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a b s t r a c t

This review presents a compilation of works of the main techniques for monitoring and control fluidiza-
tion regimes, particle size and moisture content during coating and granulation processes in the fluidized
bed. The development of monitoring and control systems for coating and granulation of particles is highly
desirable, not only to allow the operation in a stable bubbling fluidization regime, which intensifies heat
and mass transfer, but also to ensure strict quality specifications for products, such as, uniform particle
size distribution, low moisture content and good flowability. This paper focuses on the discussion of
methods used and results obtained in studies on monitoring and control of granulation and coating pro-
cess in the fluidized bed reported in the literature in the last decades. Pressure fluctuation signal analysis
is widely discussed as a tool of regime monitoring. To monitor particle size, techniques such as, Near
Infrared spectroscopy (NIR), Focused Beam Reflectance Measurements (FBRMs), among others are pre-
sented in detail. As for moisture content tracking, the methods are reviewed like acoustic signals, capac-
itance, microwave resonance and spectroscopy. It is evident that although these processes are highly
complex, the techniques presented here have evolved mainly due to the efforts of several research
groups, showing great potential for applications in industry, emphasizing the importance of this research
field.
� 2013 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
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1. Introduction

Particle granulation and coating processes have been receiving
a lot of attention from various manufacturing segments, and
mainly from the pharmaceutical industry, as they significantly im-
prove the quality of final products by increasing the mechanical
resistance of particles, providing controlled release of active princi-
ples, protecting from microorganisms and external physical agents
such as excessive heat, moisture and light exposure. Besides, they
provide better processing conditions by increasing size and density
of the particles.

The coating process is the coverage of the solid particles by a
solution or suspension that is sprayed onto the bed and heated
air is used for drying. The process remains for a certain residence
time for the occurrence of mixing and dispersion of the particles li-
quid on them. Granulation is a common unit operation in chemical,
pharmaceutical and food industry. Most of the granulation systems
use wet agglomeration in fluid bed equipment. The granulation
process transforms powders into aggregates, thus increasing the
size of a solid mixture or one solid material, by a controlled
agglomeration. The physical mechanisms which occur in the gran-
ulation operation (wetting, drying and growth) are similar to the
coating process. However, the expected increase in particle size
in this process is considerably higher compared to the coating pro-
cess. In the coating process, the formation of agglomerates is unde-
sirable. The challenge of the film coating process is to apply the
spray droplets uniformly and to dry them at the proper rate, so that
both agglomeration and elutriation are avoided. Both processes are
very complex and affected by several variables. Therefore, they are
difficult to be controlled.

The stability of the fluidization regime during coating and gran-
ulation operations performed in a fluidized bed is very important.
When defluidization occurs, regions with no activity appear, the
agglomeration of particles takes place, heat and mass transfer coef-
ficients are reduced and that may cause process interruption with-
in minutes. In extreme situations, this can result in total collapse of
the bed. The moisture content and the diameter of the particles are
critical parameters as they impact the stability of fluidization;
therefore they must be both monitored and controlled [1,2] .

As it is very important to maintain stable fluidization during
operations that coat and granulate solids, the implementation of
real time monitoring and control strategies have become a require-
ment at international level. This is mainly so in the pharmaceutical
industry, aiming at ensuring strict specifications for product qual-
ity control, validate the development of new drugs and to adapt
production processes to the PAT (Process Analytical Technologies)
specifications. The pharmaceutical segment has been investing
heavily in the automation of their plants for the coating and gran-
ulation of solid particles.

It is extremely desirable that a real time monitoring and control
system is used in the coating and granulation of particles in order

to enable a bubbling stable fluidization regime, which will lead to a
homogeneous distribution of the characteristics of the solid mate-
rial being processed to what concerns density, moisture content,
size distribution, flowability, etc. It is very important to use moni-
toring and control systems in fluidization operations in order to
ensure high reproducibility in the quality of the product, enhance-
ments to what concerns security aspects of the process, reduction
of the number of failures in the batches and reduction in the costs
of energy and human resources. Nevertheless, variables that are
commonly monitored at coating and granulation plants (moisture
and temperature of the outlet air, bed temperature, pressure drop
and temperature variation throughout the bed, moisture content of
particles), neither provide information needed to identify the
incipient of defluidization nor generate information on the particle
diameter. Therefore, such variables have limitations when used as
control variables in a closed-loop control.

The main contribution of this work was to analyze the most rel-
evant research, focused on developing techniques and methodolo-
gies for monitoring and control coating and granulation processes
in fluidized beds. This article will cover some of the techniques ap-
plied to monitor the fluidization regime and to identify fluid-dy-
namic instabilities in particle coating and granulation processes,
highlighting time series analysis of pressure fluctuation. Re-
searches on the main on-line monitoring techniques of moisture
content and particle size will also be discussed and compared to
off-line measurement techniques. This article also proposes to
examine some difficulties and future prospects on the develop-
ment of strategies to monitor and control coating and granulation
processes.

2. Monitoring strategies of variables that impact the stability of
the system

2.1. Fluidization regime

The stable bubbling fluidization regime is essential to ensure
high performance of the processes involving coating and granula-
tion of solid particles as in this regime heat and mass transfer be-
tween the solid and fluid phase is intensified, which enables the
controlled growth of particle size, that is, the process does not
reach unstable situations with extreme agglomeration. According
to Maronga [3], depending on the conditions within the bed, as
the wet particles collide and generate liquid bridges, and if there
is excessive moisture, many particles can agglomerate and cause
the bed defluidization, phenomenon that is known in literature
as wet quenching. In general, inappropriate combinations of operat-
ing conditions (mass of solids, spraying liquid flow rate, fluidiza-
tion air flow rate, bed temperature) can intensify adhesion forces
between the particles at non-desired levels, making the instability
of the fluidization system inevitable.

Nomenclature

Abed cross section area of the bed (m2)
D50 mean size of particle (lm)
D diameter of column (m)
dp particle diameter (m)
Fp force of the particles (N)
f0 frequency of the signal (Hz)
g distance between two photodetectors (m)
H height of bed particles (m)
KC proportional gain of the controller (V/%)

Q squared distance between two distributions of the two
attractors

S statistical parameter (–)
VC(Q) variance of Q
X50 average diameter (m)
hr angle of repose (�)
rp standard deviation of pressure fluctuation (Pa)
sI integral time constant (s)
/ particle sphericity (–)
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