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ABSTRACT

Spray drying of emulsions is a widespread encapsulation technique to produce a large var-
iety of powdered formulations. The oil droplet size (ODS) in the powder is critical for prod-
uct quality, influencing key product parameters such as the encapsulation efficiency (EE) of
the oil. To expand the understanding of changes in ODS and structure formation during the
drying step. For this purpose, model oil-in-water emulsions were spray-dried at varying air
inlet and outlet temperatures. The powders were characterized regarding ODS and EE.
Smaller ODS were observed for parameter combinations where higher drying rates are
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expected due to decreased coalescence. The results for the EE revealed no clear trend. An
increase of air outlet temperature first led to a small decrease in EE followed by a distinct
increase of EE. The first decrease may indicate a collapse of the particle morphology but
more detailed investigations are necessary to explore these phenomena.

Introduction

Spray drying is a commonly used technique for the
production of oily powder products such as infant
formula, dairy powders and products with encapsu-
lated oil soluble components such as flavors or vita-
mins.!"! In this process, an oil-in-water emulsion is
atomized into fine droplets, which are subsequently
dried into particles by contact with hot air.l”!
Generally speaking, the oil droplet size (ODS) and
amount of free surface oil are the two most important
quality parameters determining product properties of
the reconstituted emulsion such as color, creaminess
and bioavailability of encapsulated active substances as
well as powder product properties such as flowability
and stability.’*~>) Powder properties depend also on
the matrix material and the particle size, which is
mainly dominated by the spray droplet size after
atomization.

In industrial processes, the ODS is commonly set
to a specific value in the feed emulsion under the
assumption, that it is stable during the spray drying
process. However, previous studies have shown that
the ODS can undergo changes during the atomization
as well as the spray droplet drying process, resulting

in differences between the ODS in the final powder
product compared to the feed emulsion.*”) It is
therefore mandatory to build a good understanding of
the parameters influencing the oil droplet size distri-
bution (ODSD) during the drying of a spray droplet.
The drying of a spray droplet is commonly divided
into two stages.™ In the beginning, the droplet is
quickly heated until droplet temperature reaches the
wet bulb temperature. The droplet temperature
remains constant and the drying takes place at an
almost constant rate. The droplet shrinks and the con-
centration of solutes and oil droplets increases. As the
spray droplet shrinks and the oil concentration
increases, the oil droplets are more likely to come into
contact and the collision frequency increases.'”’ This
leads to an increase in ODS, a phenomenon that has

been previously described for spray drying of

emulsions.!"'?!

Depending on the relationship of the velocity of
shrinking and the diffusion rate of the solute, a more
or less pronounced concentration gradient can
develop with higher solute concentration at the drop-
let surface. After reaching a critical concentration of

solute at the droplet surface, a skin forms and heat
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and mass transfer are slowed down. This typically
marks the start of the second drying step, where sur-
face moisture is completely evaporated and the drying
rate is controlled by internal moisture migration.'®
Once the moisture removal is complete, the dried par-
ticle heats up until it reaches the temperature of the
drying air."®! This process can be described by heat
and mass transfer equations as formulated by Nesic
and Vodnik'®! and Ranz.!"*! From these assumptions
it is quite clear, that with an increasing heat transfer
to the drying droplet, the drying rate increases. This
can either be achieved by an increase in drying air
temperature or an increase in air velocity. These cor-
relations have been shown in single droplet experi-
ments.">'®! It was shown that the drying rate
increases for higher air temperatures or air velocities
and that the locking point is reached earlier in the
process.

Different particle morphologies may develop during
the last stage of droplet drying."”) If the drying rate is
slow, there is sufficient time for equilibration of the
concentration gradient within the particle and a solid
particle is formed. For high drying rates, a hollow par-
ticle is expected to form, as the droplet heats up and
vapor is formed inside. In extreme cases, this can
even lead to the formation of blow holes. Depending
on the rigidity of the surface the droplet can also go
through a cycle of inflation and deflation periods, and
may form different structures. A commonly used tool
to predict if a droplet will form a solid or hollow
powder particle is the Péclet number, which is defined
as the ratio between the evaporation rate at the drying
front to the diffusion coefficient of the solute in the
water phase.!"® Matrix materials, such as starch, have
very small diffusion coefficients compared to the dry-
ing rates in a spray dryer, thus usually leading to very
high Péclet number. Hollow particle structures are
expected in this case.

Ideally, the smallest possible oil droplets are encap-
sulated and the oil droplets are completely enclosed
by matrix material.”®) A large amount of unencapsu-
lated surface oil usually leads to inferior powder prop-
erties, such as powder clumping due to liquid bridges
formed between the particles by the oil.'”! The
amount of free surface oil is largely determined by the
morphology of the dried powder and thus by the con-
ditions of the drying process and used materials. High
drying rates are known to lead to a collapse of the
particle structure, i.e. due to the formation of cracks
and blowholes.””! This may lead to an increased
amount of oil leaking out of the powder matrix and
covering the particles surface.

In the literature, the influence of the drying tem-
perature on the free oil content has not been suffi-
ciently clarified, with different studies yielding
seemingly contradicting results. In general, higher
temperatures, and thus higher drying rates, lead to
shorter drying processes. This leads to an earlier skin
formation and the locking point is reached earlier,
too. Consequently, there is less time available for
coalescence and redistribution of the oil droplets,
leading to smaller oil droplets and an increased EE
due to a larger proportion of the oil being enclosed
within the starch matrix. This correlation has been
shown in many studies.>*!! However, several con-
trasting studies have shown that higher temperatures
may result in vacuole formation and particle breakage,
leading to increased oil leakage and lower EE.*?

A systematic investigation of the influence of the
drying air temperature on surface oil content should
help to better understand the relationship between
drying conditions and the resulting particle structures.
It is hypothesized, that the oil droplet size in the pow-
der is smaller when drying at parameter combinations
that are expected to lead to higher drying rates, as
coalescence of the oil droplets should be reduced. It is
furthermore hypothesized, that this shorter drying
time also goes along with a higher EE due to an
expected decrease in redistribution effects. To investi-
gate these aspects, spray drying experiments at differ-
ent air outlet temperature at constant air inlet
temperature were conducted. This was achieved by
increasing the heater power as well as the air mass
flow. As both of these changes work toward an
increase in heat transfer, it can be assumed that the
drying rate increases. Furthermore, the impact of dif-
ferent air inlet temperatures at constant outlet tem-
perature were investigated. The impact of this
parameter variation on the drying rate is not obvious,
due to the necessity of reducing the air mass flow and
thereby the air velocity while increasing the heater
power. The oil droplet size will be tracked and com-
pared along the whole spray drying process to allow
an isolated quantification of the impact of the drying
step on the ODS. The influence of the drying rate on
the product parameters will be discussed exemplary
on the ODSD and the oil-EE, as further discussion
would go beyond the scope of this paper.

Materials and methods
Model emulsion: preparation and characterization

All experiments were carried out with a model oil-in-
water emulsion. MCT-oil (Witarix MCT-oil 60/40,



IOI Oleochemical, Germany) was used as dispersed
phase and a modified starch (C*Em-Cap, Cargill,
Germany) solution as continuous phase. The used
modified starch is an emulsifying starch, allowing to
act for the purpose of matrix material and emulsifier
simultaneously.

The emulsions were prepared in a two-step process
similarly to the procedure by Taboada et al.** In a
first step, an ODS of 2 um is adjusted by preparation
of a concentrated emulsion using a colloid mill (IKA
magic LAB, IKA Werke GmbH & Co. KG, Germany).
The device was operated at 15,000 rpm for 2 min and
a gap width of 0.159mm. The composition of the
concentrated emulsion was 40wt.% water, 10wt.%
modified starch and 50wt.% MCT oil. All reported
mass fractions refer to the mass of the total emulsion.
In the second step, the concentrated emulsion was
diluted with a modified starch solution to reach a
final composition of 15wt.% MCT-o0il and 20wt.%
modified starch in the feed emulsion for spray drying.
This procedure was chosen to be able to produce large
quantities of emulsion with a constant initial oil drop-
let size. The ODSD of the emulsions was measured
via laser diffraction (HORIBA LA95, Retsch
Technology GmbH, Germany).

Atomization of emulsions

Atomization experiments were carried out at an atom-
ization test rig as described in Wittner et al.l**! A
three piston pump (Rannie LAB Typ 8.5, SPX FLOW
Inc., USA) was used to supply the emulsion to the
pressure swirl atomizer SKHN-MFP  SprayDry
(SprayingSystems Deutschland GmbH, Germany). The
atomizers orifice diameter was set to 0.34mm.
Atomization experiments were conducted at atomiza-
tion pressures of 10MPa at room temperature.
Volume flow rate at 10 MPa was between 0.3 and
0.4 L/min. ODSDs were measured offline by laser dif-
fraction. For that purpose, a sample of the spray was
collected during atomization. Due to the good repeat-
ability of the measurements, atomization trials were
performed with only one emulsion, with three samples
being taken.

Spray drying of emulsion

Spray drying experiments have been conducted in a
pilot-scale co-current spray dryer (Werco SD20, Hans
G. Werner Industrietechnik GmbH, Germany).
Atomization conditions were the same as in the atom-
ization experiments. The spray dryer was operated
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with inlet air temperatures of 180-220°C and outlet
air temperatures of 65-85°C. Air flow rate was set to
around 500-700 m?*/s depending on the targeted inlet
and outlet temperature combinations. The collected
powders were stored in air-tight containers or ana-
lysis. The ODS was measured with laser diffraction
spectroscopy in the redispersed powder. Therefore,
the powder was reconstituted in water with a concen-
tration of 300 g/L. The oil droplet size was measured
in triplicate.

Determination of free surface oil by solvent
extraction

To determine the encapsulation efficiency (EE), the
free surface oil was determined by solvent extraction.
For that purpose, an experimental procedure accord-
ing to Bae et al.®®! was used. Spray-dried powder
samples of 1.5g were merged with 15mL n-hexane
(Carl Roth GmbH + Co. KG, Germany). The sample
was shaken at 200rpm in a vortex mixer.
Subsequently, the n-hexane was removed by vacuum
filtration through a filter paper (pore size 6pm,
Sigma-Aldrich, USA). The powder sample was then
rinsed three times with 20 mL of n-Hexane by passing
it through the powder to ensure that no surface oil
remained. After evaporation of the n-hexane, the EE
was calculated using the following equation:

mr—ms

EE = 100 (1)

mr
where mr is the total oil mass in the powder sample,
and myg is the surface oil that was extracted by the n-
hexane extraction.

For the calculation of the EE, residual moisture
content of the samples was taken into account. The
residual moisture in the dried powder was determined
by weight loss after oven-drying at 105°C to constant
mass. All measurements were performed in triplicate.

Results and discussion

Effect of air outlet temperature on the oil droplet
size in the reconstituted powder

The resulting ODSD are depicted in Figure 1 for the
whole spray drying process at different air outlet tem-
peratures. The air outlet temperature was changed in
a range of 65-85°C, while the air inlet temperature
was kept constant at 180°C. This was achieved by
increasing both the heater power as well as the air
mass flow. The largest ODS is observed in the feed
emulsion, with a Sauter mean diameter of 2 um. The
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Figure 1. Volume cumulative distribution for the ODS before atomization, after atomization and in the redispersed powder at air
outlet temperatures from 65 to 85°C and a constant inlet air temperature of 180 °C.

ODS decreases after atomization. This result is
according to expectation, as it has been shown previ-
ously!”>?! that the atomization step can lead to oil
droplet breakup and therefore changes in the ODS.
The ODS after the drying step is larger than after
atomization for all examined parameter combinations.
This increase of the ODS during the drying step is
consistent with the expectation described in the
Introduction. As the drying spray droplet is shrinking,
the oil droplets are more likely to collide, leading to
coalescence of the oil droplets and the observed
increase in ODS until the drying of the droplet is
completed.

The smallest oil droplets are observed for a tem-
perature of 85°C, while larger ODSDs were observed
for 65 and 75°C. For the two lower temperatures, the
ODSDs are overlapping. As we can expect higher dry-
ing rates for higher inlet temperatures, this goes along
with the hypothesis from the Introduction that the oil
droplets stay smaller during the drying step with
increasing drying rates. As a reminder, at the investi-
gated parameter combinations, air velocity and air
mass flow increases, while the air inlet temperature,
volume flow rate of the feed and the spray droplet
size stays the same. The increased air velocity is
expected to lead to shorter residence times in the
spray dryer. Taking a look at the results for the

Table 1. Residual moisture content for different air outlet
temperature combinations at a constant air inlet temperature
of 180°C.

Air outlet temperature/°C

Residual moisture content/wt. %

65 44095
75 2.73+0.29
85 1.89+0.19

residual moisture content in Table 1 it can be seen,
that the residual moisture content decreases for higher
air outlet temperatures, despite shorter expected resi-
dence times. Based on this observation it can be
assumed that the drying rate increases with increasing
air outlet temperature.

Effect of air inlet temperature on the oil droplet
size in the reconstituted powder

The resulting ODSD for the whole spray drying pro-
cess at different air inlet temperatures are depicted in
Figure 2. The air inlet temperature was changed in a
range of 180-220°C, while the outlet air temperature
was kept constant at 75°C. The largest ODS is again
observed in the feed emulsion, while the atomization
leads to a decrease in the ODS. The oil droplets after
the drying step are again larger than after atomization
for all examined parameter combinations. The small-
est oil droplets are observed for the highest tempera-
ture of 220°C, and the largest for 180°C, with the
results for 200°C almost overlapping with the results
180°C.

While the impact of a variation in air inlet tem-
perature on the drying rate is not clear from theoret-
ical considerations alone, it can be seen that the
results for the ODS indicate less coalescence of the oil
droplets for higher air inlet temperatures similarly to
the results of a variation in air outlet temperature.
Based on this observation alone, it can be assumed
that the drying rate effectively increases for parameter
combinations that lead to higher inlet temperatures as
well. The residual moisture content is in a range of
237 to 273wt.% for all investigated inlet
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Figure 2. Volume cumulative distribution for the ODS before atomization, after atomization and in the redispersed powder at air
inlet temperatures from 180 to 220 °C and a constant outlet air temperature of 75°C.

temperatures, which does not give any indication on
the drying rates.

Effect of drying rate on the encapsulation
efficiency

The results for the EE of the oil in the spray dried
powders are presented in Figure 3. Parameter combi-
nations for inlet temperatures of 180 and 200 °C were
investigated for all outlet temperatures. Due to limita-
tions associated with the high air inlet temperature of
220°C, only the value for 75°C is shown.
Encapsulation efficiencies ranging from approxi-
mately 65-80% were observed for all parameter com-
binations. Taking a closer look at the results for
different air inlet temperatures at a constant outlet

temperature of 75°C, an increase in EE from 67.4 to
78.7% can be seen with increasing air inlet tempera-
ture. This supports the hypothesis presented in the
Introduction, indicating that higher drying rates due
to elevated air inlet temperatures lead to higher
encapsulation efficiencies.

When exploring the results for different air outlet
temperatures at a constant inlet temperature, it can be
observed that the EE decreases for an outlet tempera-
ture increase from 65 to 75°C for the investigated
inlet temperatures of 180 and 200 °C. This contradicts
the expected higher EEs for higher drying rates. As
was previously explained, an increase in air outlet
temperature at constant inlet temperature increases
the drying rate. Furthermore, it is anticipated that the
outlet temperature increase leads to a higher final
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Figure 3. Encapsulation efficiency for different inlet air temperatures (180-220°C) and outlet air temperatures (65-85 °C).
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product temperature, as the temperature of the dry
particles is determined by the surrounding air tem-
perature. The combination of these two effects may
lead to a collapse of the particle morphology and thus
a decrease in EE. Similar results have been reported in
previous studies.!*”?*!

Further increasing the outlet temperature from 75
to 85°C shows the trend of increasing EE with higher
drying rates that was hypothesized in the
Introduction. Oil droplets are expected to be immobi-
lized within a shorter time span as the locking point
is reached earlier in the process. It has to be noted,
that the ODS in the final powder particles are smaller
for an air outlet temperature of 85°C compared to
the other outlet temperatures. It has been shown pre-
viously!*”! that oil droplet size may impact EE in
spray dried particles. In these publications, a reduc-
tion in ODS is generally linked to an increase in EE.
With this in mind, the increase in EE from 75 to
85°C could be caused due to both the higher drying
rate as well as the differences in ODS. In future work,
initial ODS in the feed emulsion should be set to a
value at which no additional oil droplet breakup dur-
ing atomization occurs, minimizing differences in
ODS in the final powder product.

Nevertheless, it is an unsolved question if particle
collapse still plays a role at these conditions. As the
powder samples show a particle size distribution, it
would be expected that the particle structure collapse
occurs across a temperature range.

To better understand the influence of the drying
rate on EE, single droplet drying experiments at dif-
ferent drying rates could be conducted. These experi-
mental setups allow the monitoring of the particle
morphology during the whole drying process. This is
especially of interest, as a collapse of the particle
morphology is expected to be pivotal for the decrease
of EE for an air outlet temperature increase from 65
to 75°C and may therefore present a great tool to
deepen the wunderstanding of the correlating
mechanisms.

Conclusions

In the present study, different parameter combinations
of air outlet and inlet temperatures were investigated
during spray drying of a model emulsion containing
modified starch and MCT-oil. In general, smaller oil
droplets in the powder were observed for higher air
outlet temperatures, as a higher drying rate leads to a
shorter available time span for the coalescence of oil
droplets. A similar result is observed for a change in

air inlet temperature, indicating increased drying rates
for the chosen parameter combinations and therefore
the same influence on ODS.

It was found that increasing air inlet temperatures
leads to a higher EE, as the time for a redistribution
of the oil to the particles surface is shorter. A specific
influence of the air outlet temperature on the EE was
observed. At first, the EE decreased with increasing
outlet temperature, an observation that may be attrib-
uted to a collapse of the particle morphology due to
higher drying rates. A further increase in outlet tem-
perature leads again to higher EE, although the impact
of the drying rate and ODS on EE could not be prop-
erly separated. To mitigate the impact of the ODS,
future work should aim to set the initial ODS to a
sufficiently small value that oil droplet breakup during
atomization is minimized. This would pave the way
for further analysis of the impact of the drying rate
on particle morphology development and its effect on
EE. Additionally, single droplet drying experiments
could prove beneficial, as they offer the possibility of
a continuous monitoring of the particle morphology
during drying.
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