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Summary 

An instrumented, laboratory-scale mixer torque rheometer has been used to measure the rheological properties of a range of 

model and typical pharmaceutical wet massed systems. The mixing torque was monitored as a function of the mixing time from the 

point of liquid addition until an equilibrium rheological state had been attained. In each system the mechanisms and kinetics of 

mixing varied according to the saturation of the wet mass and the identity of the substrate and binder components. Although the 

torque variation was different for each wet massed system an equilibrium rheological state was eventually attained in each case. 

Measurement of this equilibrium torque response should allow the comparison of different wet masses irrespective of their 

processing histories. 

Introduction 

In previous papers, it has been demonstrated 
that the rheological properties of wet powder 
masses can be successfully monitored using a 
technique known as mixer torque rheometry 
(Rowe and Sadeghnejad, 1987; Parker et al., 
1990a,b; Hancock et al., 1991). This approach has 
enabled the effects of substrate source, binder 
concentration and mixer design to be studied. All 
of the investigations reported to date have con- 

centrated on the rheological properties of the wet 
powder mass after a fixed period of mixing and 
have assumed that at this time an equilibrium 
rheological state has been achieved. The purpose 
of this study was to determine whether mixer 
torque rheometry could be used to monitor the 
variation of the rheological properties of wet 
masses with mixing time. If successful, this ap- 
proach should provide vital information about the 
mechanisms and kinetics of wet massing pro- 
cesses. 
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Materials and Methods 

Glass ballotini (Englass Ltd, Leicester, U.K.) 
were selected as a model powder for use in the 
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wet massing studies. Glass ballotini have previ- 
ously been used in similar studies with some 

success (e.g., Dingwall and Ismail, 1977). In addi- 
tion to the model substrate, four typical pharma- 

ceutical powders were selected for study. These 
were chosen to represent the range of materials 
normally encountered during pharmaceutical wet 
granulation processes. Griseofulvin (ICI Pharma- 
ceuticals, Macclesfield, U.K.) was selected as a 
synthetic, high-dose active ingredient usually pro- 

cessed by wet granulation (Harwood and Pilpel, 
1968). A calcitic form of calcium carbonate, Stur- 
Cal-L (J.E. Sturge Ltd, Birmingham, U.K.), was 
selected as a representative inorganic excipient. 

Two microcrystalline celluloses from different 
manufacturing sources were also chosen. These 
were Avicel PHlOl, the original and most widely 

used source (FMC International, Co. Cork, Ire- 
land), and Unimac MGlOO, a direct competitor 
for Avicel PHlOl Wnitika Rayon Ltd, Osaka, 
Japan). The model and typical pharmaceutical 
substrates were wet massed with distilled water 
and 5% w/v aqueous solutions of two commonly 

used pharmaceutical binding agents - polyvinyl- 
pyrrolidone (PVP) (Kollidon K90, BASF, Chea- 

TABLE 1 

Physical characteristics of the powdered substrates 

Substrate Morphology a Particle Specific 

size h surface 

Median area ’ 

(lO-90th cm2 8-l) 
percentile) 

(pm) 

Glass ballotini spherical 

Avicel PHlOl irregular, 

porous 

Unimac MC3100 fibrous 

Sturcal-L 

Griseofulvin 

agglomerated, 

needles 
agglomerated, 

needles 

11 0.61 

(5-23) 

35 1.15 

(14-55) 
33 1.19 

(16-50) 
10 2.80 

(5-20) 
3d 2.59 

(1.3-8.5) 

” Scanning electron microscopy. 

’ Coulter counter. 
’ Nitrogen sorption. 

’ From Matthews and Rhodes (1967). 

TABLE 2 

Physical characteristics of the liquid hinders 

Binder Dynamic viscosity ” Surface tension h 

(g m 
-I sm 1) tmN mm’) 

Distilled 1 .oo 71.5 

5% w/v PVP 42.61 66.3 

5% w/v HPMC 39.24 46.5 

” Capillary viscometry 

h Wilhelmy plate. 

dle, U.K.) and hydroxypropylmethylcellulose 
(HPMC) (Pharmacoat 606, Shin-Etsu Chemical 
Co., Tokyo, Japan). The physical properties of 
the substrates and binders are listed in Tables 1 
and 2. 

The mixer torque rheometer used was very 
similar to that described by Rowe and Sadeghne- 
jad (1987) and Parker et al. (1990a). This type of 
instrument has previously been shown to measure 
the true rheological character of wet powder 
masses (Parker et al., 1990a). The rheometer was 

used to measure two different torque parameters, 
described by Parker et al. (1990a) as the ampli- 
tude of the oscillations and the mean torque 
increase from the baseline. For convenience these 
parameters will be referred to as the ‘torque 
range’ and the ‘mean torque’ respectively. 

A fixed quantity of each substrate was used for 
the wet massing experiments. The capacity of the 
rheometer bowl was approx. 250 ml and a suffi- 
cient quantity of substrate was required to cover 
the mixing blades at all times. Each substrate was 
dry mixed in the rheometer for l-2 min to obtain 
a stable baseline response prior to adding the 
liquid binder. 

The wet massing behaviour of the single sub- 
strates was studied following the bolus addition 
of the granulating liquid. The required quantity 
of binder was drawn up into a glass syringe and 
evenly distributed over the surface of the mixed 
powder bed at the beginning of each experiment. 
This method of liquid binder addition should 
provide useful information regarding the kinetics 
and mechanisms of granule formation (Alleva, 
1984). By repeating the same experiment at a 
range of liquid volumes the effect of changing 
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liquid saturation can also be studied. In this pa- 
per, 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. 

All the wet massing experiments were per- 
formed in duplicate and a mean torque value 
calculated. Torque results typically varied by less 

than 10% of the mean and the data presented 
represent the mean results. In each figure, plots 

are shown at three representative liquid contents, 

namely, 60, 100 and 110% of the liquid volume 
required to produce the maximum equilibrium 

torque response. 

Results and Discussion 

The baseline torque response obtained by dry 
mixing each of the substrates was identical to that 
for running the rheometer empty. When the liq- 
uid binder was added to the substrate a granular 
material was produced over a range of liquid 

saturations. This formation of granules was ac- 
companied by an increase in both torque re- 
sponses. 

Glass ballotini 
The variation of the mean torque response 

with mixing time for the model substrate granu- 

1601 

Y 
‘0 2 4 6 8 10 12 

Mixing time (minutes) 

Fig. 1. Mean torque variation with mixing time for glass 

ballotini and water at three different liquid contents: (0) 24.8, 

( n ) 37.7 and ( A ) 39.7% v/v. 

‘0 I 2 4 6 8 10 12 
Mixing time (minutes) 

Fig. 2. Torque range variation with mixing time for glass 

ballotini and PVP at three different liquid contents: (0) 24.X. 

( W) 33.1 and (A 135.5% v/v. 

lated with distilled water is shown in Fig. 1. At 
each liquid saturation, the addition of the binder 
to the substrate produced a measurable increase 
in the mean torque response within 1.5 min and a 
steady state or equilibrium level was attained 
within 12 min. A rise in the liquid content of the 

wet mass resulted in an increase in the torque 
response, up to a peak. Beyond the peak an 
overwet mass was formed and the torque re- 

sponse was reduced. Prolonged mixing at ele- 
vated liquid levels led to increased densification 
of the wet mass and an exacerbation of the over- 
wetting process. This resulted in a gradual de- 
cline in the mean torque response to the equilib- 
rium value. 

The variation of the torque range with mixing 
time closely resembled that of the mean torque 
(Fig. 2). An increase in the torque range occurred 
almost immediately after the addition of the 
granulating liquid and an equilibrium torque 
range value was attained after about 10 min mix- 
ing. The torque range response rose with increas- 
ing liquid content up to a peak and overwet 
masses showed a gradually declining torque range 
response with continued mixing. 

The mean torque and torque range vs mixing 
time profiles determined with the three liquid 
binders were all of a similar form (cf. Figs 1-4, 
for example). The magnitude of the torque re- 
sponse was slightly greater when using the poly- 
mer binder solutions as the granulating liquid and 
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Fig. 3. Mean torque variation with mixing time for glass Fig. 5. Mean torque variation with mixing time for griseofulvin 

ballotini and PVP at three different liquid contents: (0) 24.8, and PVP at three different liquid contents: (0) 34.3, (W) 36.7 

( n ) 35.5 and ( A ) 37.7% v/v. and ( 4) 39.0% v/v. 

this was attributed to the greater viscosity of the 
interparticle liquid binder bridges in these sys- 
tems. There was no statistically significant effect 
on the magnitude or form of either torque re- 
sponse due to the different surface tensions of 
the equiviscous polymer binder solutions. 

Griseofuhin 
A representative mean torque vs mixing time 

plot for griseofulvin is illustrated in Fig. 5. Com- 
parable mixing kinetics were observed with all 
three binders and for both torque parameters. At 
low and intermediate liquid contents, there was a 
gradual rise to a stable torque response over the 
first 8 min of mixing. At elevated liquid contents 
an overwet mass was formed and the torque fell 

with continued mixing. The magnitude of the 
torque responses was much greater for the griseo- 
fulvin wet masses than for the model wet masses, 

although with both substrates the torque re- 
sponses were slightly greater when using the poly- 
mer binder solutions rather than water as the 
granulating liquid. Overall, the mixing kinetics of 

griseofulvin closely resembled those of the model 
substrate (cf. Figs l-5). 

Sturcal-L 
The typical mean torque variation with mixing 

time for Sturcal-L is depicted in Fig. 6. Identical 
patterns of behaviour were observed with all three 
binders and for the torque range measurements. 
At low liquid saturations, a small equilibrium 
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Fig. 4. Mean torque variation with mixing time for glass 

ballotini and HPMC at three different liquid contents: (0) 
24.8, ( n ) 37.7 and ( A) 39.7% v/v. 

Mixing time (minutes) 

Fig. 6. Mean torque variation with mixing time for Sturcal-L 

and water at three different liquid contents: (0) 28.9, ( n ) 50.4 
and ( A ) 54.9% v/v. 
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Fig. 7. Mean torque variation with mixing time for Avicel 
PHlOl and HPMC at three different liquid contents: (0) 55.5, 

( B ) 69.6 and ( A f 71.4% v/v. 

torque response was attained with continued mix- 
ing. At higher liquid saturations similar but larger 
torque responses were observed. At very high 
Iiquid saturations overwetting occurred and this 
gave rise to a much reduced torque response. In 
each case, an equilibrium torque response was 
attained after about 8 min of mixing. This sub- 
strate exhibited mixing kinetics similar to those of 
the model substrate and griseofulvin (cf. Figs 
I-6) despite having significantly different particu- 
late properties (Table 11. 

A r:icel PHI 01 
The typical mean torque variation with mixing 

time for Avicel PHI01 at three different liquid 
contents is shown in Fig. 7. Equivalent torque 
profiles were produced with each of the liquid 
binders. The mixing kinetics of the Avicel PHlOl 
systems were noticeably different from those of 
the model substrate, griseofulvin and calcium car- 
bonate (e.g., Figs l-6). In the Avicel PH101 
systems at low liquid saturations, there was an 
initial torque peak followed by a gradual fall to 
an equilibrium response. In the other substrate 
systems no initial torque peak was observed. At 
intermediate liquid levels with all the substrates 
the mean torque response rose slowly to reach a 
plateau. With an overwet Avicel PHlOl mass the 
torque response rose at a constant rate with 
continued mixing whereas with the other overwet 
masses the mean torque response declined gradu- 
ally. 

Alleva (1984) used a modified shear cell to 
study the rheology of Avicel PHlOl-water wet 
masses and obtained similar force-time profiles to 
those shown in Fig. 7. The initial force peak 
observed at low to intermediate liquid contents 
was attributed to the uneven distribution of the 
granulating liquid and the consequent formation 
of large unstable agglomerates. The major factor 
thought to be responsible for this phenomenon 
was the irregular morphology of the microcrys- 
talline cellulose particles. 

The variation of the torque range response 
with mixing time for the Avicel PHlOl systems 
followed an identica1 pattern to that described for 
the torque mean. Parker (1989) also studied the 
variation of the torque range with mixing time in 
an Avicel PHlOl-water system. The results ob- 
tained were comparable at low, intermediate and 
high liquid contents and equilibrium torque val- 
ues were attained after about 8 min of mixing. In 
another similar system, Rowe and Sadeghnejad 
(1987) noted that steady-state torque range con- 
ditions were attained after 3-5 min of mixing. 

Avicel PHlOl will probably undergo complex 
physicochemical interactions with the aqueous 
binder systems (Hollenbeck, 1977; Parker, 1989). 
Wet massed Avicel PHlOl wili contain tightly 
bound structural water, loosely bound water and 
free water within its semi-crystalline structure 
(Zografi et al., 1984). This water may plasticise 
the particles and agglomerates and may induce 
swelling or rupture of the intermolecular hydro- 
gen bonds Khan et al., 1988). Each of these 
processes will occur at different rates and may 
intluence the mixing kinetics of the wet massed 
Avicel PHlOl systems. 

The variation of mean torque with mixing time 
for the Unimac MGlOO-HPMC system is illus- 
trated in Fig. 8. The mean torque and torque 
range results both varied in a very similar manner 
with each of the three liquid binders. The mixing 
kinetics of the Unimac MGlOO systems were dif- 
ferent from those of the glass ballotini, griseoful- 
vin and Sturcal-L but similar to those of the 
Avicel PHlOl systems. 
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Fig. 8. Mean torque variation with mixing time for Unimac 

MGlOO and HPMC at three different liquid contents: (0) 45.4. 

(w) 5Y.3 and ( A ) 62.5% v/v. 

At low liquid levels the initial peak in the 
torque response with Unimac MGlOO was less 
marked than with Avicel PHlOl. At higher liquid 
levels, the torque response with Unimac MGlOO 
did not change significantly with continued mix- 
ing. In general, the whole process of equilibration 
appeared to be slightly more rapid with Unimac 
MGlOO than with Avicel PHlOl. These results 
indicate that the mixing kinetics of microcrys- 
talline cellulose wet masses are influenced by the 
manufacturing source of the substrate. The physi- 
cal properties of these two microcrystalline cellu- 
loses (in particular their particle morphologies; 
Table 1) are more disparate than their chemical 
properties and probably account for the differ- 
ences in their wet massing behaviour. The practi- 

cal implications of such differences have been 
discussed previously by Parker (1989). 

Generul discussion 
In each of the wet massed systems considered 

in this study, the major factor determining the 
form and magnitude of the torque responses was 
the identity of the substrate. This is in agreement 
with the results reported in previous work (Helm 
et al., 1985; Ghanta et al., 1986; Usteri and 
Leuenberger, 1989). There was no constant effect 
on the form or magnitude of either torque re- 
sponse due to the substrate particle size, the 
substrate-specific surface area or the binder sur- 
face tension. However, for each substrate there 
was a small overall increase in the magnitude of 

the torque responses with increasing liquid binder 
viscosity. 

The critical liquid requirement of the different 
wet massed systems varied between 33 and 70% 
of the true volume of the wet mass and was 
unique to the particular substrate-binder combi- 
nation under consideration. In general, the criti- 

cal liquid requirement was greater for the phar- 
maceutical substrates than for the model sub- 
strate. This was probably due to the pharmaceuti- 
cal substrates having more irregular particles than 

the model substrate and thereby providing a 
greater intra- and inter-particulate void space. 
The critical liquid requirement did not appear to 
be directly linked to the surface area of the 
substrate as has been suggested previously (Usteri 
and Leuenberger, 1989). 

The wet massing kinetics of the different sub- 
strate-binder systems showed some important 
similarities. In each case, there was an initial 

rapid change in both torque responses followed 
by the gradual attainment of equilibrium values 
with continued mixing. The rate of equilibration 
was characteristic of the substrate-binder combi- 
nation under consideration and the liquid satura- 
tion of the wet mass. The torque mean and the 
torque range responses both varied in similar 
ways despite the fact that they arc thought to be 
measuring slightly different properties of the wet 
masses (Hancock et al., 1991). 

It has previously been shown that the rate of 

equilibration is partially dependent upon the in- 
tensity of the mixing process (Hancock et al., 
1991). The torque vs mixing time profiles ob- 
tained with Avicel PHI01 and water in a similar 
mixer running at twice the speed were of a simi- 
lar form to those shown in Fig. 7. However, the 
equilibrium torque responses were achieved al- 
most twice as quickly. It can be concluded that 
equilibrium torque responses will be attained in 
all mixers provided sufficient mixing has taken 
place. The rate of equilibration will vary accord- 
ing to the type of mixer, the choice of operating 
conditions and the solid-liquid system under con- 
sideration. 

For all the substrate-binder combinations con- 
sidered in this study the torque data were used to 
provide tri-axial surface plots of torque vs mixing 
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Fig. 9. Mean torque variation with mixing time and liquid 

content for Sturcal-L and HPMC. 

time vs liquid content (e.g., Fig. 9). This represen- 
tation of the mixing rheology data allowed the 
combined effects of mixing time and liquid con- 
tent to be studied. Although the kinetics of mix- 
ing were slightly different in all the substrate- 
binder combinations, an equilibrium rheological 
state was always attained. This enabled the direct 
comparison of all the different wet massed sys- 
tems and confirmed the usefulness of the ‘equi- 
librium’ torque profiles used previously by Rowe 
and Sadeghnejad (1987) and Parker et al. 
(1990a,bf. The use of equilibrium torque profiles 
for the detailed chara~terisation and comparison 
of the model and typical pharmaceutical wet 
masses will be the subject of a future paper. 

Conclusions 

The technique of mixer torque rheometry has 
been used to monitor variations in the rheology 
of wet powder masses with mixing time. It was 
able to cope with a wide variety of materials and 
could differentiate between the rheological prop- 
erties of very similar wet masses. Under a fixed 
set of mixing conditions, the most important vari- 
ables affecting the kinetics of the mixing process 
were the substrate and binder identities and the 
liquid content of the wet mass. Despite the slightly 
different kinetics of mixing in each solid-liquid 
system, equilibrium torque readings were always 
attained after a fixed period of mixing, This equi- 
librium torque response should provide a means 
of comparing the rheoiogical properties of a wide 
range of wet massed systems. 
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