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ARTICLE INFO ABSTRACT

Article history:

Research on simultaneous antisolvent-vapour-induced precipitation and convective drying of a solute-
containing droplet was extensively conducted since this technique was introduced. However, the internal
droplet compositions, which were suggested to be related to the formation of particle morphologies, had
not been explored. Herein, the ethanol-vapour-induced precipitation of multi-solvent droplets containing
maltodextrin as the solute was used to analyse internal droplet compositions. The droplet mass and
diameter profiles were obtained via an established single-droplet drying experiment, which mimicked
the spray drying of droplets. Analysis revealed that the antisolvent concentration increased with time
and was higher than solvent concentration towards the end of the process. It is interesting to find out that
the final particle morphology was profoundly impacted by the ambient ethanol humidity and also how
spontaneous the subsequent drying was during ethanol-vapour-induced precipitation of the solutes. The
formation of the porous structure was favoured with the occurrence of spontaneous vaporization once
the ethanol was present for precipitation. Therefore, low ethanol humidity (20% ERH in this study)
was sufficient. In contrast, higher ethanol humidity (>70% ERH) was preferable to produce spherical par-
ticles. This study provides an insight into particle engineering to unveil the internal droplet conditions
and physical phenomena during this unique process.
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1. Introduction

Particle size reduction techniques have been advanced and
implemented in various industries, such as the pharmaceutical
sector, dairy and food manufacturing, to produce fine particles
with enhanced functional and physico-chemical characteristics.
For example, in the pharmaceutical field, a smaller particle size will
promote effective drug delivery and higher bioavailability. In the
food industry, a smaller powder size provides a larger surface area
for water absorption, leading to a high dissolution rate which gives
a better mouthfeel and flavour release. The techniques for produc-
ing fine powder in food [1] and pharmaceutical [2] industries have
been critically reviewed. Typically in spray drying, this process
involves the atomization of liquid feed to promote subsequent

Abbreviations: DE, Dextrose equivalent; EAH, Ethanol absolute humidity
(kg/kg db); ERH, Ethanol relative humidity (%).
* Corresponding author.
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rapid solvent vaporization of the atomized droplets in the presence
of a convective drying medium. The final size distribution of dried
particles is typically in a range of tens to hundreds of microns,
mainly controlled by the initial size of atomized droplets. In gen-
eral, the overall particle size may be further reduced by atomizing
the liquid feed to a sufficiently smaller droplet size. However, such
a very fine droplet atomization would compromise the process
throughput as the flow rates would be limited for routine produc-
tion. From the commercial perspective, there is a demand for
spraying the liquid droplets at high flow rates while producing
large quantities of ultrafine particles, and ideally to be completed
in a single step.

To address these issues, an innovative technique based on spray
drying incorporated with antisolvent-vapour precipitation (AVP)
was recently developed by a research team from Monash Univer-
sity. In this process, vaporized ethanol (in some cases, water
vapour, depending on the nature of the solute) is mainly used as
the antisolvent vapour and carried by inert nitrogen gas to form

0921-8831/© 2022 The Society of Powder Technology Japan. Published by Elsevier BV and The Society of Powder Technology Japan. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.apt.2022.103440&domain=pdf
https://doi.org/10.1016/j.apt.2022.103440
mailto:wai.woo@auckland.ac.nz
https://doi.org/10.1016/j.apt.2022.103440
http://www.sciencedirect.com/science/journal/09218831
http://www.elsevier.com/locate/apt

Kian Siang Lim, N. Fu, ]. Xiao et al.

a convective drying medium. The underlying principle of this tech-
nique is the absorption of antisolvent vapour into the solute-
containing droplets to cause a gradual reduction in the solubility
of dissolved particles, leading to precipitation. As a result, multiple
micron-sized particles could be precipitated from a single droplet
under atmospheric conditions [3]. Therefore, this technique could
be a potential alternative to produce ultrafine powders in large
amounts, which is remarkably different from the one-droplet-to-
one-particle transition as observed in conventional spray drying.

The antisolvent-vapour precipitation approach was first
reported using a sugar-based organic material, lactose [3]. Numer-
ous lactose microspheres with diameters within the submicron
range were precipitated from a single aqueous lactose droplet of
an initial diameter of 1.2 mm. A series of experimental work was
then undertaken to study the viability of antisolvent-vapour pre-
cipitation using different solute materials such as whey protein,
maltose, maltodextrin, salt and composite particles [4-6]. Further
qualitative studies on this innovative approach were conducted,
including the effect of operating conditions on the morphologies
of precipitated particle, as well as the mechanism of particle for-
mation was proposed [7,8]. In the study of ethanol-vapour precip-
itation using the aqueous droplets of maltose or maltodextrin, it
was interesting to observe a similar particle morphological transi-
tion: from porous, microsphere network and the discrete micro-
spheres, with increasing ethanol humidity [4].

The precise particle morphology control by simply adjusting the
ambient ethanol humidity still necessitates an exploratory investi-
gation. Based on the experimental studies using aqueous droplets
of lactose [7,8] and maltodextrin [4], the use of higher ethanol
humidity of the drying stream was observed to favour the forma-
tion of the microspheres upon drying. It was qualitatively
described by Tan et al. [4] that at a certain point of ethanol concen-
tration within the droplet, the spherical particles were obtained
upon drying. Herein, the formation of particle morphology could
be related to the absorption behaviour of ethanol vapour and the
change of the internal droplet compositions. To the best of the
authors’ knowledge, a quantitative study on the variation of inter-
nal droplet compositions throughout the process has not been per-
formed up to this date. Therefore, it is important to investigate the
profiles of internal droplet compositions to explain the formation
of various particle morphologies.

In the present study, maltodextrin was used as the solute, etha-
nol as the antisolvent and water as the solvent. The behaviour of
the aqueous maltodextrin droplets exposed to the convective med-
ium consisting of ethanol vapour was examined using a newly
established experimental setup of a single-droplet drying (SDD)
approach. The SDD approach is effective in monitoring the
droplet-to-particle process with a wide range of controlled operat-
ing conditions, mimicking to any possible extent of the spray dryer
environment. In addition, integrated analyses on the drying kinet-
ics and the evolution of droplet geometry can be carried out. Based
on experimental results, i.e. the profiles of droplet mass and diam-
eter, post analyses on temporal variations of component mass frac-
tions of the droplet were then performed. The purpose is to further
elucidate the formation of various particle morphologies by moni-
toring the change in the internal droplet compositions throughout
the entire process.

2. Materials and methodology
2.1. Preparation of samples
In this experiment, a corn-based maltodextrin DE 18 powder

was purchased from Melbourne Food Ingredient Depot. Ultrapure
water obtained from a Milli-Q purification system (Millipore, Aus-
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tralia) was used throughout the experiment. The aqueous solutions
of initial concentrations 2.5 wt% and 5 wt% were freshly prepared
on the day of experiment by dissolving the powder in water. In
generating nitrogen-ethanol gas flow, absolute grade > 99.8% lig-
uid ethanol (Merck, Australia) was used and ventilation nitrogen
was supplied from a purchased nitrogen gas cylinder.

2.2. Experimental procedure

The single droplet approach was used to investigate the drying
behaviours and the transformation of the droplet-to-particle pro-
cess. The details of the working principle and setup of the glass fil-
ament SDD experiment have been described [9]. To incorporate the
antisolvent-vapour precipitation with the single droplet drying in
this study, the experimental rig was built and optimized by con-
necting an advanced control-evaporation-mixing (CEM) fluid
delivery system to generate a drying medium carrying unsaturated
ethanol vapour in the adjustable temperature and relative humid-
ity. The in-situ droplet mass measurement was enhanced using a
five-decimal microbalance (Mettler Toledo MS105DU). The sche-
matic diagram of the experimental setup is displayed in Fig. 1. Brief
descriptions are provided here for the sake of completeness.

The confined droplet chamber (label H in Fig. 1) was first pre-
heated by flowing through nitrogen gas until a steady temperature,
of which approximately half an hour was taken. The purpose is to
minimize any ambient moisture which affects the absorption-
evaporation process. By adjusting the flow rates via the control-
and-readout unit (label L), liquid ethanol from the feed tank (label
B) was then mixed with a fixed 8 L/min nitrogen gas to generate a
conditioned gas using the control-evaporation-mixing (CEM) unit
(label E). The flow rates of liquid ethanol and nitrogen gas were
measured by the flowmeters (labels C and D, respectively). Once
the temperature of the droplet chamber was stable, the condi-
tioned gas stream was switched to the bypass (using the valve;
labelled as F in Fig. 1) when generating and transferring the aque-
ous maltodextrin droplet into the drying chamber. This is to elim-
inate any undesirable absorption or evaporation of the droplet
before the measurement and monitoring started. Single aqueous
maltodextrin droplet of initial volume 2.0 pL was generated using
a 5 pL gas chromatograph microsyringe (SGE Analytical Science
Pty. Ltd., Australia) with an accuracy of + 0.1 pL. The droplet was
then suspended onto the tip of a glass filament (label ]) positioned
in the chamber using a separate transferring glass filament. The
conditioned gas was immediately switched back to the chamber
as the single droplet was placed in a chamber. The mass measure-
ment and video recording of the droplet were conducted simulta-
neously. A high-definition video camera was used with back
illumination of natural white light to monitor the droplet drying
behaviour. This purpose is to generate a clear contrast between
the outer droplet boundary and the background, which would ease
the image analysis from the video, as described in the following
section.

2.2.1. Image analyses: Droplet drying kinetics and particle morphology

After each experiment, the precipitated product was immedi-
ately collected onto a carbon stub and was sputter-coated before
being observed using scanning electron microscopy (Phenom
SEM). Internal and outer structures of each sample were observed.

In the droplet diameter (size) analyses, the video was first con-
verted into JPEG images at one frame per second before the images
were processed using Image] (National Institute of Health, USA)
freeware. Time O of each set was firstly identified and the process
was illustrated by a sequence of images corresponding to the dry-
ing time. The droplet projected area on each image (i.e. each sec-
ond) was measured, and its equivalent diameter was computed
by assuming the perfect circle of the projected area. In order to



Kian Siang Lim, N. Fu, ]. Xiao et al.

A

Nitrogen gas e

Advanced Powder Technology 33 (2022) 103440

A

Nitrogen gas

Fig. 1. Schematic diagram of experimental rig: A, nitrogen gas supply; B, liquid feed tank; C, liquid flowmeter; D, gas flowmeter; E, control-evaporation-mixing unit; F, bypass
valve; G, stainless steel mesh layer; H, droplet chamber; I, microbalance; L, control-and-readout unit. Inset photograph: J, glass filament; K, sample droplet.

minimize the random error mainly caused at the beginning (time
0) of each experiment, the initial droplet volume was calculated
from its known initial mass and density. The actual initial diameter
was then calculated and used as a reference for calibrating the
equivalent diameter of each image. The calibrated data were then
used in the following calculations of droplet volume at each time.
Droplet expansion or shrinkage (D/Dy) was also determined by nor-
malizing the equivalent diameter at each time to the initial known
droplet diameter at time O.

The translucency of the droplet was analyzed using Image] free-
ware to detect the point where the droplet turns fully cloudy. The
extracted images were first segmented and then converted to
grayscale and binary form to obtain the distinct boundaries (dro-
plet interface). Next, suitable values of brightness and contrast
were set to improve the clarity between the droplet and its back-
ground to detect the transformation of the ‘darkness’ of the droplet
(object of interest). The object which displays completely black
indicates the droplet turns fully cloudy and opaque without any
light reflection (see Figs. S1 and S2).

2.2.2. Experimental errors of droplet kinetics measurements

Generally speaking, the glass filament SDD approach possessed
high reproducibility in measuring the droplet parameters, viz.
mass and diameter [10]. The measurements were performed at
least in duplicates and the results reported were the average data
from at least two trials. Experimental errors between the repeated
droplet mass measurements were within +4-7% difference. Mean-
while, experimental uncertainty between the repeated diameter
measurements at the initial stage was less than 5%. As the drying
progressed, droplet diameter decreased until a kink was obtained,
after which the rate of the decrease approached zero. The uncer-
tainty became higher, approximately 8% towards the end of the
drying process. The possible reason for the increased experimental
uncertainty was that the precipitated particles were solidified to
different shapes at the later stage, giving a large discrepancy
between the resultant projected areas during diameter
measurement.

2.3. Experimental conditions

The experiments were performed with a range of 0-95% ERH or
0-0.11 kg/kg db EAH under room temperature (22-25 °C). The

temperature of the chamber was known by measurement using a
thermocouple. The ethanol absolute humidity (EAH) was calcu-
lated from the known mass flowrates of liquid ethanol and nitro-
gen gas entering the CEM system. The ethanol relative humidity
(ERH) of the gas stream at the operating (dry-bulb) temperature
can be calculated using the following equations:

. o Partial vapour pressure of ethanol
0 —
Ethanol relative humidity (%) = Saturated vapour pressure of ethanol

x 100%

(1)

Liquid ethanol mass flowrate(g/hr)
Nitrogen mass flowrate(g/hr)

Ethanol absolute humidity =

(2)
For simplicity, the ideal gas law equation was used to determine
the ethanol partial vapour pressure at the operating temperature.
The calculated EAH and ERH at the operating (dry-bulb) tempera-
ture were compared to the ethanol-nitrogen psychrometric chart
[11], and insignificant disparity was found, indicating such estima-
tions are valid. As a result, these parameters were easily controlled
by adjusting the mass flow rate of liquid ethanol via the CEM sys-
tem. Tables 1 and 2 list the process conditions used for aqueous
droplets with initial concentrations of 2.5 wt% and 5 wt% mal-
todextrin DE 18, respectively. Note that 0% ERH acted as a control
experiment with the use of nitrogen gas only as the drying med-
ium, which can be considered similar to the drying air due to the
fact that air consists of a high proportion of nitrogen.

3. Results
3.1. Droplet geometry evolution

The typical drying progress of a droplet exposed to the ethanol
vapour laden nitrogen is depicted in Figs. 2 and 3. Under suffi-
ciently high ethanol humidity, the droplet experienced uniform
volume expansion accompanied by shrinkage throughout the pro-
cess. It was noticed that the droplet lost its uniform shrinkage at
some point towards the end of the process. The wrinkles with an
irregular shape were then developed until a final shrivelled particle
was obtained with no further change in mass.
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Table 1
Experimental conditions, recorded maximum size, mass peak and relevant data for ethanol-vapour-precipitation and drying of 2.0 uL aqueous droplets with initial concentration
of 2.5 wt% maltodextrin DE 18.

EAH ERH Maximum Time of Maximum ethanol D,,,/ Time of Time where fully Ethanol Morphology of Average increment
(kg/ (%) mass, Mg max mass fractions (at D, Dinax cloudiness mass precipitated rate of ethanol mass
kg db) My max (Mg) (sec) Mg max) (sec) observed, t¢ (sec) fraction at  particles fraction (sec!)
tec

0 0 - - - - - - - Solid chunk -
0.025 20 - - - - - - - Porous 0.0035
0.054 50 2.14 60 0.095 1.02 60 220 0.493 Microsphere 0.0016

network
0.066 60 2.18 190 0.236 1.08 330 200 0.305 Microsphere 0.0019

network
0.074 70 2.52 220 0.354 1.12 320 140 0.163 Microsphere 0.0023

network
0.088 75 2.58 250 0.750 1.17 290 120 0.473 Spherical 0.0030
0.100 80 2.74 245 0.759 1.18 320 120 0.419 Spherical 0.0033
0102 95 3.05 320 0.954 123 365 115 0417 Spherical 0.0045

Table 2

Experimental conditions, recorded maximum size, mass peak and relevant data for ethanol-vapour-precipitation and drying of 2.0 uL aqueous droplets with initial concentration
of 5 wt% maltodextrin DE 18.

EAH ERH Maximum Time of Maximum ethanol D,,,,/ Timeof Time where fully Ethanol Morphology of Average increment
(kg/ (%) mass, Mg max mass fractions (at D, Dinax cloudiness mass precipitated rate of ethanol mass
kg db) My max (M)  (sec) Mg max) (sec) observed, t¢ (sec) fraction at  particles fraction (sec!)
tfc

0 0 - - - - - - - Solid chunk -
0.022 20 - - - - - - - Porous 0.0023
0.074 65 2.37 200 0.182 1.08 265 150 0.128 Microsphere 0.0020

network
0.084 70 2.48 280 0.816 114 295 140 0.498 Microsphere 0.0021

network
0.090 80 2.78 270 0.812 119 335 130 0.394 Spherical 0.0019
0.100 89 2.98 285 0.887 122 325 120 0373 Spherical 0.0031
0110 95 3.21 310 0.946 126 295 105 0.381 Spherical 0.0038
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Fig. 2. Evolution of (initial concentration 2.5 wt%) maltodextrin droplet exposed to nitrogen gas and ethanol vapour.
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Fig. 3. Evolution of (initial concentration 5 wt%) maltodextrin droplet exposed to nitrogen gas and ethanol vapour.

3.1.1. Cloudiness analyses

A transparent droplet gradually turned turbid and eventually
opaque throughout the process by visual observation. In view of
the fact that maltodextrin is readily soluble in water and insoluble
in ethanol, the presence of ethanol would result in the decrease of
maltodextrin solubility in water, producing the precipitates from
its dissolved state. Such phase transition could be evident by the
development of cloudiness during the initial droplet expansion
period, although the exact commencement was difficult to pin-
point. The binary images of the object progressively became
entirely black (denoting the droplet turned completely cloudy)
are shown in Figs. S1 and S2. Exceptional cases are 0% and 20%
ERH conditions, where the droplet did not turn cloudy thoroughly
even at the end of drying. For the control experiment 0% ERH, the
droplet was experiencing purely water removal resulting in solid-
ification during the drying process. For the 20% ERH case, the out-
come suggests that insufficient ethanol was present in the droplet
to reduce the solubility of the dissolved maltodextrin in the water
phase. For the remaining conditions, the total time taken where the
droplet turns completely cloudy since the commencement of the
experiment is listed in Tables 1 and 2. As expected, a shorter time
was required for the droplet to turn fully cloudy with increasing
ambient ethanol humidity.

3.1.2. Morphologies of the final precipitated particles

A variety of particle morphologies obtained from this experi-
ment are presented in Fig. 4, namely solid chunks (0% ERH), porous
matrix (20% ERH), network of microspheres (50-70% ERH) and dis-
crete microspheres (>75% ERH). It was found that the morphologies
of maltodextrin particles formed are strongly affected by the ambi-
ent ethanol humidity, while the influence of initial solute concen-
tration was not apparent. This observation was in line as reported
by Tan et al. [4]. In their studies using the same initial solute con-
centrations of 2.5 wt% and 5 wt%, a transition from a network of
microspheres to discrete microspheres was observed when ERH
varied from 70% (or 65%) to approximately 95%. In the microsphere
network, the microspheres were seemed to be entrapped in a solid

matrix and agglomerated by the solid bridges, which is distin-
guishable from the formation of discrete microspheres. In our
experimental studies, a transition from a network to discrete
microspheres was also noticed under similar ERH ranges used by
Tan et al. [4], regardless of the initial solute concentration. In par-
ticular, the transitional porous network morphology, much like
Swiss cheese, was observed from the 20% ERH condition (where
the droplet lifetime at 20% ERH was comparable to 0% ERH). The
formation of pores within the particles had been confirmed due
to the dehydration of the ethanol-rich region, which was produced
from mixing aqueous maltodextrin with ethanol [12].

Based on the observations in this study and as reported by Tan
et al. [4], the morphologies of the final particles produced are
strongly influenced by the ambient ethanol humidity. For instance,
a sufficiently high ethanol humidity would likely lead to the pro-
duction of maltodextrin microspheres [4]. The question is how
the internal composition (ethanol and water concentration) corre-
sponds to these external conditions. Further analysis was under-
taken in Section 3.3 to further understand the observed
morphological changes.

3.2. Ethanol-vapour-precipitation and drying behaviour of aqueous
maltodextrin droplets

Owing to the capability of the new setup to measure and record
the real-time droplet mass during the experiment, the droplet
mass histories during the ethanol-vapour-precipitation and drying
process were able to be monitored directly (displayed in Fig. 5 with
uncertainty within +4-7% difference between the repeated data) at
an interval of 5 s. A brief description of mass curves is as follows:
for cases with sufficiently high ambient ethanol vapour, an initial
stage of net mass gain was observed due to the predominant
absorption rate of ethanol being higher than the removal rate of
water. Such phenomena are more pronounced, particularly at
95% ERH, the highest ERH used in this study. Note that the droplet
undergoes simultaneous water loss and ethanol absorption at its
surface. Water evaporation throughout the process is expected
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Fig. 4. The morphologies of maltodextrin particles after ethanol-vapour-induced precipitation and drying of droplets with initial solute concentrations of (a) 2.5 wt% and (b)

5.0 wt%

due to zero relative humidity of water vapour in the ethanol-
nitrogen surrounding. Subsequently, net mass loss of the droplet
was then observed as a result of continuous water removal with
ethanol evaporation.

From the droplet mass profiles, the maximum droplet masses
were obtained towards the end period of droplet expansion (ex-
cept 0% and 20% ERH, where no mass peak was found). As
expected, the values of maximum droplet mass and maximum
diameter were getting larger with increasing ambient ethanol
humidity. Such phenomenon is apparent for condition 95% ERH
where the mass peak was the highest, ie. 3.05 mg
(additional ~ 50%) and 3.21 mg (additional ~ 60% mass increment
from initial mass approximately 2.0 mg) for initial solute concen-
trations 2.5 wt% and 5.0 wt% respectively, comparing to the other
conditions (<95% ERH). Moreover, since the start of the experi-
ment, the corresponding time taken for a droplet to reach its max-

imum mass was longer with increasing relative humidity of
ethanol. This could be explained by the larger ethanol concentra-
tion gradient existing between the droplet surface and its sur-
rounding (at higher ambient ethanol humidity), such that the
droplet could absorb a greater ethanol amount until a certain point
before the net mass loss began to occur. In fact, the overall droplet
lifetime at 95% ERH is also the longest (refer to Fig. 5) as the addi-
tional time required for drying off the precipitated particles.
Interestingly, a linear trend of mass decrease was observed after
the mass peak when the net mass loss commenced until an abrupt
kink was observed at the end of the process. The final masses were
proportional to the mass of dissolved maltodextrin. Such linear
trend has differed from the typical drying curve of droplets con-
taining solutes (i.e. via hot drying air), where a progressive reduc-
tion in gradient was usually found, indicating the decreasing
evaporation rates with time. In literature, this had been termed
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Fig. 5. Temporal mass profiles of aqueous droplet with initial maltodextrin concentrations of (a) 2.5 wt% and (b) 5.0 wt% corresponding to the conditions listed in Tables 1

and 2, respectively.

as falling rate behaviour. This is mainly due to the formation of
solid crust at the droplet surface, which inhibits the moisture
movement across the droplet surface. In our drying approach, it
has been envisaged that a liquid suspension with uniform distribu-
tion of particles was formed [3]. Further discussion was under-
taken in Section 4.3 to explain this observation in great detail.
The changing trend of normalized diameters, as shown in Fig. 6,
is similar to the mass curve, consisting of an initial increment
(indicating the droplet expansion) and a subsequent linear decline
until a kink was reached at the final normalized diameters. These
final values were attributed to the size of residual solid after dry-
ing. It is expected that the final normalized diameters with an ini-
tial solute concentration of 5 wt% should be larger than that of
2.5 wt%. The final normalized diameters were relatively consistent
for the initial solute concentration of 2.5 wt% (approximately 0.55-
0.65 on average). However, a board range (0.50-0.92 on average)
was determined for 5 wt%, suggesting that the inevitable random-
ness of dried particles was formed in irregular shape, inducing sig-
nificant error in predicting the internal compositions as described

(@)

0% ERH
+20% ERH
*50% ERH
*60% ERH
u70% ERH
75% ERH
80% ERH
95% ERH

0 200 400 600 800 1000 1200 1400 1600
Time (sec)

in the later sections. If we look closer at the cases of 89% and 95%
ERH (giving the production of discrete microspheres), the final nor-
malized diameter was lower (0.5-0.6), indicating that the mass
loss was more efficient. This could be understood as such morphol-
ogy allows the transport of liquid than retained in the particles due
to lesser internal resistance between the microspheres formed
under such conditions.

3.3. The changes in the droplet composition along the absorption-
drying time

In this study, the data acquisition of droplet compositions via
experimental methods is challenging, mainly due to the rapid dry-
ing of tiny droplets. In order to shed light on the changing trend of
the internal droplet compositions, a simplified calculation was
implemented to estimate the component mass fractions from the
effective density of the droplets. The droplet density (p,,,,) at each
time was approximated using the measured droplet mass and
volume (based on the equivalent diameter). The following

(b)

© 0% ERH
+20% ERH
*65% ERH
70% ERH
+80% ERH
-89% ERH
95% ERH

04 — Kinks

0 200 400 600 800 1000 1200 1400 1600 1800
Time (sec)

Fig. 6. Temporal shrinkage profiles of aqueous droplet with initial maltodextrin concentrations of (a) 2.5 wt% and (b) 5.0 wt% corresponding to the conditions listed in Tables

1 and 2, respectively.
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relationships were used to predict the mass fractions of ethanol
(x¢) and water (x, ), assuming ideal mixing:

1
Pdrop = ﬁ (33)

Pi

1 _%e X | Xn (3b)
pdrop pE pw pm

Xe + Xy + Xm = 1 (4)

Eq. (3b) represents the mass-weighted density by factoring the
densities of liquid components and pure maltodextrin (solute)
with their respective mass fractions in the droplet. With the known
parameters (droplet density (pg,,), pure-component densities
(pg. p,, and p;,) and mass of dissolved maltodextrin), mass frac-
tions of ethanol (xg) and water (x,,) can be estimated by substitut-
ing Eq. (4) into Eq. (3b), and upon rearrangement:

OF P OF P,
/Elwi(‘l *Xm)pffxml”w

Pdrop Pm
Xg = (3)
Pw — Pe
PEPw _ _ PEPw
Xy = Pfirap (1 xm)pw Xm zm (6)

PE— Pw

The whole evolutions of the predicted droplet density against
time under various conditions are illustrated in Fig. S4 for initial
maltodextrin concentrations 2.5 wt% and 5 wt%, respectively. A
general description of the trend observed from these figures is pro-
vided as follows: Under the experimental condition, the initial dro-
plet density (at time 0) was ~ 1000 kg/m?, which is approximately
equal to the pure water density (although the presence of a low
amount of dissolved maltodextrin). It progressively reduced until
a stage where plateau was observed and the duration was compa-
rably longer. The droplet density was in the range of 750-800 kg/
m? before an abrupt density decrease was noticed towards the end
of drying. Note that the range of liquid ethanol density is 750-
800 kg/m> under the experimental conditions. This suggests that
the droplet consists of a relatively high quantity of ethanol than
water during this period. The range of predicted densities from
time O up to the plateau stage, which is between the densities of
pure ethanol and pure water, is reasonable.

Beyond the plateau, a sudden drop (or increase in some cases,
e.g. curve with 70% ERH in Fig. S4(a)) in the estimated droplet den-
sity was observed, corresponding to the moment when the kink
was observed in Fig. 6. In fact, the density of precipitated particles
at the end of the process does not equal to the real density of dry
maltodextrin DE18 powder, which is 1330 # 10 kg/m? [13]. This is
because the droplet could not shrink further towards the end of the
process, as shown in Fig. 6. The curves of diameter ratio reached a
kink (labelled in Fig. 6), beyond where there is no further droplet
size reduction. Meanwhile, the recorded droplet mass had shown
a continuous decrease (until 2.5% or 5% of the respective initial
mass). Therefore, the trend beyond the kink is not useful for the
analysis of effective droplet density. The potential ‘surface locking’
was also noticed when approaching the kink. On this basis, the
temporal evolutions of the predicted droplet density had been dis-
played (Fig. 7) up to approximately 200 s before the kink observed
in the corresponding Fig. 6. In the following paragraph, the corre-
sponding temporal profiles of droplet compositions were pre-
sented and discussed.

The predicted profiles of ethanol (antisolvent) and water (sol-
vent) mass fractions within the droplet under various conditions
are presented in Figs. 8 and 9 for initial solute concentrations of
2.5 wt’% and 5 wt%, respectively. Typically, the water mass fractions
had decreased from the initial values (approximately 97.5 wt% and

Advanced Powder Technology 33 (2022) 103440

95 wt%, respectively) while ethanol mass fractions had linearly
increased. This implies the absorption of ethanol and water vapor-
ization across the droplet boundary as expected. As the drying pro-
gressed, ethanol concentration was maintained to be higher than
water concentration in most cases.

In spite of a certain degree of uncertainty in estimating the
component mass fractions in the droplet, the average increment
rate of ethanol mass fraction (Xz) was evaluated from the linear
parts in Fig. 8 and Fig. 9, i.e. from the beginning to the stage where
no drastic change in final ethanol mass fractions. It was expected
that the value of X; became greater with increasing ethanol humid-
ity, indicating that a larger concentration gradient promotes the
higher intake rates of ethanol into the droplet. From both experi-
ment sets, however, the average increment rate Xe at 20% ERH
was unusually higher than X; at the condition of much higher
ERH (except 95% ERH) under the same operating temperature. This
may seem to contradict the previous sentence, where the average
ethanol concentration within the droplet increased drastically
under such low driving force at low ERH conditions. This unusual
observation will be elucidated in the next section of this
manuscript.

4. Discussion

4.1. Unusual rapid increase in ethanol concentration at low 20% ERH
ambient condition

The primary difference in droplet absorption-dying behaviour
between 20% ERH and the other conditions is that the former expe-
riences continuous droplet shrinkage, whereas the droplets ini-
tially expanded before shrinkage for the latter. We will
theoretically assess if this could have an impact on this unusual
behaviour. The rate of mass transfer, denoted by the ethanol
absorption rate below as a case in point, can be correlated to the
mass-transfer coefficient (hy,), surface area (A4p) and the concen-
tration difference between the interface (p;) and the bulk drying
medium (p;_ ), as represented in Equation (7). The Ranz-Marshall
equation [14,15] was used to evaluate the mass-transfer coefficient

(Eq. 8).

dm
TtE = hmAdgrop(Ps — Pro) (7)
1o 1 Dmix,Film
i = [2.0 + 0.6Re25cs} e (8a)
1
h — 120 + 0.6 poc,FilmddmpUrel 2 :umix.Film % Dmix.Film (8b)
m= 2. .
Hinix Fitm P o Fitm Omix Film arop

where P rim» Mmixritm AN Drmix it are density, dynamic viscosity and
binary diffusivity of vapours located at the droplet-ambience inter-
face respectively, were evaluated at film temperature. U, is the rel-
ative velocity between the droplet and the drying stream. Taking
Pocitm = 1.15K8/M?, P i = 1.5 % 107°Pas, D =2 x 107°m? /s
and U,y = 0.2m/s, a plot of hy,Aq4rp versus droplet diameter ranged
up to 1.5 mm (initial droplet volume 2.0 puL) are presented in Fig. S3.

Considering the scenario where the droplet was initially
exposed to the ambience of ethanol vapour, the absorption rate
of ethanol into the droplet (represented by h,Aqp) is theoretically
increasing with a larger droplet diameter, as illustrated in Fig. S3.
Therefore, from this perspective, one would expect the droplet ini-
tially experienced a relatively lower rate of ethanol absorption and
water evaporation. Both factors would have contributed to a rela-
tively slower increase in the ethanol concentration of the 20% ERH
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Fig. 7. Temporal overall density of aqueous droplet with initial maltodextrin concentrations of (a) 2.5 wt% and (b) 5.0 wt% corresponding to the conditions listed in Tables 1
and 2, respectively. Each curve ended at 200 s before the kink as in Fig. 6(a) and (b), respectively.

condition compared to other ethanol vapour ambient conditions in
this study. Contributing to this factor, one would also expect higher
ethanol humidity to produce a more rapid increment rate in the
droplet ethanol concentration.

Unexpectedly, a comparably high increment rate of ethanol
concentration within the droplet was found at ethanol humidity
as low as 20%, relative to the 50-85% ERH condition. This suggests
a phenomenon at the intermediate ethanol vapour condition that
hinders either the ethanol absorption rate or the water evaporation
rate. A recent analysis comparing a simultaneous droplet ethanol-
water mass transfer model suggests the former [16]. One could
imagine that the absorption flux was counteracted by evaporation
flux across the droplet surface. This effect is apparent for interme-
diate high ERH range (e.g. 50-85% ERH), where the evaporation
and absorption rates might be comparable. For low ethanol humid-
ity (i.e. 20% ERH in this study), water evaporation from a droplet is
the dominant process. Therefore, a high water removal rate would
also lead to a high increment of ethanol concentration within the
droplet. For extremely high ERH conditions (>90% ERH), the
depression on the ethanol absorption rate may have been over-
come by the high ethanol vapour concentration difference (driving
force), leading to the highest increment rate of ethanol concentra-
tion compared to other conditions.

On this basis, the intermediate high ERH range may not yield a
rapid increment rate of ethanol concentration within the droplet as
performed as the low ERH condition. The porous structure would
be favourably obtained under the conditions of low ethanol
humidity with subsequent dehydration. In the following part, the
internal condition of the droplet, which leads to different particle
morphologies (i.e. porous and microspheres), will be discussed in
more detail.

4.2. Effect of spontaneous quenching during ethanol-vapour-induced
precipitation on the morphology formation

The particle morphology produced under 20% ERH condition in
this study may beckon the following question: why was the porous
structure formed instead of the expected microspheres, despite the
high ethanol concentration of droplet above 90 wt% obtained?
According to the proposed mechanism by Tan et al. [4], the absorp-
tion and concentration of ethanol in the droplet were limited at
low ERH, resulting in the formation of porous structure upon dry-

ing. In contrast, the spherical particles were produced when a suf-
ficiently high amount of ethanol was absorbed by the droplet.
However, this statement contradicts the 20% ERH in our study that
the average increment rate x; was not limited but unusually higher
than other conditions. As discussed in Section 4.1, such a rapid
increment rate in ethanol concentration (due to rapid ethanol
absorption rate) may not be the determining factor for the demar-
cation between the formation of porous structure and the
microspheres.

Another crucial factor in answering such morphology formation
might be related to the following question: how does the solute
concentration within the droplet change during the simultaneous
ethanol absorption and dehydration process? To examine the vari-
ation of solute mass with respect to the liquid mass throughout the
process, two parameters, namely the mass ratio of solute-to-liquid
and mass ratio of ethanol-to-water, were evaluated to compare the
compositions within a droplet. Note that the solute is maltodex-
trin, while the liquid mass is the total mass of ethanol plus water.
The plots of mass ratio of solute-to-liquid against the mass ratio of
ethanol-to-water are illustrated in Figs. S5 and S6. Fig. 10 displays
the enlarged portion of Figs. S5 and S6, up to the point where the
respective maximum droplet masses were achieved. All plots begin
from approximately 0.025 and 0.050 g of maltodextrin / g of liquid,
respectively. In view that the mass of solute was fixed, an increase
in mass ratio of solute-to-liquid indicates a net mass loss of a dro-
plet, and vice versa. The mass ratio of ethanol-to-water was contin-
ually increasing, mainly due to continuous water removal from the
droplet.

Based on the results, the mass ratio of solute-to-liquid escalated
drastically within a short time frame at low ethanol vapour density
in the drying medium (i.e. 20% ERH). Such trend was also observed
for 50% ERH using an initial 2.5 wt% maltodextrin droplet, although
the increasing gradient was comparably lower. This might justifi-
ably imply that the droplets underwent spontaneous quenching
during the antisolvent precipitation (in the presence of ethanol).
For the other cases (>20% ERH), an initial decline in the mass ratio
of solute-to-liquid was observed from Fig. 10, and no significant
change afterwards. The mass ratio of solute-to-liquid was then
increased after the maximum droplet mass (see Fig. S5 and
Fig. S6 in Supplementary Material). This indicates that under these
conditions, the droplets experienced an initial net mass gain result-
ing from a predominant ethanol absorption, accompanied by the
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vaporization of both solvent and antisolvent in a much later time
and the microspheres were obtained. This could be explained
based on the proposed mechanism by Tan et al. [4]: At high ethanol
humidity conditions, a larger driving force was created and a con-
tinuous net increase of ethanol within the droplet would result in

11

the shrinkage of the water-maltodextrin phase and the coalescence
of water-ethanol bubbles. As the rapid quenching did not occur
spontaneously, further shrinkage would be proceeded, leading to
the “pinch-off” mechanism [8] in producing the discrete spherical
particles. At low ethanol humidity conditions, rapid quenching is
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likely to occur, which might impede the further shrinkage of the
water-maltodextrin phase and hence no discrete microsphere
was produced. Therefore, such porous structure formation has usu-
ally pertained to the use of low ethanol humidity, which is suffi-
cient for ethanol-vapour-induced precipitation.

In summary, the key factor in forming the porous structure is
essentially the spontaneous quenching during the ethanol-
vapour-induced precipitation. Several experiments have been per-
formed to support this concept [4,12]. In their study, an initially
aqueous maltodextrin droplet that just turned cloudy in the pres-
ence of ethanol (90% ERH was used by Tan et al. [4]) was removed
for microscopic inspection. A liquid phase constituted of sus-
pended bubbles was then observed. Subsequent dehydration gave
a solid matrix with pores [12], similar to the porous particles
obtained in our study.

Based on the aforementioned findings, we recommend that the
formation of the porous structure is facilitated with spontaneous
quenching once ethanol vapour was absorbed by the droplets for
precipitation. Note that the specific ERH range might be dependent
on other factors, such as process scale. In this study, a low ambient
ethanol humidity (20% ERH) may be sufficient to precipitate the
solutes, leading to a relatively short process time. From the per-
spective of industrial applications that may potentially utilize the
ethanol-vapour-induced precipitation, we suggest that a strategy
of using low ethanol humidity of the convective medium entering
the spray chamber is sufficient for producing particles in the por-
ous structure. In contrast, for the formation of spherical particles,
high enough ethanol concentration within the droplet is essential
to allow precipitation to occur before vaporization. Hence, the
use of high ethanol humidity (>70% ERH in this study) is encour-
aged, and a relatively long process time might be observed. Conse-
quently, discrete spherical particles can be acquired using the
convective stream approaching 100% ERH, despite the requirement
of high ethanol supply into the spray dryer.

4.3. Remarks on the drying behaviour of binary ethanol-water droplets
with precipitated particles

In the experiment using high ethanol humidity, subsequent lin-
ear mass reduction after the mass peak experienced by the droplet
could be explained as follow: As opposed to conventional convec-
tive droplet drying, the presence of the antisolvent (ethanol in this
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study) in the aqueous droplet might prevent the formation of solid
crust at the droplet interface due to the insolubility of maltodextrin
in ethanol. To be specific, the droplet interface had first to be
exposed to high ethanol (antisolvent) vapour density in the drying
medium throughout the entire process. During the process, the
mass fraction of water was predicted to be less than ethanol
throughout the net mass loss. As observed from Figs. 8 and 9, the
mass fraction of ethanol was maintained to be higher than water
after the mass peak. As a result, we propose that a relatively
large-sized matrix of precipitate is unlikely to be formed due to
the abundance of ethanol in the droplet. The size of precipitated
maltodextrin would be as small as possible, forming the liquid sus-
pension to provide easy removal of liquid (water and ethanol) prior
to complete drying. From practical perspective, a uniform suspen-
sion with a high ethanol-to-water mass ratio in the droplet would
potentially experience rapid dehydration. Thus, smaller size of the
spray dryer chamber should be sufficient to obtain dried final
products after antisolvent precipitation.

5. Conclusion

A thorough examination of the changing trend of internal dro-
plet compositions was performed to understand better the forma-
tion of various particle morphologies from a single aqueous
maltodextrin droplet exposed to a convective drying medium with
varying ethanol humidity. The coupled analyses of drying kinetics
(i.e. droplet diameter and mass) and the evolution of droplet geom-
etry were facilitated via an established single-droplet drying
experiment that mimicked the actual droplet drying process in a
spray dryer. The depression on the absorption rate experienced
by the droplets, along with the simultaneous evaporation, was
noticed in this study. Apart from the ambient ethanol humidity,
the final particle morphology was influenced by the spontaneous
vaporization of the droplet during the precipitation in the presence
of ethanol vapour. Low ethanol humidity is sufficient to promote
ethanol-vapour-induced precipitation and spontaneous quenching
to obtain porous particles. For the formation of microspheres, high
ethanol humidity is desired for the precipitation and to prevent
spontaneous quenching. Note that the specific ethanol humidity
range depends on other factors, such as the process scale. The
knowledge gained from this work can be used as a basis for a strat-
egy to control the production of a specific particle morphology
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with desired functionalities via simultaneous ethanol-vapour-
induced precipitation and convective droplet drying.
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