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Abstract

This paper presents a study of the wet granulation of fine cosmetic particles using a high-shear mixer granulator on a given particle and

binder system. The shear effect on granule properties is highlighted. The granules formed under different impeller speeds are divided into size

classes and further examined in terms of porosity, friability and binder content.

The main result of this study is that, depending on operating conditions, the granulation of a fine powder with a given binding liquid can

result in the formation of granules of very different characteristics in terms of size, porosity and friability. Mechanical energy brought to the

granulation system is as important as the physicochemical characteristics of the powder–binder pair.

D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Size enlargement by wet granulation is widely used in

the powder treatment industries. The wet granulation

process consists of agglomerating powder particles with a

binder, followed by drying to remove the solvent and

obtain dry granules. The dried granules, which may be

screened to provide a particle size range, can be the final

product or an intermediate product for further processing,

as in the formation of compacts and tablets. However,

phenomena taking place in granulators are still not well

understood, and it is difficult to successfully produce a

product with the desired properties (size, morphology,

hardness and friability) without extensive experimental

tests.

It is generally recognised that increasing the binder

addition rate increases the granule size and the granule bulk

density due to increased penetration and wetting by the

binder solution [1–3]. Despite some recent exceptions [4–

6], the binder content or the liquid distribution in granules,

which is a key parameter in granule growth, has received

little attention.

Many authors [7,8] have studied the evolution of granule

porosity during granulation and revealed the mechanism of

granule densification leading to the expulsion of binder

liquid from pores inside granules to the granule surface.

This phenomenon is important in granule growth mecha-

nisms and affects the deformability of granules. The effect

of binder liquid viscosity has been pointed out for some

years [9], but investigations have only considered the

average granule, independent of the reality of granule size

distribution. Other authors [10,11] have developed methods

to optimise the liquid content and to control granulation

process by measurement of the rheological behaviour of the

wet mass during granulation.

In previous work with a pan granulator [6], we deter-

mined the granule binder content by thermogravimetry and

demonstrated the great importance of the mode of incorpo-

ration of the binding liquid on granule growth and their final

properties. It was shown that, for a given granulation

experiment, granule properties depend on their size suggest-

ing that it is necessary that the binder ratio and porosity

distributions be taken into account in population balance

models.

This paper examines the effects of shear on granule

properties and on the binder content in granules. The same

experimental strategy as used in Ref. [6] is applied here to

the case of a high-speed mixer granulator (Diosna—6 l). In

order to understand the phenomena, which govern granule

formation, we have studied the influence of the operating

time and impeller speed on granule quality: granule size

distribution, porosity, friability, morphology and binder

content of each granule size class.
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2. Materials and methods

2.1. Materials

The powder to be granulated is a surface-treated sericite

(MACREPOS), generally used in the cosmetic industry. The

main characteristics are summarised in Table 1.

2.2. Liquid requirement for granulation

Previous preliminary work on the granulation of sericite

gave information on the appropriate composition of the

liquid binder phase.

2.2.1. Surface free energy approach

Before studying granulation, the interactions between

liquid and powder were characterised by the Stevens

method [12]. In this, the surface energy of a powder is

determined by sprinkling the powder on liquids with a range

of surface tensions (i.e. various isopropanol/water solu-

tions). The surface energy value of the powder corresponds

to the surface tension of the isopropanol/water solution that

begins to wet the powder. With this method, we obtained for

the sericite: c = 30 mN/m.

In our case, the surface tension value of the binder phase

(25 mN/m) is smaller than this value, so the binder phase

wets perfectly the powder. Table 2 summarises the compo-

sition and the characteristics of the liquid phase.

2.2.2. Approach using a mixer torque rheometer

In order to predict the liquid requirement for granulation,

a mixer torque rheometer (Caleva) was used to measure the

variation of impeller torque as liquid was added to the

powder [10,11]. The torque of the wet powder versus liquid

to solid ratio is shown in Fig. 1. It can be seen that there is

an increase in torque with increasing liquid content up to a

maximum value, which is followed by a decrease as slurry

is produced.

The optimum liquid, requirement for granulation, corre-

sponds to the maximum mean torque value (capillary state).

Here, it is found that an optimum binder phase/sericite

couple requires an average mass ratio of 32%, which

corresponds to a binder (PEG 20000) to solid ratio of

5.7% w/w.

Capes [13] has established an empirical correlation to

evaluate the liquid requirement to saturate all the powder

(weight liquid content W) which depends on the true solids

density (qS = 2.67 g/cm3), the liquid density (qL= 0.889 g/

cm3) and porosity of the powder (e= 0.72). This is based on

the assumption supposed that the voids are entirely filled

with the liquid phase.

W ¼ eqL

eqL þ ð1� eÞqS

Under the conditions used here, this equation predicts a

liquid to solid ratio W= 46% that is greater than the value

measured with the rheometer. This can be explained by the

fact that Capes did not consider the capillary effect between

liquid and solid, which induces partial filling of the internal

pores. Therefore, the correction done by the measurement of

the torque in comparison of Capes correlation is a good

estimation of the capillary state corresponding to an opti-

mum granulation.

The question is then to verify that the binder content

(5.7%) is well dispersed in granules (see Section 1.6.4).

Table 1

Powder properties

Material True

density

(g/cm3)

B.E.T.

specific

surface

(m2/g)

Weight

median

diameter

d50 (Am)

Span

(d90� d10)/

d50

Morphology

Sericite

(Macrepos)

hydrophobic-

cohesive

2.67 8.6 9.2 2.7 little plates

Table 2

Liquid phase composition and properties

Material Liquid phase

composition

(% W/W)

Binding agent:

polyethyleneglycol

20000 (Fluka)

17.8

Wetting agent:

purified water

16.8

Ethanol (Prolabo) 65.4

Material Density (g/cm3) Surface tension

(mN/m)

Viscosity

(mPa s)

Liquid phase 0.889 25 39

Fig. 1. Rheological profile of the wet sericite by liquid phase with the mixer

torque rheometer caleva.
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2.3. The wet granulation process

Batch granulations have been performed with a Diosna

high-shear mixer with a horizontal bowl with a capacity of 6

l and a spraying system (Fig. 2). The mixing shaft is a

vertical axis with four plough blades. The bowl is also

equipped with a chopper in a form of a tulip. A cover is

placed over the bowl top to support the atomising nozzle.

Spraying therefore occurs at the top of the bowl. The

movement of impeller blades induces powder flow, and

the binder liquid is introduced continuously on the powder

bed. Size enlargement is thus brought about by the mechan-

ical agitation action of the mixer on the wet material.

The maximum speed of the impeller is 1500 rpm. As the

use of chopper was found not to influence granulation, the

chopper was not used in the experiments described here.

The spray system comprises a liquid feed circuit and an air

feed circuit to a bi-fluid nozzle with an angle of jet

dispersion of 30j. Under the experimental conditions used,

the mean size of liquid droplets was d50c 80 Am as

determined with a laser particle size instrument (Malvern

2000).

After granulation, the granules were dried at a temper-

ature of 60 jC for 15 h. This temperature was chosen to

allow evaporation of the wetting agent (water and ethanol)

and prevent disappearance of the binder agent polyethyle-

neglycol (P.E.G. 20000).

Three impeller speeds were used: low, 100 rpm, medium,

500 rpm and high, 1000 rpm, to examine the effect on the

granule properties (size distribution, porosity, friability and

binder content).

2.4. Analysis techniques

In each experiment, the size distribution of granules was

obtained by sieving, and several properties of each granule

size fraction were measured by various analysis techni-

ques:

1. The porosity of dried granules was determined by a

mercury porosimetry (Micromeretics).

2. The friability was determined with a standard rolling-

drum apparatus (ERWEKA). The index of friability is the

ratio between mass of broken granules mass and the

initial granule mass after 200 rotations.

3. The binder content (binder to solid mass ratio) was

determined by thermogravimetric analysis TGA (SE-

TARAM). This consists in following the weight loss and

heat flow during heating [6] when samples of granules

(40 mg) are heated under a nitrogen atmosphere from 30

to 800 jC at heating rate of 5 jC/min. The mass loss

during heating allows the determination of the binder

content of granules.

4. The morphological observation by scanning electron

microscopy (Phillips XL30).

3. Results and discussion

3.1. Macroscopic aspects

Granulation experiments have been performed at differ-

ent liquid to solid ratios for a number of different mixing

operating conditions. A first result is the granulation profile

during spraying as function of the three impeller speeds. For

each speed, we measure the mass distribution of granules as

a function of the liquid to solid ratios. In order to lighten the

presentation, we only describe the granulation profile

observed for a single series parameters. Other results are

similar. The granulation parameters selected are given in

Table 3.

In our study, we only consider three size fractions:

1. the fine particles whose size is less than 50 Am
2. the granules having size between 50 Am and 4 mm

3. the large granules whose size is larger than 4 mm.

Fig. 3 shows the evolution of these three fractions as a

function of the liquid to solid ratios (i.e. operating time as

binder flow is maintained constant). As the liquid content

increases, three successive tendencies are found.

1. Regime I, in which the proportion of fines particles

decreases, benefiting other granule size classes. This

Fig. 2. Experimental set-up.

Table 3

Granulation parameters

Pulverisation

rate (g/h)

Impeller

speed

(rpm)

Powder

mass (g)

Operating

time (min)

Liquid to

solid ratio

(w/w)

Chopper

presence

220 500 200 15–20 24.8–33.5 no
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corresponds to the initiation of the granulation regime

(Fig. 4).

2. Regime II, in which the proportion of granules having a

size between 50 Am and 4 mm is maximum and

approximately constant. This is the regime of controlled

granulation (Fig. 5).

3. Regime III, in which the proportion of large granules

increases rapidly and there is uncontrolled granule

growth, at a point close to overwetting (Fig. 6).

It is found that the general features of the three regime

granulation profile do not depend on the operating condi-

tions. However, the transition points between the different

regimes do depend upon the impeller speed. Thus, if we

only consider the macroscopic aspects of granulation, two

important parameters emerge from these observations.

1. The liquid to solid ratio required to reach the second

regime. The less this is, the less liquid is required to

obtain a controlled granulation. This parameter is very

important because it can lead to a reduction of

granulation time and the amount of binder used.

2. The extent of the second regime in terms of liquid to

solid ratio. The larger this regime, the easier it is to

control granulation.

The impeller speed changes the extent of the second

regime and the positions of the transitions between regimes.

It is found that the increase of impeller speed leads to:

1. a decrease of the proportion of fines

2. an increase in the extent of the second regime which

allows a better control of the optimal point of granulation

3. a decrease of the liquid to solid ratio necessary to reach

the optimum point of granulation.

To conclude, a high impeller speed is necessary to have a

good control of granule growth.

3.2. Shear effect on granule characteristics

This section presents the influence of impeller speed on

dry granule characteristics. The mass size distribution of

granules, porosity, friability and binder to solid ratio per

Fig. 3. Evolution of size fractions versus liquid to solid ratio (N = 500 rpm). Three regime granulation profile.

Fig. 4. (a–b) Nucleation, coating and coalescence between nuclei (Regime I), size class (160–250 Am), L/S = 31.7%, top = 19 min, N= 500 rpm.
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size fraction have been studied under different mixing

conditions. In effect, we observe a complete similarity

whatever the liquid to solid ratio is. Thus, in order to

lighten this presentation, we only describe the granule

characteristics for a single operating time. Other results

are similar. The granulation parameters selected are given

in Table 4.

3.2.1. Influence of shear on mass size distribution of

granules

The influence of the impeller speed (100, 500 and 1000

rpm) on the size distribution of granules was investigated

(Fig. 7). As observed above, low-shear granulation (100

rpm) leads to more fine particles and a wider size distribu-

tion. This can be explained by the fact that the binder liquid

Fig. 5. (a–b) Densification (Regime II), small granules (160–400 Am), L/S = 31.7%, top = 19 min, N= 500 rpm. (c–d) Coalescence (Regime II), granules

(630–1600 Am), L/S = 31.7%, top = 19 min, N= 500 rpm.

Fig. 6. (a–b) Extensive (Regime III), granules (1600–2500 Am), L/S = 31.7%, top = 19 min, N = 500 rpm.
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is not well dispersed on the powder bed. The result of the

small-scale experiments can be used to interpret the nucle-

ation stage in this Diosna granulation process. At an

impeller speed of 100 rpm, the powder bed changes from

being a moving bed to a well-mixed bed because the gravity

force (Fg) becomes equal to the centrifugal force (Fcen):

Fg ¼ mg

Fcen ¼ m
ðpNDÞ
ðD=2Þ

Nc ¼
g

2pD

h i1=2

In this, m is the mass, g the acceleration due to gravity, N the

speed of rotation of the impeller, D the diameter of the bowl

and Nc the critical impeller speed. The powder bed moves in

a chaotic, fluidised manner, and droplets of binder will fall

onto a cloud of powder particles.

For the other impeller speeds (500 and 1000 rpm), almost

all the powder is granulated (c 90% w/w). The mass

median diameter is approximately the same (dc 1.1 mm.),

but the distribution is narrower in the case of a higher shear

granulation. In addition, the presence of fine granules can be

noted at 1000 rpm, which are absent at 500 rpm. This can be

explained by the fact that the mechanism of granule breakage

occurs when stress due to mechanical agitation is important.

The breakage of fine granules can be explained by an

order of magnitude estimation of the pressure caused by the

impact on a fine granule by the impeller. In order to

calculate the impact pressure, the acceleration (a) of the

fine granule on impact can be estimated as:

a ¼ Dv

Dt
cvtip

vtip

dp

Here, vtip is the tip velocity of the impeller (=k.N.D.) and dp
is the diameter of the fine granules. A better estimation of

the acceleration could be obtained by using more rigorous

mathematical models such as the distinct element methods

[14,15].

3.2.2. Influence of shear on porosity

In order to characterise the granules, mercury porosim-

etry was performed on dry granules from three impeller

speeds. Fig. 8 represents porosity versus granule diameter

for each impeller speed.

The porosity becomes lower after intense mechanical

action. It can be seen that the higher the shear, the less

porous are the granules. This result clearly reveals the

mechanism of densification. The lower is the impeller

speed, the less the granules are stressed, and the less

important is the mechanism of densification. Another

important observation is that the granulation of powder with

a given binding liquid results in the formation of granules of

very different characteristics in terms of porosity, depending

Table 4

Granulation parameters—shear effect

Pulverisation

rate (g/h)

Impeller

speed (rpm)

Powder

mass (g)

Operating

time (min)

Liquid

to solid

ratio

(w/w)

Chopper

presence

220 100, 500,

1000

200 19 31.7 no

Fig. 7. Shear effect on granule size distribution, L/S = 31.7% (w/w), top = 19 min.
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on operating conditions. It is found that granules with a

given porosity can be obtained by changing impeller speed.

Mechanical energy brought to the granulation system is as

important as the physicochemical characteristics of the

powder–binder pair. Furthermore, whatever the impeller

speed, the granule properties depend on their size class.

3.2.3. Influence of shear on friability

Fig. 9 represents the friability index (percentage of

broken granules after 200 revolutions in a special cell)

versus granule diameter as a function of impeller speed.

The higher the index, the more friable are the granules.

First of all, it can be seen that granules produced by a

high impeller speed are less friable. The results described

above lead us to expect this behaviour. Moreover, granules

obtained by a high agitation are more homogeneous which

is in accordance with the results on porosity.

Finally, by changing mixing conditions, we can obtain a

wide range of granule hardness (friability index: 5–60%).

This result is very important for future compaction tests.

A further important remark is that it is not the least

porous granules which have the lowest friability. This is

probably due to growth mechanisms, which are different,

depending on granule size.

3.2.4. Influence of shear on binder content

In the literature [16], mechanical properties (friability and

hardness) are often related to the binder to solid ratio. The

more binder used, the harder are the granules. The influence

of binder content on the growth behaviour in granulation

has been the subject of numerous recent papers [4,5]. Here,

we determine the binder to solid ratio per size fraction of

granules by thermogravimetry as described in earlier work

[6]. Fig. 10 shows the mass binder content per size fraction

for the three impeller speeds in comparison with the

theoretical overall result (5.7% w/w). We observe that the

composition of granules is heterogeneous in the case of the

low impeller speed.

In addition, and in particular at 100 rpm, the friability

(Fig. 9) is not directly linked to the binder content. For 500

and 1000 rpm, the binder content is practically constant and

close to the theoretical value. This indicates that, on one

hand, the binder is well dispersed on the powder bed and, on

the other hand, there is no binder loss during granulation.

Fig. 8. Shear effect on intragranular porosity of granule size fractions,

L/S = 31.7% (w/w), top = 19 min.

Fig. 9. Shear effect on friability of granule size fractions, L/S = 31.7% (w/w), top = 19 min.
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3.3. Comments and discussion

It has been shown that the granules produced at 100

rpm are sub-optimal, i.e. wide size distribution, high

porosity and friability and great variation in the binder

contents. This can be explained, firstly, by the existence of

a critical speed Nc (see Section 3.2.1) for optimal gran-

ulation and growth regimes. In granulation processes, two

main growth regimes have been identified [17]: steady

growth and induction type behaviour. Steady growth

occurs when the deformability is high. The granules have

a large contact area on collision with leads to a higher

probability of coalescence. This results in a steady increase

of the granule size. Induction type behaviour is observed

in low-deformability systems. It is concluded that increas-

ing the pore saturation, by increasing the binder content,

decreases the induction time.

3.4. Comparison with low-shear granulation (pan gran-

ulator)

In previous work [6], the granulation of the same binder/

solid couple was studied in a pan granulator. In this case of

low energy mixing, the binder may not be homogeneously

distributed over the granules. In a pan granulator, hetero-

geneity is a result of different methods of binder addition.

Here, in the case of high-shear granulation, it is found that less

liquid is required. For an optimal granulation in a low-shear

granulator, the necessary liquid to solid ratio is about 36%,

whereas in a high-shear granulator, we need only 25–32%.

In addition, granules obtained in a pan granulator are

very different from those obtained in a high-shear granulator

in terms of size distribution, porosity, friability and binder

content. In the first case, we obtained a large size distribu-

tion and it was found very difficult to control granule size

and since the characteristics of granules depend a lot on

their size. The granules obtained in the pan granulator are

less homogeneous.

Granules obtained in a high-shear granulator were found

to be less porous: 50–60% for low-shear granulator, 30–

55% for high-shear mixer. Therefore, they are more friable,

and the binding agent is less well dispersed due to the stress

on granules. The lower the speed of agitation, the less the

granules are stressed.

In addition, in the case of high-shear mixer, we can easily

obtain granules with given characteristics by changing the

mechanical energy brought to the granulation system. High-

shear granulation is easier to control, whereas in pan

granulator, granule characteristics cannot be varied much

by changing the operating conditions.

4. Conclusion

The aim of the work presented here is to gain a better

understanding of the effect of the impeller speed on granule

properties in a high-shear granulator. The results of our

study on wet granulation of a fine powder show the great

importance of shear on granule growth and their final

properties. The higher the impeller speed, the lower is the

porosity and friability of the granules, and the narrower is

the size distribution. It was noted that increasing shear does

not induce more homogeneous granules. Granule properties

depend on their size, whatever the impeller speed. As for

low-shear granulation, friability is not directly linked with

the binder ratio.

Fig. 10. Shear effect on binder content of granule size fractions, top = 19 min, L/S = 31.7% (w/w).

D. Oulahna et al. / Powder Technology 130 (2003) 238–246 245



In conclusion, the main result of this study is that

granulation of a fine powder with a given binding liquid

can lead to the formation of granules of very different

characteristics in terms of size, porosity, friability and binder

content, depending on the operating conditions used.

Mechanical energy brought to the granulation system is as

important as the physicochemical characteristics of the

powder–binder pair.

Together with a granule size population balance, the

future work will propose a ‘‘densification balance’’ based

on porosity and density, a ‘‘dispersion balance’’ based on

liquid distribution and a ‘‘composition balance’’ based on

the binder/solid composition of granules.
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