated at a higher pressure. At 

6 

0’ 

.--@---+ 

d 

d 
4 

B 

2 
--o-o--p 

R 
-A- 5 c----‘-?-‘- n-o--n-n- ,A, +a 

01 = 0 10 20 5 30 40 50 60 

-_o-o-0 -o--o-w f 
0 

0 IO 20 30 40 50 60 
Time (mln) 

Fig. 4. Volume of liquid movement (50% ethanol liquid phase) 
as a function of time at various pressures. (0) Coarse lactose; 

(A ) fine lactose; (0) microcrystalline cellulose. (a) Pressure, 

17.3 kPa m-‘; (b) pressure, 55.1 kPa m-‘. 
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55.1 kPa rn-* (Fig. 4b), a large volume of fluid is 
removed from the fine lactose matrix and an 
appreciable quantity is reabsorbed when the pres- 
sure is released. The different behaviour at both 
pressures may be explained as follows. The parti- 
cles in the fine lactose bed are tightly packed and 
contain very few large pores. Therefore, at low 
pressure, when only these pores are emptied, a 
small quantity of fluid is removed and the powder 
bed reaches equilibrium saturation rapidly. Con- 
sequently, when the pressure is released, reab- 
sorption is marginal since the pressurised bed 
had decreased its liquid content by a correspond- 
ingly small volume. Application of a higher pres- 
sure (Fig. 4b), however, enables some of the small 
pores to empty, therefore a greater volume of 
fluid is removed. These small capillaries have a 
higher suction potential and hence a larger vol- 
ume of liquid is reabsorbed when the pressure is 
released. This explains why saturation of the 
powder bed decreases markedly from 30 to 17% 
when the higher pressure is applied. 

Conversely, the coarse lactose consists mainly 

of large pores which have a low suction; there- 
fore, lower pressures are required to remove liq- 
uid from the powder bed, and higher pressures 
do not appreciably increase the drainage. Hence, 
the saturations of the powder beds at 17.3 and 
55.1 kPa m-’ are very similar, namely 10 and 
17%, respectively. 

The difference in the pore size distribution of 
the two grades of lactose causes a variation in the 
reabsorption mechanism of the wet powder bed 
(Fig. 4) when the pressure is released. The reab- 
sorption rate in the coarse lactose is initially high 
(0.029 ml min- ‘) then declines steeply and stops 
within 10 min when equilibrium is established. In 
contrast, the initial reabsorption rate for fine 
lactose is high (0.031 min-‘), but then continues 
at a slower rate (0.0008 ml min- ‘1, and is sus- 
tained for at least 60 min (the duration of the 
experiment). This is further evidence of the 
smaller dimensions of the pore space in the ma- 
trix composed of fine lactose. Residual reabsorp- 
tion is caused by the suction potential of the 
small capillaries in the bed and takes longer to 

Percentage saturotlon 

Fig. 5. Capillary presssure as a function of saturation for various powder systems. (a) Microcrystalline cellulose in water (v) and in 
(0) 50% ethanol; coarse (Cl) and fine (A) lactose in 50% ethanol. (b) Lactose and microcrystalline cellulose mixtures in 50% 

ethanol. ( -_) Drying curve; (-- - -_) wetting curve. 



complete. Washburn (1921) suggested that this 
may be due to increased resistance to flow which 
is inherent to fine capillaries. 

The above findings are emphasised in more 
detail in the curves relating the matrix potential 
to the saturation of the porous bed (Fig. 5). The 
following characteristics are displayed by each 
sample: 

(i) As the pressure increases along the drying 
curves, more liquid is drained out of the powder 
beds and the slope becomes progressively steeper, 
until it is vertical. At low suction values the 
relatively larger pores which cannot retain liquid 
against the applied pressure will drain out. Re- 
calling the capillary expression, Eqn 3 (P = 
- 2~/r), a gradual increase in pressure results in 
the emptying of absorbed liquid from progres- 
sively smaller pores. Thus, at high pressures only 
the narrowest pores, which have the greatest suc- 
tion potential, retain the liquid phase. Similarly, 
high capillary pressures are associated with re- 
ducing the thickness of hydration envelopes cov- 
ering the solid particles, as previously described. 
Therefore, at high pressures liquid retention is 
increasingly due to adsorption effects and is 
strongly influenced by the texture and specific 
surface of the sample. 

(ii) Saturation of the samples reaches a limit- 
ing value at high suction pressures where the 
wetting and drying curves merge. This implies a 
pendular saturation regime. The two important 
factors determining retention of the remaining 
fluid are adsorption effects and hydraulic isola- 
tion. 

Hydraulic isolation is highly dependent on the 
geometry of the solid and the solid-liquid inter- 
face. The effect has been studied by Morrow 
(19701, who introduced the phrase ‘irreducible 
saturation’, which refers to the liquid that re- 
mains in a porous bed, regardless of any further 
increase in applied pressure. The model in Fig. 6 
can be used to describe more realistically the 
mechanism of liquid retention in pores. Here the 
emptying of two slightly larger diameter vertical 
pores (at low pressure) will result in the hydraulic 
isolation of the liquid in the horizontal connect- 
ing capillary. Fig. 6 relates this to the drainage of 
a saturated powder bed under an applied pres- 
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Fig. 6. Simple pore models representing capillary retention in 

porous media. (a) A heterogeneous porous mass with entry 

pressures P, < P, < P, < P4. (b) Tube network model for a 

porous bed. 

sure, where the pressures and l/pore sizes are of 
the order P, < Pz <P, <Pd. Thus, the pressure 
required to empty the pores (i.e. the entry pres- 
sure> is related to the pore size. P, therefore will 
be the first to drain. This causes hydraulic isola- 
tion of P, which will therefore be unable to drain 
at pressure P,. When pressure P, is reached area 
P, canot empty because it is surrounded by P4, an 
area with high entry pressure. Area P3 will, 
therefore, not be emptied until pressure P4 is 
reached when both P3 and P4 empty. In this 
model P2 remains hydraulically isolated and is 
therefore responsible for irreducible saturation. 

(iii> In general, the relationship between satu- 
ration and capillary pressure is not unique. There 
is a difference in the saturation value depending 
on whether the measurement is made in the 
desorption (drying) or sorption (wetting) phase. It 
can be seen in Fig. 4a that each sample is drier, 
at a given pressure, when that pressure is ap- 
proached in the wetting condition than in the 
case of the drying condition. This hysteresis effect 
has been attributed to several causes (Hillel, 1971; 
Kirkham and Powers, 1972). 

(a) The geometric non-uniformity of the indi- 
vidual pores, which are generally irregularly 
shaped voids interconnected by smaller passages: 
This results in the ‘ink-bottle’ effect, illustrated in 
Fig. 7, which considers a hypothetical pore of a 
relatively wide void of radius R bounded by nar- 
row channels of radius Y. If initially saturated 
(Fig. 7a), this pore will drain abruptly at the 
moment when the pressure exceeds P,, where 
P, = 27/r. For this pore to re-wet, however, the 
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(a) (bl 

Fig. 7. ‘Ink-bottle’ effect determines equilibrium height of 

water in a variable-width pore: (a) in capillary drainage: (b) in 

capillary rise. 

suction must decrease to below P,, where P, = 
2r/R, whereupon the pore abruptly fills. Since 
R > Y it follows that P, > P, and the pore re-fills 
at a lower pressure in the sorption phase. There- 
fore, desorption depends on the narrow radii of 
the interconnection channels, whereas sorption is 
governed by the maximum diameter of the large 
pores. These discontinuous spurts of liquid, called 
‘Haines jumps’, are more readily observed in 
coarse powder beds (Haines, 1930). Other causes 
of the hysteresis effect include the following. 

(bl The contact angle effect, by which the 
contact angle is greater and hence the radius of 
curvature is greater, in an advancing (wetting) 
meniscus than in the case of a receding one. A 
given water content will tend, therefore, to ex- 
hibit greater suction in desorption than in sorp- 

tion. Contact angle hysteresis can arise because 
of surface roughness, the presence and distribu- 
tion of adsorbed impurities on the solid surface, 
and the mechanism by which liquid molecules 
adsorb or desorb when the interface is displaced. 

(c) Entrapped air within the matrix can further 
decrease the water content of a newly wetted 
porous bed. Failure to attain true equilibrium can 
accentuate the hysteresis effect. Distortion of the 
results due to entrapped air was avoided by de- 
gassing the liquid phase prior to use. 

Comparison of coarse and fine grades of lactose 
Hysteresis curves The hysteresis curves for the 

coarse and fine grades of lactose are very differ- 

ent (Fig. 4a). The hysteresis effect for the coarse 
lactose is more prominent at low pressures, 
whereas the fine lactose exhibits the effect over a 
wider pressure range. In addition, the equilib- 
rium saturation at all pressures is lower in the 
coarse lactose. As a result, the fine lactose is 

distinguishable from the coarse by having a larger 
area of hysteresis and being displaced to the 
right. 

Desorption cun~es The desorption curve for 
the coarse lactose shows that liquid is removed 
much more readily, i.e. at lower pressures. This 
confirms the presence of a greater proportion of 
large diameter pores. The limiting pressure, the 
pressure above which little change in saturation 
occurs, is approx. 6.86 kPa rnp2 and corresponds 
to a saturation of 12%. The low limiting pressure 
implies that the coarse lactose has very few small 
diameter pores. In contrast, the desorption curve 
for fine lactose is less steep and shows that higher 
pressures are required to remove its liquid phase. 
The limiting pressure (29.4 kPa rnp2) and corre- 
sponding saturation (25%) are much higher than 
for coarse lactose. Therefore, this sample has a 
higher proportion of smaller diameter pores. 

Irreducible saturation The causes of fluid re- 
tention at high pressures in the region where the 
desorption and sorption curves merge have al- 
ready been discussed. The irreducible saturation 
of the fine lactose is approximately twice that of 
coarse lactose, the values being 16.6 and 7.9% 
respectively. The results are consistent with the 
work of Morrow (1970). Using an experimental 
model of a homogeneous porous medium (made 
of regular glass micro-beads), the magnitude of 
the irreducible saturation was shown to be inde- 
pendent of particle size and fluid variables such 
as density, interfacial tension, viscosity or wetta- 
bility, but was a function of the pore space in the 
matrix. Further work with mixtures of bead sizes 
to simulate a heterogeneous porous bed showed 
that irreducible saturation could be varied. This 
led to the conclusion that the dominating influ- 
ence was the heterogeneity of the pore structure. 
The fine grade lactose, which has a wider size 
distribution than the coarse lactose, would there- 
fore be expected to have a greater value of irre- 
ducible saturation. 
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Sorption curves As the pressure is decreased 
along the sorption curves, very little change in 
percentage saturation is observed in both lactose 
samples until the pressure becomes low. The fine 
lactose begins to reabsorb liquid at a higher pres- 
sure, 19.6 kPa m-*, compared to the coarse lac- 
tose which reabsorbs at 29.4 kPa m-‘. This is a 
further indication of the presence of smaller di- 
ameter capillaries in the fine lactose, which have 
a higher suction potential. These capillaries are 
evidently absent from the coarse lactose matrix 
and therefore reabsorption takes place at low 
pressures, consistent with the filling of large di- 
ameter pores. 

Capillary pressure-saturation for microcrystalline 
cellulose 

The microcrystalline cellulose-ethanol and mi- 
crocrystalline cellulose-water curves stand quite 
apart from the lactose curves, suggesting that this 
material has very different fluid retaining proper- 
ties (Fig. 4a). The desorption curve with ethanol 
shows a larger reduction in saturation from 250 
to 75%, when the pressure is increased from zero 
to the limiting pressure of 9.8 kPa mV2. This 
implies that the microcrystalline cellulose matrix 
has a greater proportion of pores that are larger 
in diameter than those in coarse lactose. This 
enables the matrix to retain a much higher de- 
gree of saturation at lower pressures. However, 
the powder bed must also contain a larger pro- 
portion of smaller diameter pores, as application 
of higher pressures can force the removal of even 
more liquid. 

The irreducible saturation of microcrystalline 
cellulose is about 60% with ethanol, which is 
approx. 5-times that of the lactose samples. Thus, 
at higher pressures, microcrystalline cellulose is 
capable of retaining a much higher degree of 
saturation. Therefore, the hydraulic isolation and 
adsorption effects discussed previously are more 
predominant and play a more important role in 
the retention of fluids in microcrystalline cellu- 
lose powder beds than in lactose. This indicates a 
much stronger physical interaction of the liquid 
phase with microcrystalline cellulose than lactose, 
and the interaction is more pronounced when the 
liquid phase is water. 

When the liquid phase added to microcrys- 
talline cellulose is changed from ethanol to water, 
the area of hysteresis is increased and the curve is 
displaced to the right. However, the two curves 
describe removal of water from essentially the 
same pores. Therefore, the differences must be 
attributed to differences between the physical 
properties of the liquid phases, and the extent of 
interaction with the microcrystalline cellulose- 
liquid interface. In changing the solvent from 
ethanol to water, the limiting pressure for micro- 
crystalline cellulose is increased from 9.8 to 19.0 
kPa m-*. However, the reduction in saturation of 
the powder bed in going from zero to equilibrium 
pressure is very similar for the two solvents, i.e. 
170 and 180% for water and ethanol, respec- 
tively. This is evidence that the same diameter 
pores are being emptied, but that a higher pres- 
sure is required to achieve this when water is the 
liquid phase, due to the physical properties of 
water. In contrast, the irreducible saturation for 
the two liquid phases differs, and is 60% with 
ethanol and 90% with water. This disagrees with 
the above-mentioned results of Morrow (19701, 
which stated that fluid properties did not signifi- 
cantly influence the magnitude of irreducible sat- 
uration. However, this hypothesis was derived 
from work on glass bead models which adsorb a 
negligible volume of liquid phase, and therefore 
irreducible saturation, due to adsorption effects, 
was ignored. Previous work on the thermal analy- 
sis of the materials (Fielden et al., 1988) has 
indicated that microcrystalline cellulose interacts 
strongly with water, forming hydrogen bonds, and 
adsorbing more than one layer of molecules. If it 
is assumed that the extent of hydraulic isolation 
in the microcrystalline cellulose-water, and mi- 
crocrystalline cellulose-ethanol systems is the 
same, the higher irreducible saturation observed 
with the former suggests that water interacts more 
strongly than ethanol with the microcrystalline 
cellulose surface. 

Behaviour of binary mixtures of microcrystalline 
cellulose and lactose 

Microcrystalline cellulose was mixed in equal 
proportions with one of the lactose samples and 
the pore size distribution of the binary mixture 
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TABLE 1 

Values of the irreducible saturation ’ and saturation at zero 
pressure a for various powder systems with the ethanol liquid 
phase 

Powder system Saturation at Irreducible Limiting 

zero pressure saturation pressure 

(%‘c) (%) (kPa mm’) 

Fine lactose 31.8 7.9 

Microcrystalline 

cellulose : 
fine lactose 

(5:5) 118.6 41.3 

Coarse lactose 37.4 16.6 

Microcrystalline 

cellulose : 
coarse lactose 
(5:s) 120.5 40.4 

” Volume of ethanol (ml) per 100 g of solid. 

22.1 

13.7 

3.4 

13.7 

was assessed. The aim was to imitate the mixture 
of microcrystalline cellulose-lactose (5 : 5) that is 
used in extrusion-spheronisation, and to investi- 
gate the movement of fluid through this matrix. 
The results are shown in Fig. 4b using ethanol as 
the liquid phase. The curves for both binary mix- 
tures are displaced to the right of those corre- 
sponding to lactose alone. The magnitude of the 
change in fluid-retention properties is best indi- 
cated by comparing the irreducible saturations 

and saturations at zero pressure (obtained along 
the sorption curves> for the single and binary 
mixtures (Table 1). Increases of about 85% in the 
saturation at zero pressure and 30% in the irre- 
ducible saturation are seen in the binary mixtures 
compared to the single powder samples. The mi- 
crocrystalline cellulose introduces absorptive 
properties and adsorptive influences into the bi- 
nary mixture which are absent or minimal in the 
lactose matrices. Therefore, a binary mixture has 
greater fluid-retention properties than a lactose 
powder bed. However, the properties of the mix- 
ture containing coarse lactose are modified to a 
noticeably lesser extent, although the curve has 
the same tendency to be displaced to the left of 
the mixture containing fine lactose that is seen in 
the single powder bed. The displacement is more 

pronounced at low capillary pressures, where the 
microcrystalline cellulose-coarse lactose has a 
lower saturation at a given pressure than the 
mixture containing fine lactose. This indicates 
that the former has a noticeably larger proportion 
of wide diameter pores. This mixture is therefore 
more porous and results in an increased mobility 
of the liquid phase. This is also the reason for the 
observation of a lower limiting pressure for the 
mixture containing coarse lactose (Table 1). The 
limiting pressure value of the fine lactose is de- 
creased by 8.3 kPa m-* in the binary mixture 
because this mixture has a greater proportion of 
larger diameter pores. However, an increase of 
3.3 kPa mm2 is seen with the coarse lactose 
binary mixture, due to the presence of small 
diameter pores, which must be absent in the 
single powder bed. The binary mixtures show 
similar behaviour at higher pressures above 19.6 
kPa m-*, in contrast to the corresponding curves 
for the singular powder bed, which are distin- 
guishable at all pressures below the maximum. 

Therefore, the properties of microcrystalline cel- 
lulose (adsorption and absorption) are dominant 
over those of lactose in binary mixtures at higher 
pressures. 

Pore size distribution curLles 

The dimensions of the pore space for the 
microcrystalline cellulose and lactose samples are 
illustrated by presenting results of the percentage 
saturation as a function of the derived value of 
the hydraulic radius from Eqn 9. Results for 
single powders are shown in Fig. 8a and for 
mixtures of microcrystalline cellulose-lactose in 
Fig. 8b. 

The curves show hysteresis which differs for 
the drainage and imbibing stages. The causes of 
this have been previously discussed. However, it 
should be noted that the capillary model of a 
porous bed on which Eqn 9 is based is a gross 
oversimplification of the system. Possible alterna- 
tive pore models were reviewed by Van Brake1 
(1975) but none were found that could satisfacto- 
rily describe an actual system. The major draw- 
back was indicated to be the lack of knowledge 
about the forms of the menisci that might be 
present in a porous bed, and the error caused by 
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Fig. 8. Mean hydraulic radius as a function of saturation for 

(a) lactose and microcrystalline cellulose; fb) binary mixtures 

of lactose and microcrystalline cellulose. (a) 50% Ethanol 

liquid phase: (0) coarse lactose; ( A) fine lactose; (0) micro- 

crystalline cellulose; water liquid phase: ( V) microcrystalline 

cellulose. (b) ( q ) Coarse lactose-microcrystalline cellulose, 

(a) fine lactose-microcrystalline cellulose, (0) microcrys- 

talline cellulose. 

assuming zero contact angle at the solid-liquid 
interface. Thus, it should not be expected that 
the calculated values of the pore size give the 
actual pore size distribution. Hence, the pore size 
distribution curves give, at best, a qualitative indi- 
cation of the nature of the pore spaces involved. 

Fig. 8 shows the relative dimensions of the 
capillaries as the powder bed is being drained. As 
previously stated, increasingly smaller diameter 
capillaries are being emptied/filled as the suc- 
tion pressure increases/ decreases. The hysteresis 
effect for all the samples results in relatively 
larger diameter pores filling in the sorption stage 
than have been emptied during desorption. This 
result is expected from the ‘ink-bottle’ effect de- 
scribed above. 

Although the above plots are difficult to inter- 
pret, they do, nevertheless, permit differentiation 
between the coarse and fine grades of lactose and 
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the effects of solvent change on microcrystalline 
cellulose. It is also possible to distinguish be- 
tween the binary mixtures of microcrystalline cel- 
lulose containing the coarse and fine lactose 
grades (Fig. Sb), confirming the previous observa- 
tion that the former has the larger pore size 
distribution. Carman’s equation (19411, h, = 
T/mgp, has been applied to characterise the pore 
structure of pharmaceutical tablets, by measuring 
the rate of water penetration into the tablet 
(Ganderton, 1969). In agreement with the present 
results, it was also found that a more coarse pore 
network arose when granules of increasing size 
were used to prepare the tablet. 

Conclusions 

The technique of monitoring the movement of 
fluid out of, and into, a powder bed enables the 
relationship between the saturation of the bed to 
be measured as a function of time and applied 
pressure. This may be used to characterise the 
powder bed structure and differentiate between 
powders of different mean particle size, e.g. lac- 
tose, or powders with different properties such as 
microcrystalline cellulose. The simplest method 
of distinguishing between the samples is to deter- 
mine the removal of fluid as a function of time, at 
a constant applied pressure. From this the equi- 
librium liquid content and extent of hysteresis 
may be used as parameters for comparison. How- 
ever, there are disadvantages: firstly, the proce- 
dure should be repeated, using at least two vary- 
ing pressures, to ensure that the results are cor- 
rectly interpreted; secondly, results are prone to 
errors, since they are highly dependent on accu- 
rate sampling and the structure of the powder 
bed. Therefore, it is preferable to measure the 
movement of liquid as a function of pressure. 
There are several advantages: 

(i) Only one sample of the powder is required 
to derive the above curve, therefore errors due to 
sampling are eliminated. 

(ii) The characteristics of the powder bed are 
determined for a wide range of pressures, allow- 
ing a more extensive comparison to be made 
between the different materials. 
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(iii) An indication is obtained of the relative 
pore sizes of the materials being studied. 

The shortcomings of the apparent ‘pore size 
distribution’ curves have already been discussed, 
and they may be of limited use in distinguishing 
between samples. In view of this, it seems prefer- 
able to characterise the various systems by the 
capillary pressure-percentage curves. A useful pa- 
rameter derived from this relationship is the irre- 
ducible saturation. The magnitude of this value 
may indicate the extent of solid-liquid interac- 
tion, permitting differentiation between materials 
that can adsorb a liquid phase (microcrystalline 
cellulose) and those which do not (lactose). 

Through the pressure membrane technique, 
improved understanding is possible of the physi- 
cal characteristics which make microcrystalline 
cellulose an essential ingredient in extrusion for- 
mulations. Results from a study of differential 
thermal analysis of microcrystalline cellulose- 
water showed that the microcrystalline cellulose 
adsorbs 0.856 mol(15.41 ml) water per 100 g solid 
(Fielden et al., 1988). The level of irreducible 
saturation for this system is 84.6 ml per 100 g 
solid. Taking the difference between these values, 
it is concluded that the level of hydraulic isolation 
in the microcrystalline cellulose-water system is 
69.2 ml water per 100 g solid. Thus, microcrys- 
talline cellulose is able to trap a large volume of 
liquid within its substrate and retain it despite the 
application of high pressures. In this way the 
movement of water through the plastic mass is 
controlled during processing. This might be one 
of the most important qualities that is required, 
making microcrystalline cellulose a necessary in- 
gredient for extrusion-spheronisation. Such for- 
mulations generally have high moisture contents 
and inclusion of microcrystalline cellulose may 
obviate separation of the liquid phase, as the 
material is being pressurised during extrusion and 
spheronisation. 
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