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This paper evaluated the potential of counter current spray drying to produce engineered crystalline par-
ticles in-situ. One main feature of the counter current spray dryer is in inducing droplet drying history
with a progressively increasing drying rate; in contrast to a co-current spray dryer in which the particle
is immediately confronted with high driving force of evaporation. In addition, counter current dryer pro-
vides higher residence time for particles within the drying chamber. This work explored the manipulation
of these unique features of counter current spray drying to control the crystallinity of the particles
formed. Sucrose, lactose and mannitol were spray dried as model materials exhibit contrasting crystal-
lization. Counter current spray drying was suitable in producing well defined crystalline lactose particles
mainly due to the higher residence time. The produced lactose particles were composed of agglomeration
of fine thin lactose crystals. Surprisingly, the counter current spray drying with relatively lower initial
evaporation rate resulted in amorphous mannitol particles. Fully crystalline mannitol was produced
when the feed spray temperature was elevated leading to rapid supersaturation. This may be an impor-
tant strategy to control the crystallinity of mannitol particles particularly for pharmaceutical application.
Similar feed pre-heating strategy in conjunction with counter current spray drying was used for sucrose
drying. Crystalline sucrose was achieved with relatively lower drying temperature. This will be a valuable
strategy for producing free flowing sucrose particles specifically for the food industry.
� 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).
1. Introduction

Crystalline particles in general exhibit lower tendency to
agglomerate, cake and undergo phase change; hence, these features
provide appropriate stability for such particles. Variousmethods for
producing crystalline particles are available and each of them faces
some drawbacks and advantages [1]. Batch crystallization with
subsequent milling is the most common method for producing
crystalline particle [2]. Although advanced milling techniques are
emerging, thisprocess increases surfaceenergy (generationof amor-
phousphase)ofparticleswhichdecreases the freeflowingbehaviour
and stability of the particles [3]. Utilization of the anti-solvent
precipitation method facilitates production of engineered crys-
talline particles but flammability of anti-solvent, typically alcohol
based, significantly limits its application particularly in larger scales
[4,5]. Spray drying is a well-known method for producing engi-
neered amorphous particles. There are reports on the production
of amorphous particles in spray drying and followed by subsequent
treatment to induce phase transition within particles. During this
phase transition themoisture content of the particlemay contribute
to particles stickiness; subsequently, large particle chunks are pro-
duced which reduces the free flowing ability of the particles [6,7].
However, themain advantage of the spray drying process is the flex-
ibility of this method to directly produce particles in specific size
ranges in a single stage without further treatment like milling [8].

In situ crystallization in spray drying is a new method of pro-
ducing engineered crystalline particles. Although crystallization
occurs randomly for the particles through drying, this method
was scientifically investigated by Shastry and Hartel for producing
crystal sucrose by a continuous drying method of 50 lm sucrose
stream [9]. They proved that with change in the drying process
crystals can be produced in a continuous manner. Chio and Langr-
ish utilized the potential of a one-step crystallization approach and
employed spray drying for producing partially crystalline lactose
particle [10,11]. Complementary research was carried out using
single droplet experiments [7,12] and in lab scale spray dryers
[11,13,14] which proved that some degree of crystallinity is feasi-
ble via this method.

The challenge of crystalline particle formation is the relatively
long time scale nature of crystallization [15]. In contrary, spray
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drying is a fast drying method in which most of the moisture is
evaporated and the total residence time in the order of seconds,
which conventionally hinders crystallization. To overcome these
features one possible approach is to reduce the evaporation rate
to avoid early particle formation giving more time for crystalliza-
tion before the particle solidify; however, formation of slightly
non-dried particles may be ensue. The threshold between the for-
mation of amorphous and crystalline particle is very narrow
depending on the drying history of the particles [16,17]. On this
basis, production of engineered crystalline particle necessitates
the understanding and control of the mechanism of heat and mass
transfer affecting the crystal formation. In other words, it is impor-
tant to control the heat and mass transfer to ensure the required
time for crystallization but yet produce sufficient drying.

In a typical co-current spray dryer, droplets reach the drying air
velocity very rapidly after injection. Therefore, the drying air dom-
inates the particle movement and will subsequently affect resi-
dence time of particle in the dryer [18,19]. In the absence or
with non-significant relative difference in velocity between the
particle and the drying air, effectively, diffusion of water vapour
from the droplet is the main mode of heat and mass transfer for
the most part of the particle trajectory. It is noteworthy that diffu-
sive heat and mass transfer will be less intense when compared to
forced convection. Compounded by the progressively decreasing
air temperature as droplet travels to the outlet, this necessitate a
high air temperature at the inlet to compensate for the lower evap-
oration rate. Increasing the drying temperature leading to rapid
initial evaporation contributes to early crust formation or solidifi-
cation and is one of the key factors that would hinder crystal for-
mation (Fig. 1). Most spray drying in-situ crystallization works
hitherto were reported for co-current dryer.

In a counter current dryer, however, the inverse direction of
drying air relative to the trajectory of the particle, amplifies the
rate of heat transfer as forced convection is the dominant mode
of drying; there is always a relative difference in the opposing
velocity between the particles and drying air. In addition, the drag
force of the air which is against the gravitational force, resists the
falling motion of the droplet to provide a longer residence time
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Fig. 1. Comparison of particle drying history: (left)
(Fig. 1). This can potentially allow the decrement of the inlet drying
temperature which will allow a longer time for particle solidifica-
tion. It is the hypothesis of this work that these factors will provide
conditions suitable for crystallization. There is limited published
research on the effect of different drying history in a counter cur-
rent spray dryer on the in-situ particle crystallization process. This
research aimed fill this gap in knowledge by providing an insight
on how this factor coupled with a longer residence time in a coun-
ter current spray dryer can be used to manipulate the in-situ crys-
tallization process for production of crystalline particles.
2. Materials and equipment

2.1. Solution preparation

Three types of sugars sucrose, lactose and mannitol, which are
mainly used in pharmaceutical and food industry, were selected
for this work. Lactose and mannitol are two main materials
employed as excipients and their characteristics play a critical role
in the efficacy of drug delivery [20]. The other criterion for selec-
tion of these materials was based on the difficulty of these particles
to dry and crystallize in spray drying. Compare to other two sugars
mannitol has a very low glass transition temperature which allows
rapid crystallization [21]. In turn, sucrose is well known to be dif-
ficult to dry and crystallize particularly because of its inherently
high viscosity during drying. Lactose, although does not exhibit
such high viscosity during drying, has a relatively higher glass
transition in comparison with other sugars giving it a lesser
propensity to crystallize. Therefore, for the purpose of this work,
these three materials will provide contrasting crystallization beha-
viour during the spray drying process. For consistency, all the ini-
tial solute solutions were prepared in 10 wt% concentration to
reduce the number of variables affecting the spray drying process.
The solutions were prepared with distilled water in ambient tem-
perature and stirred for 60 min to ensure feed is totally dissolved.
Only lactose solute was stirred for at least 4 h to ensure an equilib-
rium of a and b has been achieved [22].
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2.2. Experimental equipment

A counter current tower developed in the department of chem-
ical engineering of Monash University was used in this work, Fig. 2.
The tower height was 4.0 m with diameter of 0.6 m. The bottom of
the tower was open such that the down falling particles can be col-
lected by gravity on a collection tray. Liquid feed was pressurized
by compressed air and injected with a pressure atomizer from
the top of the tower. Two different nozzles (Amfog nozzles Red
O-ring and Black O-ring) were deployed for generating different
range of droplet sizes. When operated under the same atomization
pressure of 6 Bar, the feed flow rate is different between the noz-
zles: Red O-ring 1.2 l/h and Black O-ring 2 l/h. Drying air was sup-
plied via eight heat-guns which was mixed with compressed air at
a plenum chamber below the dryer. Flow rate and the temperature
of the drying air was controlled varying the heating temperature of
the hot air gun and the ratio between the hot air and the com-
pressed air. The drying air inlet was centred on the tower bottom.
Due to the open bottom design of the dryer, the central hot air inlet
jet will also draw and entrain external ambient air into the dryer
via the bottom opening. The tower and the inlet air plenum cham-
ber were covered with glass wool to reduce heat loss. Temperature
was measured at three different elevations in the tower: immedi-
ately above the drying air inlet, at the lower half of the tower
where the drying air was relatively developed and at the tower
top outlet. For each experimental run, 25 min of heating was
allowed to ensure a stable steady state condition prior to the com-
mencement of any feed spray.
2.3. Droplet measurement

Droplet size distribution is a critical factor in spray drying;
hence, this parameter was measured for the nozzles employed in
this study. High speed photography with backlight illumination
4m

0.
5m

Fig. 2. Schematic of counter current spray d
measurement technique was used. Fig. 3 depicts the method devel-
oped for the droplet measurement. In order to achieve quality
measurements, it was important to capture droplets only on the
focus plane of the camera. Generation of large amount of droplets
by spray cone impedes such a capture. Therefore, a filter setup was
developed so that only a narrow layer of droplets passes the focus
plane of the camera. In order to account for possible non-uniform
radial dispersion of the spray due to differences in the size of the
atomized droplets, nozzle was moved (in and out of the page in
Fig. 3) so that different raidal positions of the spray was captured.
A high speed camera (Nikon 8000f/s with a Af60 Nikkor micro
lense) was required to freeze the droplet motion. High intensity
DC LED (30 W), was used to provide continuous illumination and
high contrast between the background and the droplets. Image
processing for the size calculation of the droplets was accom-
plished using ImageJ. Each size distributions reported here was
based on measurement of more than 1000 droplets. The Red O-
ring nozzle and the Black O-ring nozzle produces a mean droplet
size of 50 and 80 lm, respectively.
2.4. Analytical tests

In this study a FEI Nova Nano SEM 450, a Phenom benchtop SEM
and a light microscope with magnifications of 1 million X, 20KX
and 10 X respectively were used for particle observation. XRD
method was used to determine the presence (or non-presence) of
crystalline solids in the particles (Riguka Miniflex). To avoid phase
change of particles after production, they were immediately stored
in a desiccator and XRD analysis was carried out on the day of par-
ticle production. XRD analysis was carried out in the range of 0–40�
as the main diffraction peaks of the materials of this study denot-
ing their crystalline phase can be observed within this range. The
speed of scanning was set on 2�/s providing sufficient detection
resolution for the materials (results will be shown later). Analysis
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Fig. 3. Schematic of setup developed for the backlight photography of thin layer of droplets.
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the XRD results was carried out with an open-source software,
MAUD, to filter the available noise in the raw data.

3. Results

3.1. Sucrose

Sucrose is notorious for its difficulty to spray dry because of its
stickiness which mainly emanates from its high viscosity in solu-
tions; particularly at higher solute concentration. Extensive range
of flowrate and temperature was studied to explore the drying
characteristics and possible in-situ crystallization of sucrose
(Table 1). The experimental runs in Table 1 is the collated summary
of a more comprehensive set of experiments which is presented in
the Appendix (Table A1). Evaluation was firstly undertaken for the
smallest range of droplet size, mean size of 50 lm. As smaller dro-
plet will translate to slower gravitational acceleration, this would
represent the higher residence time available within the spray
chamber (within the range of experiments) to induce any possible
crystallization during the dehydration process. The estimated res-
idence time, using the air velocity at the outlet and the perfect
shrinkage particle size, would be 5–6 s. Experiments showed that
with the low temperature of 65 �C (Run 1 Table 1), sticky particles
were obtained indicating insufficient drying. Increasing the
temperature to the range of 75–95 �C remarkably decreased the
stickiness of particles (Run 2 Table 1). It is noteworthy that
Run 2 in Table 1 represent a collation of multiple experiments (full
Table 1
Spray dried sucrose in various processing conditions.

Run Average droplet
size (lm)

Ambient humidity Average inlet
temperature range (�C)

1 50 35% 65
2 50 35% 75–95
3 50 35% 90–98
4 50 80% 76–90
5 50 40% 115
6 80 40% 120
7 80 35% 65–80

8 80 40% 110

In this paper ‘‘sticky” refers to particles which are not free flowing and thus could not b
information in Table A1). Electron microscopy of these particles in
Fig. 1 showed that they are spherical amorphous particles resem-
bling amorphous particles reported in the literature. In order to
postpone particle solidification the drying airflow rate was slightly
reduced but this resulted in sticky particles (Run 3 Table 1). The
variation in the air velocity may affect the counter current air drag
force to the particle and hence changing the residence time of the
particles in the dying chamber. But the results showed that the
range of velocity variation utilized in the study did not significant
affect drying process directly. Experiments were repeated for the
aforementioned range of temperature with higher ambient humid-
ity which resulted in sticky particles (Run 4 Table 1). Interestingly,
this experiment was carried out in very low drying temperature,
but variation in the ambient humidity, around 50%, significantly
affected drying process in this range of drying temperature. Sticky
particles were produced possibly due to the reduction of evapora-
tion impeded by the relatively higher humidity.

Results showed that even with the relatively higher residence
time, with the smallest droplet size available, it was not sufficient
to induce crystallization. By increasing the drying temperature, the
elevated drying rate could only dehydrate the droplet and did not
provide sufficient time for crystallization to occur (Row 5 Table 1).
This could be due to the small size of the droplet which dehydrates
relatively fast giving minimal time for crystallization, as elevation
of the feed temperature results in reducing size of generated dro-
plets. This shows that even if the residence time is long, the residence
time available for particle crystallization has to be manipulated.
Velocity (m/s) Feed temperature (�C) Results

0.33 22 Sticky
0.29–0.31 22 Non sticky
0.25–0.27 22 Sticky
0.31 22 Sticky
0.31 75 Non sticky
0.32–0.34 22 Sticky
0.28 75 Non sticky, many small

crystalline
0.32 75 Non sticky

e easily collected from the deposit tray.



Fig. 5. XRD results for sucrose droplet of 80 lm producing in different processing
conditions (a) purchased unprocessed sucrose, (b) Run 7: spray dried at 80 �C with
feed of 75 �C, (c) Run 8: spray dried at 110 �C with feed of 75 �C, (d) Run 6: spray
dried at 120 �C with feed of 22 �C.
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Therefore, the experiments were repeated with the larger dro-
plet size, with the mean size of 80 lm, generated using the Black
O-ring nozzle. In using the larger nozzle, inevitably, the flow rate
of the spray was also increased which would have led to larger
amount of evaporation leading to cooler and more humid outlet
air. It was of the intention that in addition to the larger droplets
generated, the cooler and the more humid air will provide some
impedement to evaporation giving more ‘wet’ time for effective
in-situ crystallization. As the droplet size was increased (Row 6
Table 1) a mixture of sticky particles and crystalline particles were
observed. However, most of the particles exhibited the typical
round amorphous morphology. This observation complied with
the concept of sticky-point developed by Ozman and Langrish that
increasing drying temperature would result in sticky particles [23].

The runs with the larger droplets were indications delineating
the need to preserve the wetness of the droplet during the spray
drying process. Ideally, lower drying temperature should be used.
However, for sucrose to crystallize, it will be useful to quickly form
the particles or if precipitation based crystallization were to occur,
a very high supersaturation needs to be induced. We further inves-
tigated one possible approach to achieve this by heating up the
sucrose solution fed into the spray. It was deduced that the higher
feed temperature would induce very quick evaporation followed
by lower temperature convective dehydration. This strategy was
inspired by the flash drying approach in which the feed is heated
up to the boiling point and then injected resulting in fast evapora-
tion and very early crust formation [24]. This method is recom-
mended for non-heat sensitive materials. In employing this idea
the temperature of feed just was increased at most to 75 �C;
namely below boiling point of the feed.

The next series of experiment was carried out with a nozzle
with median droplet size of 80 lm (Run 7 Table 1). The results
showed that the increasing feed temperature improved the
Run 7

Run 3Run 2

Run 6

Fig. 4. SEM and light microscopy images of sucrose particles gen
crystallinity of the sucrose particles. Feed temperature of 75 �C
along with drying air of 65 �C generated particles with negligible
stickiness but still round amorphous particles. Increasing the dry-
ing temperature to 80 �C reduced stickiness of the particles while
many tiny crystalline particles were produced. As expected,
increasing the drying air temperature above 100 �C along with ele-
vated feed temperature reduced the particle wet time and led to
amorphous particles (Run 8 Table 1). SEM images for Run 7
(Fig. 4) clearly showed that the average size of crystalline particle
is smaller than the amorphous particles. The XRD result for the
mentioned condition, Fig. 5b, confirmed the existence of crystalline
particle as the main peaks for sucrose crystal can be observed. The
main peaks of XRD spectrum which represent presence of
Run 8

Run 4

erated in various processing conditions according to Table 1.



Table 2
Spray dried lactose in various processing condition.

Run Average
droplet size
(lm)

Temperature Velocity
(m/s)

Feed
temperature

Results

1 50 65 0.27 22 Sticky
2 50 85 0.31 22 Non-sticky
3 50 120 0.33 22 Non-sticky
4 50 106 0.31 75 Non-sticky
5 80 80 0.31 22 Non sticky
6 80 105 0.31 75 Partially

crystalline
7 80 85 0.29 75 Partially

crystalline
8 80 105 0.32 22 High degree

of
crystallinity
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crystalline sucrose are observed at 11.6�, 13.4�, 18.7� and 19.5�.
Complementing the SEM observation, the XRD spectrum showed
that the increment in the drying temperature resulted in reduced
crystallinity (Fig. 5c). Similar trend can be distinguished for the
drying without elevated feed temperature (Fig. 5d) where there
was no crystalline peaks observed.
3.2. Lactose

The same set of strategy was evaluated for lactose. Similarly in
low drying temperature, the particles were slightly sticky but
increment in the drying temperature to above 85 �C resulted in
thoroughly non-sticky particles (Run 1&2 Table 2). Increasing the
temperature to 120 �C did not induce particle crystallization and
all particles produced were amorphous (Run 3 Table 2). In the
attempt to increase the effective ‘wet’ time available for in-situ
crystallization, the experiments were repeated with the 80 lm
droplet size, runs 5–6, which was also associated with higher spray
rate. Results showed that in the low temperature drying, below
80 �C, particles were amorphous. However, interesting results were
observed when the temperature was increased above 85 �C in
which significant particle crystallinity was observed. X-ray crystal-
lography (Fig. 6) showed that the material had the main peaks of
polymorphous lactose especially in 10.4� for b lactose and at
12.4� and 16.5� for a lactose.

Therefore, increasing the droplet size which increases the
effective ‘wet’ time rather than the residence time also worked
for lactose in inducing in-situ crystallization. A unique trend
observed for lactose which may be contradictory to the deduction
Fig. 6. XRD result for lactose produced in different processing condition (a) Run 8::
spray dried at 105 �C with feed of 22 �C, (b) Run 6:spray dried at 105 �C with feed of
75 �C 6, (c) Run 7:: spray dried at 85 �C with feed of 75 �C.
above was that higher drying temperature was required to induce
crystallization in the 80 lm droplets [25]. While the usage of larger
droplets and spray rates induces a longer ‘wet’ time, a higher dry-
ing temperature, in contrast, will have the tendency to induce a
shorter ‘wet’ time due to the higher dehydration rate. Additional
explorations were then undertaken by manipulating the tempera-
ture of the feed solution.

This processing condition was repeated with the larger droplets
of 80 lm (Runs 7–8). Surprisingly, in the low drying temperature,
crystalline peak was observed in XRD results. Despite these peaks
were not as distinct as the high temperature drying runs in the ear-
lier experiment, the short peak for a lactose especially at 12.4�was
significant in the spectrum.

Similar to sucrose, the strategy successfully produced partially
crystalline lactose particles. The SEM images, Fig. 7, for the differ-
ent runs confirmed existence of lactose crystalline. Fig. 7-Run 7
shows existence of both spherical, which is typical of amorphous
particles lactose, and crystalline particle. The SEM image, Fig. 7-
Run 8 complied the XRD results for this Run in which high degree
of crystallinity was achieved.
3.3. Mannitol

The strategy developed from the two difficult-to-crystallize
materials (sucrose and lactose) was then evaluated for mannitol
which is easy to crystallize. The low stickiness of mannitol put it
among the materials conveniently spray dried. Currently, mannitol
has come to the centre of focus as an alternative to lactose specif-
ically as a carrier material in inhalers.

With minimal tests on this material, increasing the droplet size
and spray rate did not produce significantly crystalline particles.
Even with the larger spray rate and larger average droplet size,
increasing the drying temperature did not result in significant crys-
tallization (Run 1–2 Table 3). This was evident by the agglomera-
tion and non free-flowing behaviour of powder produced by
these runs during particle collection. Even at the elevated temper-
ature (Run 3 Table 3), XRD analysis showed an amorphous like pat-
tern (Fig. 8d). Despite crystalline lactose being produced with
increasing drying temperature, the same was not observed for
mannitol (Run 4 Table 3). Even though the particles were free flow-
ing on the collection tray, the XRD result in Fig. 8c showed amor-
phous like pattern.

Interestingly, raising the feed temperature significantly along
with high drying temperature affected the crystallization of man-
nitol (Run 5 Table 3). The collected particles were very free flowing
and no large clump agglomeration during particle collection was
observed. The SEM image (Fig. 9) of this run clearly showed dis-
tinct crystalline structure of the mannitol particles produced with
this strategy. The XRD data in Fig. 8a confirmed high degree of
crystallinity where distinct sharp peaks was observed. The peaks
for the spray dried particles resembled the peaks of the purchased
unprocessed crystalline D-mannitol. The XRD spectrum (Fig. 8a)
also shows high intensity peaks at around 14.7� and 17.4� repre-
senting the existence of both alpha and beta mannitol [26].
4. Discussion

In the typical co-current spray drying configuration, the sprayed
droplets will tend to firstly experience relatively hotter air at the
initial droplet-air contact followed by relatively cooler air as it
travels with the convective air flow. This implies that the evapora-
tion is very rapid at the initial droplet-air contact with subse-
quently decreasing driving force for evaporation; from the
decreasing air temperature and the decreasing moisture content
in the particle. In contrast, in the counter current configuration,
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the droplet experiences relatively lower temperature at the initial
droplet-air contact followed by progressively increasing tempera-
ture. Therefore, the droplet may experience an increasing rate of
dehydration; although the progressively decreasing moisture con-
tent in the particle may augment this dehydration process [22,27].
This difference in particle drying history significantly affected the
particle formation behaviour of the particles.

For mannitol, the counter current drying history produced par-
tially amorphous particles with very low degree of crystallinity, the
short merged peaks of XRD spectrum (Fig. 8c and d) revealed very
low degree of crystallinity. This was a surprising result as most
reports in the literature reported the spray drying of well crys-
talline mannitol particles [28]. Therefore, this suggests that to pro-
duce crystalline spray dried mannitol particle, a rapid initial
dehydration is required to induce the formation of the individual
mannitol crystals in the forming particle [29]. This is further sup-
ported by experimental evidence when the temperature of the feed
Run 3 Run 2 

Run 7 Run 7 

Run 8 Run 8 

100μm 

Fig. 7. SEM and light microscopy images of lactose particles gen
was increased. This would have enhanced the initial evaporation of
the droplet and supersaturation occurred rapidly. It is noteworthy
that the effect of the inlet feed temperature on the in-situ crystal-
lization behaviour of spray dried particles have yet to be reported
in detail in the literature. Manipulation of this parameter may be
important for a co-current spray dryer in producing such easy to
crystallize particles.

For materials with inferior crystallization rate such as lactose,
on the other hand, the slower initial dehydration followed by pro-
gressively higher dehydration was observed to be suitable in pro-
ducing in-situ crystallized lactose particles. The benefit of the
slower initial dehydration rate is further illustrated when the inlet
feed temperature was increased (expected to increase the evapora-
tion rate) which decreased the formation of the crystallinity in the
particle. It is supposed that the increased feed temperature may
have caused excessive initial evaporation rate leading to rapid for-
mation of amorphous lactose solids.
Run 6 

Run 7 

Run 8 

100μm100μm

erated in various processing conditions regarding Table 2.



Table 3
Spray dried mannitol in various processing condition.

Average
droplet size
(lm)

Average
temperature

Velocity
(m/s)

Feed
Temp

Results

1 50 75 0.27 22 Sticky
2 80 75 0.27 22 Sticky
3 80 80 0.31 75 Non-sticky
4 80 115 0.33 22 Non sticky
5 80 110 0.33 75 Non sticky with

elongated crystal

Fig. 8. XRD result of mannitol: (a) Run 5:spray dried at 110 �C with feed of 75 �C (b)
purchased unprocessed D-mannitol (c) Run 3: spray dried at 80 �C with feed of
75 �C, (d) Run 4: spray dried at 115 �C with feed of 22 �C.
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A previous report also noted the need for relative high air tem-
perature to induce in-situ crystallization once the particle is
formed [11]. The reasoning provided indicated the high tempera-
ture was required to overcome the glass transition barrier to allow
solid phased transition from amorphous to form partially crys-
talline solids. This was also observed in the current work. Even
with a slow initial evaporation followed by a rapid evaporation
strategy, high counter current inlet air temperature was required.
However, the effect of the inlet feed temperature discussed earlier
suggests that the in-situ crystallization process may not be solely
controlled by the hot air conditions in the latter part of dehydra-
tion; the solid phase transition process. The initial solid formation
phase of the droplet, which may have been affected by the inlet
feed temperature, may also play an important role in controlling
Fig. 9. Mannitol spray dried in elevated
the in-situ particle crystallization process. This will be an impor-
tant aspect for further investigation and is currently in progress.
Although direct comparison could not be made, compared to past
reports on using a co-current system, relatively lower temperature
of 110 �C was sufficient for the counter current system (the former
required at least 180 �C inlet air temperature). It was unclear at the
moment if the lower required temperature was due to the larger
residence time available or predominantly due to the counter cur-
rent effect with progressively increasing air temperature.

Relative to lactose and mannitol, sucrose particle did not pro-
duce such high crystallinity. It is noteworthy that between the
materials evaluated, sucrose has the lowest propensity to crystal-
lize. The slow initial dehydration followed by progressive dehydra-
tion which worked for lactose in inducing in-situ crystallization
was not successful for sucrose. Nevertheless, for sucrose, the effect
of the inlet feed temperature on the in-situ crystallization process
was observed. Under the elevated feed temperature, however, rel-
atively lower counter current air temperature can be used. This
observation is in agreement with the Leong finding that for a mate-
rial with solubility considerably independent of temperature crys-
tallization is independent of drying air temperature [25]. For such a
low propensity to crystallize material, in the context of spray dry-
ing, a different mechanism or strategy may be required to elucidate
the experimental trend observed. This will be the subject of our
future work.
5. Conclusion

The effect of droplet/particle residence time and the effective
‘wet’ residence time on the in-situ crystallization process of
sucrose, lactose and mannitol were evaluated. It was found that
preserving the effective ‘wet’ time was essential in allowing in-
situ crystallization of the particles. This was undertaken by using
droplets of larger average sizes and by increasing the spray rate
of the feed. Additional experiments showed that the manipulation
of the inlet feed spray temperature significantly affected the in-situ
crystallization process as it changes the initial particle formation
process; particularly for mannitol and lactose. Further analysis
revealed that high initial evaporation is required for the in-situ
crystallization of mannitol. On the other hand, lactose in-situ crys-
tallization requires a slower initial evaporation rate. These showed
that the initial particle formation process may be another mecha-
nism controlling the in-situ crystallization of rapidly formed parti-
cles in spray drying in addition to the solid phase mechanism
reported in the literature. These analyses were possible due to
the counter current configuration in which a droplet typically
experiences a slower initial dehydration rate followed by a higher
temperature drying process as it approaches the counter current
air inlet. More work is currently underway to investigate the
significance of the initial particle formation phase in controlling
the in-situ crystallization of particles in spray drying.
feed temperature of 75 �C, Run 5.
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