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ABSTRACT 
Traditionally wet agglomeration processes have been considered an empirical art, with great difficulties in 
predicting and explaining observed behavior. Industry has faced a range of problems including poor product 
quality control, large recycle ratios, surging and even the total failure of scale up from laboratory to full scale 
production. However, in recent years there has been a rapid advancement in our understanding of the 
fundamental processes that control product properties and granulation behavior. This review critically 
assesses the current understanding of the of wet granulation processes. This review focuses on wetting and 
nucleation followed by binder delivery and binder dispersion. It also focus on the challenge that now faces 
us is to transfer these theoretical developments into industrial practice. Standard, reliable methods need to 
be developed to measure the formulation properties that control granulation behavior. There also needs to 
be a better understanding of the mixing behavior, flow patterns and impact velocities in different types of 
granulation equipment.  
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Introduction  

Granulation, also known as agglomeration, balling 
or palletization, is the process of agglomerating 
particles together into larger, semi-permanent 
aggregates (granules) inwhich the original particles 
can still be distinguished[1]. The wet granulation 
processes, this is performed by spraying aliquid 
binder onto the particles as they are agitated in 
atumbling drum, high shear mixer, fluidized bed or 
similardevice[2]. The liquid binds the particles 
together by a combination of capillary and viscous 
forces until more permanent bonds are formed by 
subsequent drying or sintering[1]. 

Granulation is an illustration of particle design. The 
desired attributes of the product granules are 
controlled bya combination of formulation design 
i.e. choosing the feed powder and liquid properties 
and process design i.e. choosing the type of 
granulator and the operating parameters. Some of 
the desired properties of granulated products 
include: improved flow [3]and handling; reduced 
dustiness which minimizes losses, inhalation and 
explosion risks; which facilitates controlled 
metering; increased bulk density; reduced 

pressure loss for fluid flow through a packed bed, 
which is useful in blast furnaces and leach heaps; 
controlled dissolution rates; and the co-mixing of 
particles which would otherwise segregate during 
handling. Granulated products often maintain a 
high proportion of the surface area of the original 
particles, which is useful in applications involving 
catalysts or requiring rapid dissolution[4]. 

Granulation finds application in a wide range of 
industries including mineral processing, 
agricultural products, detergents, pharmaceuticals, 
foodstuffs and specialty chemicals. In the chemical 
industry alone it has been estimated that 60% of 
products are manufactured as particulates and a 
further 20% use powders as ingredients. The 
annual value of these products is estimated at 
US$1 trillionin the US alone[5]. Granulation is a key 
step in many of these industries. Improper 
granulation causes problems in down-stream 
processes such as caking, segregation and poor 
tableting performance. Granulation has been a 
subject of research for almost 50years. Some of 
the earliest pioneering work was performed by 
Newitt and Conway-Jones [6] and Capes and 
Danckwerts[7] using sand in drum granulators. 
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Since then, a large volume of work has been 
published studying materials ranging from 
minerals to pharmaceuticals, granulated in 
equipment ranging from fluidized beds to high 
shear mixers. However, in spite of its widespread 
use, economic importance and almost 50 years of 
research, granulation has in practice remained 
more of an art than a science[8].Existing 
continuous industrial plants frequently operate 
with recycle ratios as high as 5:1 and suffer from 
cyclic behavior, surging, erratic product quality and 
unplanned shutdowns[9]. There is no formal 
methodology for the design or operation of 
granulation circuits [10]. Engineers do not predict 
the granulation behavior of new formulations from 
their fundamental properties. Neither has it been 
known how to vary a formulation in order to 
obtain a desired change in product properties. 
Expensive and extensive laboratory and pilot scale 
testing of all new materials is still undertaken. This 
is a particular problem in industries where there 
are many and frequently changing formulations 
with widely varying properties e.g. food, 
pharmaceuticals and agricultural chemicals. 
Regulations often require these new formulations 
to be registered before there is sufficient material 
available for laboratory and pilot scale granulation 
tests. Even when pilot scale testing does occur, 
there is still a significant failure rate during scale 
up to industrial production. However, we are now 
close to being able to change this poor state of 
affairs. In the last decade, there have been 
significant advancements in our understanding of 
granulation. We now have a qualitative 
understanding of the effects of different variables 
on granulation behavior; and our knowledge is 
advancing rapidly enough such that we should 
soon be able to make quantitative predictions 
based on a sound scientific understanding of the 
underlying phenomena. In particular, following the 
pioneering work of Ennis et al.[11], binder viscosity 
has been recognized as an important parameter in 
controlling granulation behavior. There has also 
been a growing awareness of the importance of 
powder wetting and liquid distribution in 
controlling granule nucleation and subsequent 
growth behavior[3]. These recent advances in 
understanding, together with the fact that there 
have been no major reviews of this topic in the last 
5 years, make it appropriate as we begin a new 
century to review the extent of our current 

knowledge and highlight the areas requiring 
further research[12]. 

This paper is based on three fundamental sets of 
rate processes which are important in determining 
wet granulation behavior. These are: wetting and 
nucleation; consolidation and growth; and 
breakage and attrition [13-15]. Once these 
processes are sufficiently understood, then it will 
be possible to theoretically predict the effect of 
formulation properties, equipment type and 
operating conditions on granulation behavior, 
provided that these can be adequately 
characterized. We first give a brief background of 
the transition to this new view from the more 
traditional ways of describing granulation. Then 
the three main sections of this paper discuss in 
turn the wetting and nucleation, consolidation and 
growth, and attrition and breakage processes. The 
current state of understanding in each of these 
areas is critically reviewed. Deficiencies in 
understanding are highlighted with suggestions 
made for future research. The conclusions 
summarize the findings and major 
recommendations. This review does not cover 
equipment design and selection issues or 
population balance modeling of granulation 
systems. The interested reader should consult 
there views referred to above for further 
information on these topics. 

The changing description of granulation processes 

Granulation behavior has traditionally been 
described in terms of a number of different 
mechanisms, some of which are shown in Fig. 1[7]. 
However, such a picture of many competing 
mechanisms is daunting. Quantitative prediction of 
granule attributes is difficult. In addition, the 
demarcation between these mechanisms 
arbitrarily depends on the cut off size between 
granule and non-granular material, which depends 
on the measurer’s interests and ability to count 
small particles. These mechanisms could all be 
considered as cases of coalescence and/or 
breakage. It is simply the size of the coalescing 
particles and the availability of surface liquid which 
varies from case to case. Hence, it is becoming 
more common to view granulations a combination 
of only three sets of rate processes Fig. 2.[15] 

a. Wetting and nucleation- In this step the liquid 
binder is brought into contact with a dry powder 
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bed, and is distributed through the bed to give a 
distribution of nuclei granules; 

b. Consolidation and growth, where collisions 
between two granules, granules and feed powder, 
or a granule and the equipment lead to granule 
compaction and growth; and 

c. Attrition and breakage, where wet or dried 
granules break due to impact, wear or compaction 
in the granulator or during subsequent product 
handling.

 

 
Figure 1: Schematic representation of the granulation process (taken from reference[7]) 
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Figure 2: Schematic representation of the granulation process (taken from reference[1]) 

 
Wetting and nucleation 

Wetting and nucleation is the process of bringing 
liquid binder into contact with dry powder and 
attempting to distribute this liquid evenly 
throughout the powder. It disregarded as an 
important stage in granulation processes but is 

rarely identified and separated from other effects 
such as coalescence and attrition. Many studies 
have focused on granule growth but have given no 
details of the binder addition method or the extent 
of binder distribution. Consequently, our 
knowledge of the processes controlling nucleation 
is limited. In this section on wet granulation 
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nucleation and binder dispersion processes, we 
will focus on the nucleation zone also called the 
wetting zone[16]. We define this as the area where 
the liquid binder and powder surface first come 
into contact and form the initial nuclei. The size 
distribution of these initial nuclei depends critically 
on the processes happening in the nucleation 
zone, although other processes in the rest of the 
granulator, such as mechanical mixing, may 
subsequently alter this distribution. Two processes 
are important in the nucleation zone. Firstly, there 
is nuclei formation, which is a function of wetting 
thermodynamics and kinetics[17]. Secondly, there 
is binder dispersion, or effective mixing of the 
powder and binder, which is a function of process 
variables i.e. choosing poor combination of 
powder and binder for example, high contact 
angle or using an inefficient binder dispersion 
method for example, high liquid flow-rate, poor 
spray characteristics both produce a product that 
is difficult to control and reproduce[3]. 

Binder dispersion 

The degree of binder dispersion indicates the 
quality of the mixing between the powder and the 
binder fluid, and is strongly affected by the binder 
delivery method. In then on-inertial regime 
proposed by Ennis et al. the rate of nuclei growth 
is totally dependent on the presence and 
distribution of binder. Good binder dispersion 
infers uniform wetting and controlled nucleation. 
Mort and Tardoshypothesized that the degree of 
dispersion of the binder is reflected in the product 
size distribution. If all particles contain an equal 
amount of binder, their physical properties should 
be the same and produce a narrow size 
distribution. If the binder is unevenly distributed, 
some nuclei will be more saturated than others 
and their growth will be preferential. This has-
been confirmed by other workers [18]in 
experimental studies where the proportion of 
Alumps, defined as granules larger than 2 mm, was 
used as a measure of binder dispersion. All studies 
were performed in mixer granulators, and several 
different methods of adding the binder solutions 
were used. Atomization together with a high 
impeller speed produced the best binder 
distribution. The concentration of lumps was 
highest during the initial liquid addition phase i.e. 
the lumps were formed during nucleation, not 
during the growth phase[19]. 

Binder delivery 

There are three main ways to add the binder 
solution in wet granulation: pouring, spraying and 
melting. The solution delivery method alters the 
final granule properties. There are three operating 
variables in wet binder delivery: drop size 
distribution, binder flow-rate and the size of the 
spray zone[20]. 

Powder mixing 

Efficient powder mixing is essential to binder 
dispersion in all granulators. High powder flux 
through the spray zone allows more uniform 
distribution of the powder and the binder fluid by 
carrying local patches of high binder content out of 
the nucleation zone and providing a constant 
supply of fresh powder into the nucleation zone. 
However, mixing is a difficult variable to 
manipulate[21]. 

Conclusions 

In the last decade, substantial progress has been 
made in understanding and quantifying the 
mechanisms that control granule attributes. 
Controlling dimensionless groups for each of the 
mechanisms are established and in some cases, 
regime maps are becoming available. Although still 
developing, this research is ready to be applied in 
industry for the design and scale up of granulation 
processes and products. The first step in design 
and scale up is to understand which mechanisms 
are controlling the process. 
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