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Summary 

Recent work has shown the importance of physical interactions between materials during size enlargement processes (e.g., wet 

granulation). In this study several model substrates and binder solutions were selected, their particulate, solution and energetic 

properties determined and the potential physical interactions of the solid and liquid phases assessed. Considerable differences were 

noted in the wetting, spreading and adhesion tendencies of the various substrate-binder combinations. The rheological properties 

of the wet massed solid-liquid systems were then measured using an instrumented mixer torque rheometer. The results confirmed 

that solid-liquid physical interactions (especially spreading) are important in determining wet massing behaviour. The most 

important influences appeared to be on the stability of the wet masses at elevated liquid levels and theories were developed to 

explain this observation in terms of the accepted models of wet granule structure. 

Introduction 

Whenever materials are mixed there is poten- 
tial for them to interact. This interaction may be 

chemical, resulting in the creation of a new 
species, or physical, resulting in the formation of 
attractive or repulsive forces. Chemical interac- 
tions between materials during pharmaceutical 
size enlargement processes are usually avoided by 
the careful selection of the formulation compo- 
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nents. However, physical interactions are un- 
avoidable and have been identified in a large 
number of situations including wet granulation 
(Hancock, 1991). The exact nature of the physical 
interactions occurring during wet granulation will 

depend upon the physical, chemical and energetic 
properties of the granulation components (Krycer 
et al., 1983). The initial interaction will be wetting 
of the substrate by the binder and this may be 
followed by spreading, adhesion and/ or swelling, 
Previous studies have shown that it is possible to 
predict the physical interactions between compo- 
nents of a wet granulation formulation from a 
consideration of their surface energetic proper- 
ties (Rowe, 1989a,b; Zajic and Buckton, 1990). In 
addition, it has been shown that the effects of 



such interactions can be directly measured using 

instrumented mixing apparatus (Parker et al., 
1990a). The aim of this study was to determine 
whether the substrate-binder interactions pre- 

dicted for a series of simple two component model 
wet masses could be directly reconciled with the 
rheological properties of those wet masses. 

Interaction prediction 

The approach used for predicting substrate-bi- 
nder interactions was based on that originally 
developed by Wu (1982) for estimating physical 
interactions in polymer melts. The same method 
has previously been used by several authors for 
predicting the interactions occurring during phar- 

maceutical wet granulation processes (Rowe, 
1989a,b; Parker et al., 1990a; Zajic and Buckton, 

1990). The surface free energy (y) and polarity 
tx,) of the substrate and binder components are 
determined (see Materials and Methods) and then 
used to calculate the works of cohesion (WC), the 
work of adhesion CkV,> and an interaction param- 
eter (4) (Eqns l-4). 

WC, = 2% 

w,, = 2Yh (2) 

4=2 Xsd’Xhd + ‘sp ‘xhp gs ‘x,d + gh ‘Xhd gs “,I, + gh ‘xhp 1 (4) 
where WC is the work of cohesion, W, denotes the 
work of adhesion, y is the surface or interfacial 
free energy, s indicates the substrate phase, b 
represents the binder phase, p indicates the polar 
component, d corresponds to the non-polar or 
dispersion component, and 

The work of cohesion is the work done in 
separating unit area of the substrate or binder 
from itself and the work of adhesion is the work 
done in separating unit area of the two adhering 

materials. The interaction parameter indicates the 
likely mode of failure at the substrate-binder 
interface. A value of unity for the interaction 
parameter implies that substrate-binder adhesion 
is good and any failure should occur in the weaker 
component (usually the binder). 

The works of cohesion and adhesion are then 
normalised to produce three spreading coeffi- 
cients - A,,, A,, and A, (Eqns 5-7): 

A,, = WC, - WC, (5) 

A,, = y, - w,, (6) 

A, = w1,Pk (7) 

A,, expresses the tendency for the binder to 
spread over the substrate and A,, indicates the 
tendency for the substrate to spread over the 
binder. A positive value for each of these param- 
eters implies that spreading will occur. A, indi- 
cates whether binder film formation is likely and 
a value of unity implies good film formation. 

Granulation rheology 

The measurement of the torque required to 
shear a wet mass equates with a rheological char- 
acterisation of that system and it has been sug- 
gested that such measurements are vital to the 
analysis of physical interactions in solid-liquid 
systems (Wu, 1982). In previous papers (Rowe 
and Sadeghnejad, 1987; Parker et al., 1990a,b; 
Hancock et al., 1991, 1992; Parker and Rowe, 
1991) it has been demonstrated that the rheologi- 
cal properties of wet powder masses can be suc- 
cessfully monitored using a technique known as 
mixer torque rheometry. Similar measurements 
have also been used to measure the compatibility 
of molten polymer blends (Jurado et al., 1987) 
and to assess material interactions during the 
production of fertilisers (Kuwabara et al., 1977). 
In this study mixer torque rheometry was chosen 
to assess the effects of substrate-binder interac- 
tions in a series of model wet massed systems. 



Materials and Methods 

Mu terials 

Glass ballotini (Englass Ltd, Leicester, U.K.; 
solvent washed) were chosen as a model sub- 
strate. A small size grade (nominally l-20 pm) 
was selected to minimise attrition of the particles 
during mixing and to maximise the surface area 
available for interaction. Glass has a hydrophilic 
nature which can be modified using a ‘s~lanising 
agent’ to produce a hydrophobic surface. Both 
hydrophilic and hydrophobic model substrates 
were utilised to enable the effect of substrate 
surface character on wet granulation behaviour to 
be assessed. The substrates were wet massed with 
5% w/v aqueous solutions of two commonly used 
pharmaceutical binding agents - pol~inyipyrroli- 
done (PVPI (Kollidon K90, BASF, Cheadle, U.K.) 
and hydroxypropylmethylceIlulose (HPMC) 
(Pharmacoat 606, Shin-Etsu Chemical Co., Tokyo, 
Japan). 

Material characterisation 

The particle size and true density of the sub- 
strates were determined using laser diffraction 
size analysis (Malvern 2600, Malvern Instru- 
ments, U.K.) and air pycnometry (Beckman 930, 
Beckman Instruments, U.K.), respectively. The 
two polymer binder solutions exhibited Newto- 
nian rheology (Parker, 1989) and were therefore 
characterised by a single point viscosity determi- 
nation (Cannon Ubbeiohde capillary viscometer; 
Poulton, Self and Lee Ltd, Wickford, U.K.). The 
dynamic viscosity of each soiution was calculated 
as the product of its kinematic viscosity and solu- 
tion density. 

Newitt and Conway-Jones (1958) proposed that 
settled density measurements would be an accu- 
rate way of estimating the voids within a wet 
massed system and therefore a settled density 
determination was devised for use in this study. A 
known mass of each substrate was placed in a 100 
ml stoppered measuring cylinder with 50.0 ml of 
an aqueous surfactant solution (1% w/v sodium 
dodecyl sulphate; BDH Ltd, Poole, U.K.). The 
solids were suspended by vigorous shaking and 
allowed to settle out until a constant solid voiume 
was achieved (approx. 120 h). The final volume of 

the settled solids was noted and the settled bulk 
density determined. 

The surface energetic properties of the sub- 
strates and binders were determined using dy- 
namic contact angle analysis. The Wilhelmy plate 
method (Cahn DCA 312, Cahn Instruments Inc., 
Cerritos, U.S.A.) was selected as it was thought 
to best model the dynamic wetting process occur- 
ring during wet granulation. The reference liq- 
uids were distilled water and diiodomethane (Al- 
drich Chemical Co., 99% pure) and the reference 
solids were glass and polytetrafluoroethylene. Hy- 
drophilic and hydrophobic glass microscope cov- 
erslips were used as the model substrate speci- 
mens. 

A laboratory scale mixer torque rheometer was 
used to measure the rheological properties of the 
wet massed substrate-binder systems. The instru- 
ment was identical to that described previously 
(Rowe and Sadeghnejad, 1987; Parker et al., 
1990a,b; Hancock et al., 1991, 1992; Parker and 
Rowe, 1991). The capacity of the rheometer bowl 
was approx. 250 ml and the two mixing blades 
were arranged in a sigma configuration and driven 
at a speed of 52 rpm. The effect of changing the 
arrangement of the mixing blades and the drive 
speed has been described previously (Hancock et 
al., 1991, 1992). 

A fixed quantity of substrate (sufficient to 
completely cover the mixing blades) was used for 
each wet massing experiment. Initially the sub- 
strate was dry mixed in the rheometer for 1-2 
min to obtain a baseline response which reflected 
the strength of the cohesive forces between the 
dry particles and any interaction with the 
rheometer blades and walls. In all cases this 
baseline response was practically identical to that 
obtained when running the rheometer empty. Af- 
ter several minutes of dry mixing the required 
quantity of binder solution was drawn up into a 
glass syringe and evenly and rapidly distributed 
over the surface of the mixed powder bed. Mixing 
was continued until a stable rheological response 
was attained (usually 5-10 min). By repeating the 
same experiment with a range of liquid volumes 
the effect of changing liquid content was studied. 
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All the wet massing experiments were per- 
formed in duplicate and mean equilibrium torque 
values calculated. The results typically varied by 
less than 10% of the mean and the data pre- 
sented are the mean results. The rheometer mea- 

sured two different torque parameters which have 
previously been described as the ‘amplitude of 

the oscillations’ and the ‘mean torque increase 
from the baseline’ (Parker et al., 1990b). For 
convenience these parameters will hereafter be 
referred to as the ‘torque range’ and the ‘mean 
torque’, respectively. 

Note: In this paper the ratio of the liquid true 
volume to the total solid and liquid true volume is 
used to describe the liquid content of the wet 
masses. This ratio is comparable with the void 
space calculated from bulk density measurements 
and allows the direct comparison of substrates 
with different true and bulk densities. 

Results and Discussion 

Material characterisation 
The physical properties of the substrates and 

the polymer binders are listed in Tables l-3. 
Both the model substrates consisted of non-por- 
ous, smooth surfaced, spherical particles with a 

median diameter of 12 km (range l-30 Frn; 
equivalent area diameter). There were no signifi- 
cant differences in the morphology, size distribu- 
tion or true density of the ballotini before and 

TABLE I 

7’he physical properties of‘ the v~~drl substrates 

Substrate Morpho- Particle True Sttled 
ogy >’ size ” density ’ voidage 

Median (Mgm “) (%J 

(IO-90th 

percentile) 

(pm) 

Hydrophilic spherical, 12 2.50 3x 

hallotini non-porous (5-25) 

Hydrophobic spherical, I2 2.44 33 

ballotini non-porous (7-25) 

I’ Scanning electron microscopy. ’ Laser diffraction analysis; 

equivalent area diameter. ’ Air pycnometry. 

Material Density of 

solution 

(Mg m m3) 

Kinematic 

viscosity ” 

(m’s_‘) 

(x IO_“) 

Dynamic 

viscosity 

PVP 1.0076 42.29 42.6 I 
HPMC 1.0088 

a Capillary viscometry. 

after silanising. The settled voidage of both model 
substrates corresponded to that typically found in 
a randomly packed bed of spherical particles 

(German, 1989) and was similar to that obtained 
previously for slightly larger glass ballotini 
(Butensky and Hyman, 1971; Palmer and Rowe, 
1974; Holm et al., 1985). The packing of the 
hydrophobic ballotini was slightly more efficient 
than that of the hydrophilic ballotini although the 
reason for this was not clear. The hydrophilic 
glass surfaces were of a relatively high surface 
free energy and polarity, whereas the hydropho- 
bic glass surfaces were of a low surface free 
energy and polarity. The two polymer binder so- 
lutions had very similar kinematic and dynamic 
viscosities and solution densities. The surface free 
energies and polarities obtained for the polymer 
binder solutions were quite different from one 

another but consistent with those reported in the 
literature (Harwood and Pilpel, 1968; Krycer et 
al., 1983; Wells and Walker, 1983; Johnson and 

Zografi, 1986; Van Oss and Good, 1989; D’Alonzo 

TABLE 3 

Surfuce free energy and polarity of the model substrates and the 
polymer hinder solutions 

Material Surface 
free 

energy 

(Y) 
(mNm '1 

Fractional 

polarity 

(1.J 

Hydrophilic glass 71.7 0.67 
Hydrophobic glass 24.6 0.12 
PVP 66.3 0.44 
HPMC 46.5 0.69 
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et al., 1990; Parker et al., 1990a; Zajic and Buck- 
ton, 1990). 

Interaction prediction 
The interaction parameters and spreading co- 

efficients calculated for the various substrate-bi- 
nder pairs are listed in Table 4. The values ob- 
tained are very similar to those calculated using 
literature values for the substrate and binder 
surface free energies and polarities (Rowe, 
1989b). These data indicate that the two polymer 
binder solutions will behave quite differently when 
mixed with the model glass substrates. With the 
hydrophilic substrate adhesion and binder film 
formation will occur with both binders (4 = 1; 

A, = 11, only the HPMC will spread over the 
surface of the substrate (hbs = +ve> and sub- 
strate spreading will not be favoured in either 
system (Ash = -ve). With the hydrophobic glass 
adhesion and film formation will be very poor 
with both binders (4 < 1; A, < 11, binder spread- 
ing will also be very unlikely (Aba = -ve> but 
substrate spreading should occur with the PVP 

(Ash = +ve). As a consequence of these different 
interactions each of the substrate-binder combi- 
nations is likely to form moist agglomerates in 
different ways. Both binder adhesion and film 
formation are thought to be necessary for the 
formation of conventional granules (Krycer et al., 
1983) and these processes will only occur with the 
hydrophilic glass. There will probably also be 
differences in granule structure due to the differ- 

TABLE 4 

Interaction parameters and spreading coefficients calculated for 
the model substrate-binder systems 

Material 4 A, A,, h 

(mN m-t) $N m-‘1 

Hydrophilic 

glass-PVP 0.95 0.98 - 2.19 - 12.99 

Hydrophilic 

glass-HPMC 0.98 1.21 19.78 - 30.62 

Hydrophobic 

glass-PVP 0.81 0.49 - 67.18 16.22 

Hydrophobic 

glass-HPMC 0.67 0.49 -47.57 - 3.77 

24 28 
Liquid co!r?ent (%v/vf6 

Fig. 1. Equilibrium torque variation with liquid content for 

the hydrophilic glass wet massed with the PVP solution. 

(Continuous line) Mean torque; (broken line) torque range. 

ent spreading tendencies of the two binders 
(Rowe, 1989a,b; Zajic and Buckton, 1990). 

Granulation rheology 
General Fig. 1 shows typical equilibrium mean 

torque and torque range profiles obtained with 
the model substrate-binder wet masses. The 
torque responses recorded when mixing the wet 
masses were several orders of magnitude greater 
than those recorded when mixing any of the 
substrates or binder solutions separately. There- 
fore, it was assumed that these torque measure- 
ments primarily reflected the strength of the in- 
teractions occurring between the components of 
the wet masses rather than any interactions with 
the mixer blades or walls. The cohesiveness of all 
the equilibrium wet masses rose with increasing 
liquid content up to a maximum. At this maxi- 
mum the masses were smooth and pasty. Any 
further increase in the liquid content caused 
overwetting and a rapid reduction in the mea- 
sured torque. Similar equilibrium rheological pro- 
files have previously been reported for wet masses 
of microcrystalline cellulose (Alleva, 1984; Rowe 
and Sadeghnejad, 1987; Parker et al., 1990b; 
Hancock et al., 1991; Parker and Rowe, 1991), 
lactose, calcium phosphate, mannitol and starch 
(Alleva, 1984) and for a series of industrial fer- 
tiliser formulations (Kuwabara et al., 1977). 

Alleva (1984) and Rowe and Sadeghnejad 
(1987) proposed a link between the form of such 
equilibrium torque profiles and the theoretical 
agglomerate saturation states proposed by Newitt 
and Conway-Jones (1958) and Barlow (1968). This 
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Powder Pendular Funicular Capillary Dmpkt 

Torque ,, , -;m 

Liquid mntent (%V,) 

Fig. 2. Equilibrium torque variation with liquid content. (Con- 

tinuous line) Mean torque; (broken line) torque range. 

approach can be used to explain the equilibrium 
rheological profiles obtained with the model sub- 
strate systems. The addition of binder to the dry 
substrate causes liquid bridges to be created be- 
tween the solid particles and initially pendular 
agglomerates are formed (Fig. 2). These agglom- 
erates provide a greater resistance to shearing 
than the dry powder and a positive torque re- 
sponse is recorded. As the binder content is in- 
creased the number and extent of the liquid 
bridges increases and the funicular state is 
reached. This is accompanied by a rise in the 
measured torque. The further addition of binder 
fills all the interparticulate voids and the agglom- 
erates are held together by strong capillary forces. 
At this point the torque reaches a maximum. The 
addition of any more binder causes overwetting 
and this is accompanied by a rapid reduction in 
the torque response. 

Binder solution 

Typical path of midng blade ’ 

Fig. 3. Schematic of shearing a wet granule in the mixer 

torque rheometer. 

Comparison of the torque mean and torque 
range results (Fig. 1 and Table 5) shows one 
major difference - the torque range peaks all 
occur at slightly lower liquid saturations than the 
corresponding torque mean peaks. As this differ- 
ence occurs in all the substrate-binder pairs it can 
be attributed to the way in which the two torque 
parameters are derived. Fig. 3 shows the typical 
path that a mixing blade takes as it shears through 
a wet agglomerate. Provided the substrate parti- 
cles are small compared to the mixing blade the 
blade will deflect the solid particles and shear the 
voids and the liquid bridges. From earlier work 
(Parker et al., 1990b) it is known that the torque 
range is a measure of the range of forces encoun- 
tered by the mixing blade as it shears through the 
wet mass whereas the mean torque is the average 
of those forces. The range of forces is likely to be 
greatest when both voids and capillary liquid 
bridges are being sheared and this corresponds to 
the funicular granule state (Fig. 2). The mean 
force is likely to be maximal when there are the 

TABLE 5 

Summary of the equilibrium torque peak locations und magnitudes in the model substrate-hinder systems 

Material 

Hydrophilic 

glass 

Hydrophobic 

glass 

Settled 
voidage 

(‘j; v/v) 

38 

33 

Binder 

PVP 

HPMC 

PVP 

HPMC 

Mean torque peak Torque range peak 

L M L M 

(54 v/v) (mN m) (% v/v) (mN m) 

35 208 33 22x 

3x 176 31 220 

33 156 30 231 

30 125 27 346 

L, location (liquid content); M, magnitude. 
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25% 31% 33% 36% 38% 
Liquid content (%V/V) 

Hydrophilic glass - PVP 
1Omm 
- 

18% 25% 31% 33% 36% 38% 
Liquid content (%V/V) 

Hydrophilic glass - HPMC 
IOmm 
- 

Fig. 4. Photograph of the wet masses produced by mixing the 

hydrophilic glass with the PVP and HPMC solutions. 

greatest number of capillary bridges being sheared 
and this corresponds to the capillary state. Thus, 
the torque range peak should occur at a lower 
liquid level than mean torque peak. This oc- 
curred in all the model substrate granulations 
(Fig. 1 and Table 5) and consideration of data in 
the literature (Parker et al., 1990b) shows that 
this type of behaviour also occurs in ‘real’ wet 
massed systems. The torque range and the mean 
torque can thus be used to provide different 
information about the qualities of a wet mass and 
from these two parameters it should be possible 
to obtain a detailed and meaningful characterisa- 
tion of many wet massed systems. 

With the hydrophilic model substrate both 
polymer binders will adhere to the substrate and 
form a film around the particles enabling strong 
dense granules to be formed. However, the two 
polymer binders differ in their relative spreading 
tendencies. The HPMC spreads spontaneously 
over this substrate whereas the PVP does not. 
This spontaneous spreading of HPMC appears to 
allow stable granules to be formed at elevated 
liquid contents and notably the position of the 
mean torque peak in this system corresponds to 
the total filling of the substrate void space (esti- 
mated from settled density determinations) (Ta- 
ble 5). With the PVP an absence of spontaneous 
spreading results in the formation of unstable 
granules at elevated liquid contents and prema- 
ture overwetting takes place. 

With the hydrophobic model substrate film 
formation, adhesion and spreading are very poor 
with both binders and substrate spreading only 
occurs spontaneously with the PVP. As before 
the spreading of one phase over the other ap- 
pears to stabilise the granules formed at elevated 
liquid levels and the peak location in the spread- 
ing system corresponds to total filling of the sub- 
strate void space. With the HPMC an absence of 
substrate spreading results in the formation of an 
unstable wet mass and overwetting occurs at a 
reduced liquid content. 

Peak torque location Although the model The behaviour of the model substrates during 
substrate-binder systems all showed similar pat- wet massing thus appears to be strongly influ- 
terns of equilibrium rheological behaviour there enced by the spreading tendencies of the sub- 
were also some important differences. The most strate and binder components. The theories of 
striking difference was that within each substrate agglomerate structure proposed by Newitt and 
system overwetting took place at a different liq- Conway-Jones (1958) and Barlow (1968) (Fig. 2) 
uid content with the two polymer binders (Fig. 4) assume perfect wetting and spreading within the 
(Table 5). With the hydrophilic model substrate agglomerates and clearly this does not always 
overwetting occurred at a lower liquid content occur in practice. It is therefore necessary to 

with the PVP whereas with the hydrophobic 
model substrate it occurred at a lower liquid 
content with the HPMC. Since all the apparatus, 
operational and product variables that are known 
to affect wet granulation behaviour (e.g., binder 
viscosity, substrate particle size, mixing speed) 
were kept constant this response can be at- 
tributed to the different substrate-binder interac- 
tions occurring in each wet mass (see earlier and 
Table 4). 
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consider how substrate-binder interaction differ- 
ences might affect wet granule structure. 

In a substrate-binder system where spreading 
can occur the pendular agglomerate state will be 
readily formed when the liquid binder is mixed 
with the substrate. As the liquid content in- 

creases the binder will be accommodated by the 
spreading of the substrate or .binder over the 

other component. This will eventually lead to the 
total filling of the interparticulate voids by the 

granulating liquid and the formation of the capil- 
lary saturation state (Fig. 2). The greatest resis- 
tance to mixing (i.e. the mean torque peak) will 
usually occur at this point and the greatest het- 
erogeneity (i.e., the torque range peak) will occur 
at a slightly lower liquid content (i.e., the funicu- 

lar state) as described previously. In a system 
where spreading does not take place sponta- 
neously the pendular state will still be formed 
initially since spreading is probably not essential 
for the formation of the lenticular liquid bridges. 
However, as the liquid content is increased air 
will become trapped between the non-spreading 
liquid bridges preventing the formation of the 
true capillary state (Fig. 5). Instead a weak 
‘pseudo-droplet’ state will be formed where the 
interparticulate voids are not completely filled 
with binder. In this situation the mean torque 
peak will probably occur at a lower liquid content 
than in the spreading system, closer to the region 
of maximum heterogeneity (i.e., the torque range 
peak). This is what was observed experimentally. 

Powder Droplet 

Liquid content (WV,) 

Fig. 5. Equilibrium torque variation with liquid content in a 

non-spreading system. (Continuous line) Mean torque; (broken 

line) torque range. 

Thus it appears that the saturation states of 
Newitt and Conway-Jones (1958) and Barlow 
(1968) can be modified to account for the differ- 
ent interactions occurring between the substrate 
and binder components of any wet mass. This 
treatment is consistent with the observed rheolog- 
ical properties of the model wet masses and may 

enable a more precise and detailed characterisa- 
tion of wet massed systems encountered in prac- 
tice. 

l’eak torque magnitude It was shown earlier 
that the two torque parameters measured in these 
experiments quantify slightly different properties 
of the model wet masses. Whilst the locations of 
these parameter peaks have been considered it is 
also relevant to examine their magnitudes since 
these data may provide some additional informa- 
tion about the substrate-binder interactions oc- 
curring within the model wet masses. 

In theory, the magnitude of the torque mean 
and range peaks will depend upon the strength of 
the cohesive and adhesive forces within the wet 
mass and the degree of interaction at the inter- 
face (e.g., wetting and spreading). From previous 
suppositions the magnitude of the torque mean 
peak should be largest when the strength and the 
degree of substrate-binder interaction are both 
high and the torque range response should be 
maximal when the interactions are strong but 
heterogeneously distributed. In addition Rowe 
t 1988, 1989a,b, 1990, 1992) forecast that where 
adhesion, film formation and spreading processes 
are all favoured granules will be formed whose 
maximum strength will be determined by the work 
of cohesion of the binder. Where these interac- 
tions are less extensive granules will be formed 
whose strength will be primarily dependent upon 
the work of adhesion. 

The works of cohesion and adhesion calcu- 
lated for model substrate-binder pairs are prc- 
sented in Table 6. The equilibrium mean torque 
peaks for both substrates were greater in the PVP 
systems than in the HPMC systems (Table 5) and 
the works of cohesion and adhesion were also 
greater in these systems so the mean torque peak 
magnitudes follow the expected trend. The mean 
torque peaks were also higher for the hydrophilic 
substrate than for the hydrophobic substrate un- 
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TABLE 6 

Works of adhesion CW,) and cohesion (WC 1 in the model 
substrate-binder pairs f’miv m _ ‘) 

Material PVP HPMC 
CW, = 132.6) (W;. = 93.0) 

Hydrophilic glass CW, = 143.4) 130.4 112.X 
Hydrophobic glass C&V, = 49.2) 65.4 45.4 

der any given conditions and this is consistent 
with the predictions of Rowe (1988,1989a,b, 1990, 
1992) with the works of cohesion of the two 
polymer binders being much larger than the works 
of adhesion in the hydrophobic substrate systems. 
The torque range responses were also very slightly 
higher in the hydrophobic model substrate sys- 
tems and this correlates with the production of a 
more heterogeneous wet mass in these poorly 
interacting systems. The equilibrium torque range 
peaks for the model substrates were all larger 
than the corresponding mean torque peaks due 
to the choice of mixing speed and blade configu- 
ration used in this study (Hancock et al., 1992) 
and there was no obvious relationship between 
the magnitude of either torque parameter and 
the degree of substrate or binder spreading. Thus, 
overall, the mean torque and torque range peak 
magnitudes for the model substrate systems fol- 
low the trends expected from the predicted sub- 
strate-binder interaction phenomena and provide 
further support for the mechanisms of granule 
growth and structure proposed earlier. 

Conclusions 

The use of mixer torque rheometry to study 
the wet massing rheology of model substrate-big 
nder systems has provided a valuable insight into 
the mechanisms of wet granule formation and 
growth. In all of the systems considered the wet 
massing rheology was controlled by a complex 
balance of physical interactions at the substrate- 
binder interface. At the liquid contents where 
typical pharmaceutical granules are produced 
(around the funicular state) the integrity of the 
granules was most strongly influenced by spread- 

ing of the binder or substrate phases. Poor 
spreading produced unstable granules and precip- 
itated overwetting whereas good spreading en- 
abled stable granules to be formed even at ele- 
vated liquid contents. By reconsidering the theo- 
retical agglomerate structures proposed by Newitt 
and Conway-Jones (1958) and Barlow (1968) it 
was possible to expand the theories of wet granu- 
lation to take into account the most likely interac- 
tion differences and exptain the observed varia- 
tions in wet massing behaviour. The location of 
the peak torque in the model wet masses was 
determined not only by the packing density of the 
particles but also by the ability of the granulating 
liquid to fill the void space. This may explain the 
apparently anomalous results in the literature 
regarding the optimum liquid requirement for 
wet granulation processes. For the materials used 
in this study a good estimate of the intragranular 
void space was obtained from settled density de- 
terminations. 

Overall the importance of substrate-binder in- 
teractions in wet granulation has been demon- 
strated, with the location and magnitude of the 
mean torque and torque range responses in the 
mixer torque rheometer providing valuable infor- 
mation about the degree of substrate-binder in- 
teraction occurring in the wet mass. It is con- 
cluded that the surface properties and physical 
interactions of the substrate and binder phases 
require careful consideration prior to develop- 
ment of any commercial wet granulation process. 
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