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Abstract

Experiments have been carried out to study the behavior ofl-threonine (needle-like) crystals during agitated drying. For an
l-threonine/water system the morphology of the crystals was monitored using light microscopy and image analysis. Analysis of
the transient behavior of the crystal size and shape distribution showed that attrition and agglomeration took place simultaneously
during the process. The variation of the operating conditions (temperature, agitation and vacuum) revealed that attrition dominated
the drying process when the drying rate was low and/or the shear rate was high. For high drying rates and low shear rates,
agglomeration became dominant. This study suggests that crystal redissolution had no significant impact on crystal morphology.
It was also found that due to their needle-like shape, largel-threonine crystals were very sensitive to attrition. When attrition
controlled the drying process, most of the particle size reduction took place below a critical moisture content of 4%. When
agglomeration controlled the drying process, most of the crystal size enlargement occurred below a moisture content of 6%.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Drying, which usually follows crystallization, is
one of the last stages in the production of active
pharmaceutical ingredients (APIs). While crystal-
lization is a highly controlled process that aims to
obtain a product with defined physical properties and
chemical purity, the impact of drying on the final
crystal properties (crystal shape, size, hardness) is
still poorly understood and difficult to predict from
first principles. In a recent study on agitated drying
of crystals, our group showed (Lekhal et al., 2003)
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that for particles of cubic shape (i.e., potassium chlo-
ride, KCl) it is possible, by using image analysis, to
characterize the variation of crystal morphology (size
and shape) and to relate the final crystal properties to
the operating conditions (temperature, agitation speed
and vacuum level). The variation of the crystal size
distribution showed that there is a permanent com-
petition between attrition and agglomeration during
drying. Furthermore, the analysis of the variation of
the average diameter with time and drying conditions
revealed that most of the particle size changes due to
attrition and agglomeration took place below a critical
moisture content of 2%. Above this critical moisture
content the liquid solvent acts as a lubricant pre-
venting crystal attrition and the formation of strong
agglomerates.

0378-5173/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
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Nomenclature

d crystal diameter,�m
dinitial initial average diameter,�m
dfinal final average diameter,�m
N agitation speed, rpm
NREV number of revolutions
P total pressure inside the drying

chamber, atm or Torr
R drying rate, gram water per gram

wet solid/min
t drying time, min
T temperature,◦C
X moisture content, gram water per

gram wet solid
Xinitial initial moisture content, gram water

per gram wet solid

In the pharmaceutical industry, crystal morpholo-
gies can vary widely (e.g., needle-like, plate-like) and
their behavior during drying can differ from that of
KCl. In particular, it is of interest to examine if a
critical moisture content exists for other materials. In
addition, if a critical moisture content is indeed a gen-
eral feature, it can be expected that its value will be a
function of the mechanical properties of the material
and the crystal morphology. Moreover, it is not clear
if there exists a single critical moisture content that
applies to both attrition and agglomeration. In this
investigation, we use image analysis to characterize
needle-likel-threonine crystals and to quantify their
behavior during agitated drying. The main objective of
this paper is to experimentally examine if crystals of
different physical properties (morphology and hard-
ness) exhibit similar behavior under the same drying
conditions. In such a case, one would be able to state
that the physical phenomena of attrition and agglom-
eration are independent of particle morphology and
agitated drying of crystals becomes more predictable.
If dissimilar behaviors are observed, the discrepancies
can potentially be explained based on the physical
properties and crystal morphology of each material.

During agitated drying, attrition and agglomeration
are influenced by the state of the system determined by
the moisture level of the wet crystals. As the moisture
content decreases during drying, the bed of crystals

can exist in a number of different states of liquid satu-
ration (Papadakis and Bahu, 1992). These states were
first described byNewitt and Conway-Jones (1958)
for wet granulation. In many cases, the initial state
for drying corresponds to the capillary state where the
voids between particles are saturated with the liquid
solvent. As the moisture content decreases, the space
between crystals becomes partially filled with the liq-
uid solvent. This state is known as the funicular state.
At the end of drying, the moisture content is very low
and the crystals enter the pendular state, where they
are held together by liquid bridges at their contact
points. In the literature most studies dealing with at-
trition and agglomeration are related to wet agglom-
eration (Iveson et al., 2001a,b; Abberger et al., 2002;
Betz et al., 2003; Rambali et al., 2003).

In an agitated drying process, attrition can lead to
the generation of dusty fines. The fines can increase
the bulk density of a light product, but they can also
be a nuisance and a hazard in the collection of the
product (e.g., dust explosion) (Keey, 1992). Also, due
to the poor flowability of fines, attrition can seriously
impact the subsequent blending stage (when mixed
with excipients) and the final tableting process. Crystal
size reduction takes place as a result of particles col-
liding with one another or with the agitator (Bemrose
and Bridgwater, 1987; Keey, 1992; Neil and
Bridgwater, 1994; Mazzarotta et al., 1996). It can also
take place due to stresses induced by temperature or
pressure changes inside the drying chamber (Kowalski
et al., 2000). Several experimental techniques have
been used to identify crystal attrition during drying.
When studying the drying of KCl in an agitated unit,
Lekhal et al. (2003)used light microscopy to track
the crystal size reduction. They found that attrition
takes place mainly at low drying rates and/or at high
agitation speeds. In wet granulation studies,Vonk
et al. (1997), Pearson et al. (1998)andRamaker et al.
(1998) used colored tracer granules. Some of the
tracer granules were broken leading to the formation
of small fragments. It was observed that larger tracer
granules (>1 mm) were more likely to break than
small ones. Attrition is affected by the particle prop-
erties (size, shape, hardness) and the characteristics of
the environment (drying time, shear rate, temperature,
pressure, moisture content, etc.). Many attrition stud-
ies have shown that the attrition rate is a strong func-
tion of the particle shape (Gahn et al., 1996; Schaefer
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and Mathiesen, 1996). In particular, it has been found
that nearly spherical particles are less prone to attri-
tion or breakage (Bemrose and Bridgwater, 1987). It
can be expected that for a given material hardness, a
crystal with a cubic shape will show more resistance
to attrition than particles with a needle-like shape.

During a drying process agglomeration can produce
very large particles. Large agglomerates are usually
undesirable due to their low dissolution rate, which
may affect a drug’s bioavailability. Crystal size en-
largement is mostly due to wet crystals coming into
contact. Whether or not a collision between two or
more crystals results in a permanent bond depends on a
wide range of factors, including the mechanical prop-
erties and morphology (size and shape) of the crystals
(Iveson et al., 2001a). Crystals are held together by liq-
uid bridges due to capillary and viscous forces. These
forces keep them from moving apart. In the case of low
viscosity solvents, such as water, capillary forces are
dominant. Other types of interparticle forces, which
can lead to crystal agglomeration, such as electro-
static forces or van der Waals forces, are insignificant
in wet systems where particles are larger than 10�m
(Rumpf, 1962). Agglomeration is a strong function of
the crystal properties and morphology.Schaefer (1996,
2001)showed that interlocking between plate-like or
needle-like crystals produces agglomerates with low
strength.Schaefer (1996)also showed that a mixture
of needle-like or plate-like crystals and spherical ones
generates stronger agglomerates. The strength of the
agglomerates is further increased if crystals of irregu-
lar shape are used (Schaefer, 2001).

From the above discussion, it becomes clear that
during drying, attrition and agglomeration depend on
the drying conditions (temperature, shear rate, vac-
uum, moisture content) as well as on the mechanical
properties and morphology of the solid material (size,
shape, hardness). The development of a fundamen-
tal understanding of these two phenomena is there-
fore necessary for any rational design and scale-up
of industrial dryers. In this work, an experimental
procedure is used to characterize the morphology of
l-threonine crystals during agitated drying. The pa-
per is organized as follows: inSection 2the sampling
and image analysis procedures used to characterize the
solid material are described. The main results are sum-
marized inSection 3, where the impact of the drying
conditions (temperature, shear rate and vacuum) on the

Fig. 1. SEM photograph ofl-threonine crystals.

drying performances and crystal morphology is pre-
sented. A comparison between KCl andl-threonine
during agitated drying is also provided in this section.
Section 4provides a summary and conclusions.

2. Experimental procedure

2.1. Materials and methods

Experiments were carried out in a 800 ml glass re-
actor equipped with a double envelope, through which
a fluid can circulate at constant temperature. The fluid
temperature was controlled with a fluid bath. The
wet crystals were agitated with a four-blade impeller
(Pitched-blade Turbine). Each blade has an angle of
45◦ with respect to the bottom of the dryer. The agi-
tation speed was varied from 10 to 50 rpm. A vacuum
pump was used to maintain a constant pressure in-
side the dryer. The experimental setup used for this
work is described in detail byLekhal et al. (2003).
The material chosen for this study wasl-threonine
(obtained from Aldrich, Milwaukee, Wisconsin). The
choice of this compound is motivated by the fact that
the crystals have a needle-like shape (Fig. 1). Several
pharmaceutical compounds fall in this category. More-
over,l-threonine does not have any hydrate or solvate
forms, which are known to complicate the analysis of
the drying process. In order to reduce the variability of
the initial conditions, the wet crystals were prepared
using a consistent procedure: 60 g ofl-threonine
(bone dry) were mixed with 25 g of deionized
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water in order to evenly distribute the liquid. The wet
cake obtained by this operation was filtered under
vacuum for 2 min. The filtration time was kept the
same for all the experiments in order to obtain similar
initial moisture content. We found that under these
conditions, the initial moisture content was between
15 and 20%. During drying, samples were taken to
determine the variation of the moisture content in the
bed and to study the changes in the crystal size and
shape distribution. The moisture content was mea-
sured using a thermogravimetric moisture analyzer
(Sartorius MA50, Sartorius, New York), which has
an accuracy of 0.2%. Drying rates were obtained by
computing the time derivative of the moisture content
curve. For the moisture content analysis, the prelimi-
nary results showed that the accuracy of the analysis
was drastically improved by increasing the number of
samples (Lekhal et al., 2003). In particular, we found
that four samples gave sufficiently consistent results,
when the samples were taken from different locations
in the drying chamber and mixed before the analysis.
In order to improve the reproducibility of the samples,
a whole segment of the bed was removed in each case
using a core sampler with a 5 mm inner diameter.

2.2. Image analysis

Light microscopy pictures of the crystals were cap-
tured by a digital camera and subsequently analyzed
by the image analysis software ‘IMAGE-PRO’ (see
Lekhal et al., 2003). The average size and shape of
each crystal were used to determine the crystal size
and shape distributions. The average crystal size of a
single crystal was defined as the average length of the
distance measured at two degree intervals joining two
outline points passing through the center of gravity of
the crystal. The shape of the crystals was character-
ized by the ratio between the height and the width of a
box bounding the crystal, where the height of the box
is parallel to the largest diameter passing through the
center. This parameter will be referred to as the aspect
ratio in the rest of the paper.

Preliminary tests showed that when the moisture
content was higher than 5%, it was difficult to disperse
the crystals consistently on a microscope slide due to
cohesive forces. Similar behavior was obtained with
KCl. In order to overcome this problem, each sam-
ple was mixed with a liquid anti-solvent. A variety of

organic and inorganic liquids were tested, and ethyl
ether gave the best results (the crystals were insoluble
and easily dispersed in ethyl ether). The crystals were
gently dispersed in the solvent in order to prevent any
changes of the crystal habit. It was observed that when
the particle–particle binding forces are weak, the ag-
glomerates disintegrated by themselves, without any
agitation, upon contact with the anti-solvent. This al-
lowed discrimination between weak and strong (per-
manent) agglomerates.

As was observed for the moisture content measure-
ments, the selection of representative samples was also
crucial for the image analysis procedure. For each
analysis, two samples were taken at the same time
from two different locations in the dryer. The sam-
ples used for the image analysis were different from
the samples used for the moisture content measure-
ments. Two different statistical tests were performed,
i.e., one for the average size of the particles and one
for the size distribution. For each test about 500 crys-
tals were analyzed. For each sample, the crystal size
distribution is given in term of number fraction. The
two samples were considered as representative if the
difference between both the means and standard de-
viations were less than 10%. In general, it was found
that the standard deviations criterion was more diffi-
cult to meet. Finally, it is important to note that the
total mass of samples required for the moisture and
image analysis did not exceed 10% of the initial mass
in the experiment.

3. Results

In Fig. 2a and btwo examples of the variation of
the measured moisture content,X, and the computed
drying rate,R, are plotted. (R is the time derivative
of the moisture contentX). In the first case (Fig. 2a),
the initial moisture content is 14%, while the temper-
ature, agitation speed and pressure are kept constant
at 70◦C, 50 rpm and 1 atmosphere respectively. As
the drying time advances, the moisture content con-
tinuously decreases to reach a value of 0.4%. The end
point of the drying was therefore taken to be the first
point in time where the moisture content reaches this
value. The variation of the drying rate for this partic-
ular case reveals the existence of three drying stages:
(1) a preheating period, in which part of the energy
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Fig. 2. Changes in moisture content (%) and drying rate during
drying process. The drying rateR is given in gram of moisture
per gram of wet solid per minute (a)T = 70◦C, N = 50 rpm,
P = 1 atm, (b)T = 30◦C, N = 50 rpm,P = 1 atm.

input is used to evaporate the liquid solvent and warm
up the wet crystals, (2) a very short constant rate pe-
riod, where the rate passes through a maximum, and
(3) a falling rate period in which the rate constantly
decreases with time. This last stage is controlled by the
moisture transport inside the bed. InFig. 2b, the tem-
perature was lowered to 30◦C and the initial moisture
was 20%. The pressure and agitation speed in the dryer
remained constant. Decreasing the temperature from
70 to 30◦C reduces the heat transfer rate between the
wall and the bed of crystals, which results in a longer
drying time. This also explains the lower drying rate
at the beginning of the process. It is important to note
that, unlike KCl, it was found thatl-threonine can eas-
ily be mixed inside the dryer at high moisture content.
Such observations suggest that the cohesive forces cre-
ated by the presence of the solvent are less important
in this case. This may be due to the fact that the capil-
lary forces are considerably reduced when needle-like
crystals are involved (Schaefer, 1996, 2001).

In Fig. 3, the variation of the average particle di-
ameter with time is plotted for the drying conditions
presented inFig. 2b. For each sample, the average
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Fig. 3. Variation of average diameter with drying time.T = 30◦C,
N = 50 rpm,P = 1 atm.

diameter is divided by the initial average diameter. It
can be seen that under these conditions, the average
diameter decreases with time. At the beginning of dry-
ing, when the moisture content is still high, the size re-
duction is less pronounced (the crystal size decreases
by 15% after more than two hours). Most of the attri-
tion takes place when the moisture content is below
a value of 4%. The predominance of attrition during
the late stages of drying may be due to the fact that
at high moisture content crystal-crystal collisions are
less frequent because the liquid film between particles
has to drain before these collision can occur. The sol-
vent therefore acts as a lubricant (Lekhal et al., 2003).
In this work, the continuous crystal attrition or their
sudden breakage into smaller fragments are described
under the general term attrition. Some very fine crys-
tals were also formed below a moisture content of 2%
as shown inFig. 4a. Such behavior was not reported
for potassium chloride. Since, it was important to de-
termine if the dusty fines can be analyzed by optical
microscopy, the dusty fines were analyzed by Scan-
ning Electron Microscope (SEM), and it was found
that the crystal size for the smallest particles is around
10�m (Fig. 4b), which is within the detectable range
of an optical microscope.

In order to understand the mechanisms by which
the particle size reduction takes place forl-threonine
crystals, the variation of the crystal size (average diam-
eter) and shape (aspect ratio) distributions with time
were analyzed.Fig. 5a shows that the initial crystal
size distribution was wide. At an intermediate time, it
had only slightly changed (Fig. 5b) with the fraction of
large (larger than 400�m) and small crystals (smaller
than 120�m) being decreased. This trend suggests that
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Fig. 4. SEM photographs of smalll-threonine crystals when the moisture content is below 2%.

the large crystals were subject to attrition, while most
likely the small ones formed agglomerates. Redisso-
lution of the small crystals at this temperature was not
likely to have occurred, mainly because the solubility
of l-threonine in water is very low at this temperature

Fig. 5. Variation of particle size distribution.T = 30◦C, N =
50 rpm,P = 1 atm. (a)t = 0 min, (b) t = 20 min, (c) t=160 min.

(5 g/l). The net effect of attrition and agglomeration re-
sulted in a larger fraction of crystals with intermediate
size (around 240�m). At the end of drying (Fig. 5c),
the process was dominated by attrition and the fraction
of fines was considerably increased, although the fi-
nal crystal size distribution remained fairly broad. If a
smaller average diameter was required for subsequent
operations, the drying could be continued beyond the
end point defined in this work. This has to be done
with some care, since the formation of a dusty mate-
rial has been observed at very low moisture content.

The variation of the shape distribution is shown in
Fig. 6. For this particular case, there was initially a
large proportion of crystals with an aspect ratio larger
than 4. This fraction was reduced at an intermediate
time (Fig. 6b), clearly indicating that the crystals with
a large aspect ratio were preferentially broken at the
beginning of the drying. By comparison with the data
from Fig. 5b, one can identify this class of crystals as
being those with larger average diameters.Fig. 6balso
shows that the fraction of crystals with an aspect ratio
close to 1 increased due to attrition. At the end of the
drying, the distribution was further shifted towards 1,
confirming a strong attrition effect at the late stages
of drying, even though a fairly high fraction of “long”
crystals still existed. It is important to note that it is
very difficult to detect crystal agglomeration by ana-
lyzing the particle shape distribution. However, from
image analysis, two main modes of crystal agglom-
eration have been identified forl-threonine crystals.
In Fig. 7a, it can be seen that two crystals can ag-
glomerate along their main axis to at the end form a
longer agglomerate. Therefore, these two crystals were
replaced by a single one with a higher aspect ratio.
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Fig. 6. Variation of particle shape distribution.T = 30◦C, N =
50 rpm,P = 1 atm. (a)t = 0 min, (b) t = 20 min, (c)t = 160 min.

Fig. 7. Different types of crystal agglomeration ofl-threonine during agitated drying.

Fig. 8. Effect of temperature on moisture content (%) during
drying. N = 50 rpm, P = 1 atm, (�) T = 30◦C, (�) T=50◦C,
(�) T = 70◦C.

Fig. 7bshowed that two or more crystals could stick
to each other on the side to form agglomerates that
could potentially have smaller aspect ratio. The image
analysis of several agglomerated crystals showed that
the second mode of agglomeration was the dominant
mode.

3.1. Effect of temperature

Fig. 8 shows the variation of the moisture content
with time for three different temperatures (30, 50 and
70◦C). The agitation speed and the pressure in the
dryer were kept constant at 50 rpm and 1 atmosphere
respectively. For each temperature, the moisture con-
tent,X, at a given time was divided by the correspond-
ing initial value. An increase of temperature from 30 to
70◦C increased the drying rate through an increase of
the heat transfer between the wall and the wet crystals.
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Fig. 9. Effect of temperature on: (a) final average diameter, (b)
aspect ratio,N = 50 rpm,P = 1 atm.

It can be seen that this trend was more pronounced
between 30◦C and 50◦C, while there was a smaller
difference between 50 and 70◦C. At low temperature
(30◦C), the evaporation of the solvent was low and
the mixing of the particles, which remained wet for
a long period of time, was affected by the cohesive
forces due to capillary forces. At 50 and 70◦C, the
solvent evaporation was faster and the moisture con-
tent dropped very quickly.

The variation of the final average diameter with
temperature is plotted inFig. 9a. In order to take into
consideration the variability of the initial particle size
distribution for each experiment, the final average di-
ameter was divided by the corresponding initial av-
erage diameter. Again, the end point was chosen as
the first time where a moisture content of 0.4% was
reached.Fig. 9a shows that the final average diam-
eter increased slightly when the temperature was in-
creased from 30 to 40◦C (even though the change was
within the experimental error) and it remained fairly
constant when the temperature was between 40 and

60◦C. A clear diameter increase was obtained at tem-
peratures of 70–80◦C. An analysis of the variation of
the crystal size distribution with time for temperatures
between 30 and 60◦C showed that most of the particle
size reduction took place when the moisture content
was below 4% (as was observed inFig. 3). As previ-
ously stated, when the moisture content was high, the
crystal-crystal collisions were less frequent due to the
presence of liquid solvent and as a consequence only
a small fraction of crystals was attrited. The crystal
shape distributions at these temperatures revealed that
these crystals were the ones with the larger aspect ra-
tio (as was observed for 30◦C—seeFigs. 5 and 6). At
80◦C, it was found that the crystal size distribution
was shifted towards a larger crystal size at the end of
drying. It was also observed that the fraction of small
crystals is reduced, while the fraction of crystals with
intermediate size is increased. Some very large crys-
tals were also formed. This is a clear indication that,
at high temperature agglomeration dominates drying.
High temperatures reduce the drying time and the crys-
tals are less exposed to shear, which is the primary
source of attrition. Also, due to a higher solubility, the
content ofl-threonine in the liquid solution increased,
which led to stronger connections between individual
crystals. The analysis of the crystal size distribution
at 70◦C showed that the crystal size distribution was
slightly changed during drying.

Fig. 9b illustrates the variation of the aspect ratio
with temperature. For each case, the final average
value is divided by the initial average one. At 30 and
40◦C, the aspect ratio was slightly reduced, while at
50◦C it became significantly less than 1, as a con-
sequence of the attrition process that is controlling
drying under these conditions. At 70 and 80◦C, the
average aspect ratio remains almost unchanged. It is
however important to note that overall, the average
aspect ratio remains fairly constant.

3.2. Effect of agitation

For many solid materials the drying temperature is
limited by the heat sensitivity of the material, and in
some cases only low temperatures can be used. In these
cases, the variation of the agitation speed is used to en-
hance the drying rate and reduce the drying time. An
increase in agitation speed improves the heat and mass
transfer rates by enhancing the mixing of particles
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inside the dryer (Malhorta and Mujumdar, 1992), and
the particle renewal rate at the heat transfer surface.
As a result, the rate of evaporation at the free surface
is enhanced, leading to high drying rates and shorter
drying times. The variation of the moisture content
with time in this study is shown for different agitation
speeds (10, 30 and 50 rpm) inFig. 10. The drying tem-
perature and pressure inside the dryer were the same
for all the experiments.Fig. 10showed that under these
conditions the effect of agitation speed on the drying
performance was negligible, which indicates that the
process was not limited by the heat or mass transport,
which is an indication that good mixing was achieved
in the small drying unit forl-threonine crystals. This
will not necessarily be the case for larger drying units
such as those employed in manufacturing processes.
It is worth noting that good mixing was not obtained
for similar agitation rates for the KCl/water system
where the agitation rate did have an effect on drying
rates and times (Lekhal et al., 2003).

Fig. 11a, which illustrates the variation of the final
average diameter with agitation speed, shows that
the average diameter constantly decreased with agita-
tion speed. Raising the agitation speed increased the
frequency of particle–particle and particle–impeller
collisions that can lead to crystal attrition. At low ag-
itation speed (10 rpm), the final crystal size was much
larger than the initial one, which indicates that at low
shear rates, agglomeration controlled the process. As
stated above this shows that the agitation speed can
have a drastic impact on the crystal properties, even
though its effect on the drying rates was marginal.
The shear effect can also be interpreted through the
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Fig. 11. Effect of (a) agitation and (b) number of revolutions on
final average diameterT = 50◦C, P = 1 atm.

variation of the final average diameter as a function
of the total number of revolutions (the number of
revolutions is the product of the agitation speed and
the drying time). Increasing the number of revolu-
tions from 1500 to 2800 revolutions, increased the
probability of particle–impeller and particle–particle
collisions, which resulted in a reduced final average
diameter (Fig. 11b). However, from 2800 to 3600 rev-
olutions, there was a little change in average particle
size. For production scale units (larger units), agita-
tion speed may have a more critical role in defining
the crystal properties. Indeed, in such units the shear
rate may not be evenly distributed and therefore, near
the impeller (high shear zone), attrition would prob-
ably dominate, while in other regions of the dryer
(low shear zones) agglomeration would control the
process. This may lead to a final product with a very
broad crystal size distribution.

In order to better understand the behavior of
l-threonine crystals during agitated drying, the crystal
size distribution is presented for a case where agglom-
eration is the controlling process. For this purpose,
Fig. 12a and bshow the crystal size distribution at the
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Fig. 12. Variation of particle size distribution.T = 50◦C,
N = 10 rpm,P = 1 atm. (a) Initial time, (b) final time.

beginning and the end of drying for an agitation speed
of 10 rpm. It can be seen that initially a large fraction
of crystals with a diameter between 80 and 200�m
was present (more than 58% of the population). At
the end of the process, the proportion of crystals
larger than 280�m was considerably increased, while
the fraction of small crystals (smaller than 200�m)
was reduced. As a result, the size distribution was
shifted towards larger diameters. This behavior was
also observed for 20 rpm where agglomeration also
dominated the process. It can be inferred that due to a
low agitation speed the crystals were less exposed to
attrition. In addition, at low agitation rates, adjacent
crystals could be expected to remain next to each
other for longer times, thus increasing the likelihood
of agglomerates forming. It is important to note from
Fig. 13a and b, which show the crystal shape distribu-
tion at the beginning and the end of drying, that it was
not possible to see the effect of crystal agglomeration
on the shape distribution, as stated previously. Unlike
when attrition was dominant (seeFig. 6), the changes
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Fig. 13. Variation of particle shape distribution.T = 50◦C,
N = 10 rpm,P = 1 atm. (a) Initial time, (b) final time.

between the two distributions were fairly small and a
clear trend did not emerge.

Fig. 14adisplays the variation of the average as-
pect ratio with agitation speed. It was found that the
aspect ratio was affected by agitation speed, since an
increase in the agitation speed generated crystals with
small aspect ratio. (It should be noted that the initial
average aspect ratio was not the same for all exper-
iments.) The probability of crystal breakage and at-
trition increased with the agitation speed. As for the
average diameter, it is interesting to examine the vari-
ation of the aspect ratio with the total number of rev-
olutions.Fig. 14bshows that the average aspect ratio
initially decreased with an increase in the number of
revolutions. A constant value of the average aspect ra-
tio was, however, reached when the number of revo-
lutions NREV is higher than 2800.

3.3. Effect of pressure

For many porous materials the moisture is either
physisorbed or chemically bound to the solid. The
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Fig. 14. Effect of (a) agitation and (b) number of revolutions on
aspect ratio.T = 50◦C, P = 1 atm.

free moisture can easily be evaporated, while the
bound moisture can be removed only by severe dry-
ing conditions. Such conditions can be obtained at
low pressure even for low drying temperatures. In a
contact dryer, a decrease of the pressure reduces the
heat transfer between the wall and the bed of wet
particles. This, however, is compensated by a lower
boiling temperature for the liquid solvent. Depend-
ing on the solid-liquid system, the drying rate can
either increase (Lekhal et al., 2003) or remain nearly
unchanged (Heimann and Schlunder, 1988). Fig. 15
shows that for thel-threonine/water system the ef-
fect of vacuum was moderate, since the drying time
changed only when the pressure was reduced from
atmospheric pressure to 200 Torr. Below this value,
the solvent was rapidly removed from the system
and pressure variations did not have any appreciable
effect on the drying performance.

The variation of the average diameter with temper-
ature at different pressures is illustrated inFig. 16. For
the purpose of clarity, the error bars are not shown.
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Fig. 15. Effect of pressure on moisture content (%).T = 50◦C,
N = 50 rpm, (�) P = 1 atm, (�) P = 200 Torr, (�) P = 80 Torr.

This figure shows that in general the average diameters
obtained at atmospheric drying were smaller than the
ones obtained under vacuum. As for the moisture con-
tent, the effect of pressure difference was more pro-
nounced between atmospheric pressure and 200 Torr.
In most of the cases, the drying process shifted from
a regime controlled by attrition (at atmospheric pres-
sure) to a regime dominated by agglomeration (at 200
and 80 Torr). When the drying rate was high, the sensi-
tivity of the results to small experimental variations in-
creased and so did the scatter of the data. Even though
there was a significant amount of scatter in the data
at low pressure, it can be seen that the drying pro-
cess was generally controlled by agglomeration. The
agglomeration was favored under these conditions be-
cause the drying time was low (60 min at atmospheric
pressure, 50◦C and 50 rpm; 40 and 30 min at 200 and
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Fig. 17. Variation of average diameter during vacuum drying.
T = 50◦C, N = 50 rpm,P = 200 Torr,Xinitial = 19.8%.

80 Torr, respectively) and the crystals were agitated
for less time.

In general, it has been found that agglomeration
mainly took place when the moisture content is below
6% (seeFig. 17). In some cases, the agglomeration
took place for even lower values of the moisture con-
tent. This behavior can be attributed to a wide particle
size and shape distribution forl-threonine. Particles
of different size and shape can retain different quanti-
ties of liquid solvent and therefore the crystals can ag-
glomerate at different levels of moisture content. This
may also explain the scattered data obtained at low
pressure.

While agglomeration dominated the drying process
for vacuum drying at high agitation speed (seeFig. 16)
and for atmospheric drying at low agitation speeds
(seeFig. 11), there are some important differences.
These are highlighted in the analysis of the crystal
size distributions. The comparison of initial and final
crystal size distribution for a pressure of 200 Torr and
temperature and agitation speed of 50◦C and 50 rpm,
respectively (seeFig. 18) shows that the fraction of
small crystals (smaller than 100�m) increased. At
the same time, the fraction of large crystals was also
increased. This trend shows that crystal attrition oc-
curred even though agglomeration was the overall
dominating process. However, it is likely that if the
material were to be processed beyond the end point
as defined in this work, the total average diameter
would decrease and the large agglomerates would be
attritted. This result also suggests that the agglom-
eration process is a strong function of the agitation
speed.

Fig. 18. Variation of particle size distribution.T = 50◦C,
N = 50 rpm,P = 200 Torr. (a) Initial time, (b) final time.

3.4. Importance of crystal morphology: comparison
with KCL

To gain a better understanding of the role that crystal
shape can play during agitated drying, it is important
at this stage to compare the behavior ofl-threonine
(needle-like crystals) with potassium chloride (cubic
crystals) (Lekhal et al., 2003). For potassium chlo-
ride, Lekhal et al. (2003)showed that the contribu-
tion of crystal redissolution to crystal size changes can
be neglected. Attrition, mainly caused by the rotation
of the impeller, dominated drying at low drying rates
(low temperature and atmospheric pressure) and high
agitation speeds, while agglomeration controlled the
crystal size changes at high drying rates (high tem-
perature and/or low pressure). When attrition was the
controlling process, the particle size reduction mainly
took place when the moisture content was below 2%
(the average crystal size was reduced by less than
10%, when the moisture content was above 2%). The
critical value is obviously smaller than the one ob-
tained withl-threonine (4%) in this work. This result
is not surprising, as it can be understood that elongated
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crystals such asl-threonine offer less resistance to at-
trition and therefore have a higher propensity to break
down. The formation of dusty fines when the mois-
ture content reaches 2% also indicates thatl-threonine
crystals can easily be attrited. Such behavior was not
observed with potassium chloride. Another parameter
that can also explain the difference in behavior be-
tweenl-threonine and potassium chloride crystals is
the hardness. We have not conducted any quantitative
measurement of this parameter, but we have found that
l-threonine crystals can be broken just by imposing a
pressure with one’s hands, which is not the case for
the KCl crystals.

The effect of crystal shape on the final crystal prop-
erties can also be understood through the variation of
the agitation rate. InFigs. 11 and 12, it was shown that
the final average diameter and aspect ratio decreased
with agitation, while for potassium chloride,Lekhal
et al. (2003)reported that only the average diameter
decreased. The aspect ratio for KCl was almost unaf-
fected by a change in agitation speed. In fact a crystal
with cubic shape has a higher chance to be attrited at
the corners (Marrot et al., 2000), which will not nec-
essarily impact the aspect ratio of the particles, while
any small fragment removed from a needle-like crys-
tal will reduce the aspect ratio. Forl-threonine, the
analysis of the shape distribution revealed that crystals
with a high aspect ratio were preferentially attrited at
the early stage of drying.

The variation of the average diameter at low pres-
sure (when drying is controlled by agglomeration) re-
veals that agglomeration mainly took place when the
moisture content was below 6% forl-threonine. A
single value of the critical moisture content for ag-
glomeration was not found. In some cases the major-
ity of the agglomeration took place at a lower value.
This is in contrast to what was observed for potassium
chloride byLekhal et al. (2003), where the agglomer-
ation always took place below the same moisture con-
tent. Furthermore, the critical value for attrition and
agglomeration was the same for KCl. This difference
betweenl-threonine and potassium chloride can be
explained by a wider particle size and shape distri-
bution for l-threonine. Particles of different size and
shape can retain different quantities of liquid solvent
and therefore the crystals can agglomerate at differ-
ent levels of moisture content. This also may explain
the scattered data obtained at low pressure (vacuum

drying). In such a case, the agglomeration process is
not only controlled by the drying rate and the inten-
sity of agitation, but it is also a strong function of the
initial morphology of the crystals (size and shape dis-
tribution).

4. Summary and conclusions

In this study, the experimental procedure developed
in a recent work byLekhal et al. (2003)for potas-
sium chloride (cubic crystals), has been applied to
characterize and describe the behavior ofl-threonine
(needle-like crystals) during agitated drying. This
procedure allowed the quantification of the impact of
drying conditions (temperature, agitation speed and
vacuum) on the drying characteristics (drying rate and
time) and the final crystals properties (size and shape
distribution). Attrition and agglomeration have been
shown to compete during the process. Depending on
the drying conditions, attrition or agglomeration dom-
inated. While attrition was caused by shear due to the
rotation of the impeller, agglomeration was initiated
by the liquid bridging caused by the capillary forces
(due to the presence of a liquid solution in the sys-
tem). It was also found that crystal redissolution did
not contribute to the crystal size and shape changes.
One can expect that crystal redissolution could be sig-
nificant for hygroscopic materials that have different
polymorphic states with a high solubility in the liquid
solvent. Further work is needed for hygroscopic ma-
terials in order to quantify the impact of redissolution
during agitated drying.

The variation of the operating conditions revealed
that reducing the pressure in the dryer to a certain
extent (from atmospheric pressure to 200 Torr) inten-
sified the agglomeration of the solid material. Under
these conditions, the drying rate was enhanced and
the drying time was reduced. Therefore, the crystals
were less exposed to shear, and the impact of attri-
tion was minimized. An increase of diameter was also
observed during atmospheric drying when the tem-
perature was increased. As for the effect of agitation,
it was found that the final average diameter was re-
duced when the agitation speed was increased. In such
cases, the particle–particle and particle–impeller col-
lisions became more frequent and the probability of
attrition increased. Additionally, the cohesive forces
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associated with wet materials were not strong enough
to keep the wet agglomerates from separating due to
the shape ofl-threonine crystals. The variation of the
moisture content with time at different agitation speeds
showed that the drying characteristics (drying rate and
time) were almost insensitive to this parameter. This
is perhaps not surprising for our small experimental
system where mixing is generally good and thus the
heat transfer from the bed to the wall is high. In larger
drying units, the shear rate may not be uniformly dis-
tributed and the process may be heat transfer limited.
Also, a shear rate distribution inside the dryer may
lead to the formation of a final product with a broad
crystal size distribution. While agglomeration would
dominate in low shear zones, attrition would dominate
in high shear regions. Further studies with larger units
are needed in order to better understand the effect of
agitation.

We have observed that most of the changes in crys-
tal size (attrition or agglomeration) occurred below a
critical moisture content. This critical value was not
the same for attrition and agglomeration (4% for attri-
tion, 6% for agglomeration). In general, it was found
that attrition dominated when the drying rate was low
and/or the shear rate was high, while agglomeration
dominated when the drying rate was high. In a pro-
cess, where fine particles are undesirable, reducing the
shear rate can minimize attrition. However, in large
drying units, in order to avoid heat transfer limitations,
good mixing is needed. Our results suggest a drying
strategy to minimize attrition whereby high agitation
rates are maintained until the critical moisture con-
tent for attrition is reached. At this point, the agitation
rate should be decreased for the final stages of drying.
The temperature and pressure in the drying chamber
should also be chosen based on the rate of crystal at-
trition and agglomeration. From the above discussion,
it can be concluded that a rational design of the dry-
ing process requires a priori knowledge of the critical
moisture content for both attrition and agglomeration.

At this stage, it can be seen that several similari-
ties exist betweenl-threonine and potassium chloride
despite a difference in crystal morphology. The differ-
ences exhibited during drying can, in most of the cases,
be attributed to a difference in morphology (hardness
and crystal shape), but further studies with other ma-
terials are needed in order to generalize the findings
of this work.
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