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EDITORIAL

INTEGRATING RESEARCH TRAINING POWTECH
IN PARTICLE & POWDER TECHNOLOGY

Even if BRG does not have authority
to take up projects, it encourages col-
laborative initiatives. In the past, we
supported two European COST actions.
Do not hesitate to request our support
if you build a project but also to use
this newsletter to report advance done
through actions.

The objective of PowTech ITN is to inte-
grate inter-sectorial and multidiscipli-
nary research in particle and powder
technology into the training of 15 young
researchers, to strengthen the compe-
titiveness of food and pharmaceutical
industry and to strengthen the Euro-
pean Research Area. The PowTech ITN
started on 1 March 2011 and employed
14 PhDs and 1 Postdoc selected from
around 200 applicants. There is a good
gender and geographic distribution of
the ESRs.

The ESRs have been

trained by the PowTech = Fn i
Graduate School to de- .:::E m E:Hu.

velocity field by positron emitting
particle tracking. Small cellulose
particles ware coated with talc using
high rotating mixers. Ultrathin alu-
minium oxide coating was realized
using the gas-phase coating tech-
nique called Atomic Layer deposition
at ambient temperature. It was also
shown that it is possible to mix small
amounts of water in powders by a
new developed methodology.

e Control of Powder Processing Two
projects aimed to develop modeling
tools for high shear granulation
or spray drying and three projects
focused to develop knowledge on
control of mixing, crystallization
and flowability through systematic
experimental design.

In April 2015, the ETN led to 2 patents. 3
PhD thesis were defended (10 more will
be very soon).

21 articles (+20 sub-
mitted, 10 in prepa-

velop research in close initial Training Netwark ration), 14 congress
collaboration with E prpceedings manus-
industry with focus on cripts [39_ congress
opening their minds to part|C|pat|or_15] have
innovation and the fac- siwins H!..l::l:-:r: been submitted for

R&RAIT I:I.-I'Flll

tors that influence the
transformation of 19
research ideas into commercial reality.

The research activities of the network
were structured in three network
teams:

e Powder Formation Three types
of nanocarriers (biodegradable
polymeric nanoparticles, liposomes,
polyelectrolytes nanoparticles)
were developed and characterized
in terms of physicochemical proper-
ties, release profile and antimicro-
bial performance, leading to better
design of equipment and optimize
formulation.

Powder Modification CFD model
was developed and successfully
validated by comparing the particle

publication.

This newsletter reports some of the
projets realized over the course of
Powtech.

More information of the project at
http://powtech.sik.se/

Project reference: 264722 ;

Funded under: FP7-PEOPLE

Prof. Lilia Ahrné

Powtech coordina-

tor

Chalmers  Univer-
sity & SP Food and
Bioscience

Sweden

‘ Bioencapsulation Research Group © - http://bioencapsulation.net - contactf@bioencapsulation.net
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STRUCTURE OF SPRAY DRIED EMULSION PARTICLES

Turchiuli, C., Munoz-lbanez, M., AgroParisTech, UMR 1145 GENIAL, 91744 Massy, France

INTRODUCTION

The protection and vectorization of
active molecules requires their en-
trapment in a structured liquid or
solid matrix. For lipophilic compounds
(antioxidants, fatty acids, vitamins),
their encapsulation in dry particles
produced by spray drying oil-in-water
(0-w) emulsion is widely used. Further
to bringing protection, it allows the
physical stabilization of the emulsion
and the modification of its handling
properties when producing the pow-
der form.

Spray drying consists of the atomi-
zation of the initial o-w emulsion in
liquid drops (20-80 pym]) into a hot air
flow. The drying of each liquid drop
when in contact with hot air leads to
solid particles (10-50pm) wherein oil
droplets («&5pm) containing active
molecules are dispersed and protec-
ted by the solid matrix. The structure
of the dry particles produced is built
under mechanical, thermal and water
constraints at play during processing
(emulsification, atomization, drying)
and depends on the initial liquid em-
ulsion properties. The production of
particles with tailored properties the-
refore requires a good knowledge of
the process-structure relationship.

The influence of atomization on the
oil droplet size distribution in sprayed
o-w emulsion was investigated for
two atomizers (bi-fluid nozzle, rotary
wheel) and several emulsion size and
viscosity. The constituent distribution
(oil, emulsifier, support material) in
the spray dried solid particles (sur-
face, core] was obtained combining
analytical methods.

MATERIAL & METHODS

Initial liquid emulsions were prepared
using maltodextrin DE12 (Glucidex®,
Roquette, Fr] as wall material (sup-
port) in combination with acacia gum
(Instantgum AA, Nexira, Fr), which
also brings emulsifying properties
(weight ratio 3:2). Sunflower oil was
used as a model for lipophilic com-
pounds.

2 W

Five emulsions were prepared with
different oil droplet size (0.15 and 1.6
um), oil content (3.3 to 8.6 %wt] and
dry matter content (33 to 48 %wt]. The
coarse ones were homogenized using
a rotor-stator (AXR, Silverson Ma-
chines Ltd, Fr) at 3500 rpm for 20 min.
Submicron emulsions was obtained by
further high pressure homogeniza-
tion (Rannie Slow 22-50, APV, UK] at
300 bar for 4 min with re-circulation.
The viscosity (20°C) of sunflower oil
noil was 0.64 Pa.s and the viscosity of
the continuous phase of the different
emulsions nc was comprised between
0.1 and 0.95 Pa.s (Couette rheome-
ter, MCR 3001, Anton Paar, Fr). The
interfacial tension o between oil and
aqueous phase (20°C) was between
55 and 68 mN.m"" (pendant drop tech-
nique, Tracker, Teclis-IT concept, Fr).

Initial liquid emulsions were atomized
using a bi-fluid nozzle with exter-
nal mixing (970-S3, Schlick, Ge) and
a rotary atomizer with a 5 cm wheel
(24 vanes). The liquid flow rate was
varied from 5.10-4 to 16.10-4 kg.s™, the
rotational speed of the rotary atomizer
from 3200 to 35000 rpm and the air
flow rate in the bi-fluid nozzle from
4.10-4 to 11.10-4 kg.s™". The oil droplet
size distribution in emulsions before
and after atomization was measured
by laser light diffraction (MasterSizer
2000, Malvern, Fr).

Spray drying trials were performedin a

Niro Minor pilot spray dryer with the ro-
tary atomizer. Inlet and outlet air tem-
perature were 220 and 130°C respec-
tively with an air flow rate of 100kg.h"’
and a liquid flow rate of 33g.min"".

RESULTS & DISCUSSION

Atomization

During the atomization of o-w emul-
sions, the shear stress applied at the
air-liquid interface to disperse the
liquid feed into drops can also cause
deformation and breaking of oil dro-
plets inside the emulsion.

In this study, a wide range of shear rate
(between 10%and 10¢ s') was investiga-
ted. By comparing the oil droplet size
distribution and median diameter d50
of the initial and sprayed emulsions,
three behaviours were distinguished:
no modification of both the oil dro-
plet size distribution and d,; small
decrease of d,;while keeping a mono-
modal oil droplet size distribution (mo-
nomodal breakup of oil droplets), si-
gnificant decrease of d,; with a second
peak appearing in the oil droplet size
distribution (bimodal breakup) (Fig.1).

Oil droplet breakup occurs when the
external forces, applying at the oil-
aqueous phase interface due to the
surrounding aqueous phase flow,
overcome the internal forces due to
interfacial tension o. For a laminar
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Fig 1: Example of the modification of the oil droplet size distribution (a) and normalized

median diameter d*50 =d50final/d50initial (b) during atomization with the bi-fluid
nozzle for different gas flow rate and emulsion feed rate (d50initial 1.6 pm, nc 0.3 Pa.s).
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Figure 2: Determination of the critical values of capillary number from the modifica-

tion of the oil droplet size distribution and d50 after atomization with rotary atomizer.

flow, the capillary number

Ca=nc)./r/a

representsthe ratio of externaldisrup-
tive stress to internal cohesive stress.
Droplet breakup is therefore expected
to occur above a critical value of Ca
(Grace, 1982). Plotting the ratio d*, of
final d,, toinitial d,  as a function of Ca,
it was possible to identify a couple of
critical values of capillary number for
each type of atomizer corresponding
respectively to the transition from non
breakup to monomodal breakup re-
gime (about 0.7 for rotary atomizer and
1.3 for bi-fluid nozzle) and from mono-
modal to bimodal breakup regime (1.9
and 2.7) (Fig.2) (Munoz-lbanez et al.,
2015).

From the calculation of Ca, it is pos-
sible to define atomization conditions
and emulsion formulation to keep
(Ca<Ca,,) or to modify (Ca>Ca,_,) the
size distribution of oil droplets. Key
parameters are atomizer type, atomi-
zation force (shear rate), viscosity of the
continuous phase and oil droplet size.

Particle structure

To study the impact of oil droplet brea-
kup on the spray dried particle mi-
crostructure, powders were produced
from the same initial emulsion (1.6 pm)
but fixing conditions for the atomiza-
tion leading (30 000 rpm) or not (3000
rpm) to breakup. Particles were ob-
served with a Low-Vacuum Scanning
Electron Microscope (LVSEM] (XL 30

Series, FEI, Fr). Backscattered images
of both series of particles giving mate-
rial contrast near the surface showed
a higher concentration of oil droplets
(in dark grey) close to the surface
when breakup occurred (Fig.3a). This
was confirmed on images obtained
by confocal Raman microscopy (al-
pha300, WITec, Ge) giving the consti-
tuents distribution inside the particles
(Fig.3b). Qil droplets (yellow) can be
clearly seen dispersed within the solid
matrix and at the particle surface in
the case of breakup. Some segrega-
tion between maltodextrin and acacia
gum also occurred during drying with
a layer of acacia gum (red) forming
at the particle surface. Surface oil
extraction following the Niro Analy-
tical Method n°A10a using petroleum
ether, led to small non encapsulated
oil contents, slightly lower when no
breakup occurred (1.1%wt of total oil
instead of 3.4%wt].

Acacia gum
Maltodextrin DE12
] Sunflower oil

e

Fig 3: LVSEM (BSE) (a) and Confocal
Raman microscopy (b) images of
spray dried particles with and wit-
hout oil droplet breakup.

This study is part of the PhD of M.
Munoz-lbanez performed in the fra-
mework of Marie Curie ITN PowTech
(FP7-PEOPLE-2010-1TN-264711). Ra-
man analyses were done in collabora-
tion with A. Fureby and M. Nuzzo from
SP (Sweden), partners in the project.
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INFLUENCE OF POWDER PROPERTIES ON THE MIX-
TURE QUALITY OF SPICE POWDER MIXES

J.J Fitzpatrick', P. Shenoy"?, L. Ahrné? - "University College Cork, Ireland, 2SP Technical Research institute, Sweden

INTRODUCTION

Dry powder mixing is widely used
throughout different industries. It is
crucial that satisfactory mixture qua-
lity (MQ) is achieved and maintained.
There are many factors that influence
MQ including mixer parameters and
properties of the dry powders. This pa-
per focuses on the influence of powder
properties and presents some results
from a project within an EU funded
network called “PowTech” (Shenoy et
al., 2014 & 2015).

METHODOLOGY

Binary powder mixtures were pro-
duced by mixing two powders, one
being common salt, in a 2L paddle
mixer. The two powders were mixed
in equal proportions by weight. The
mixing was carried out for 150s and
samples were withdrawn from pre-
defined specific points across the
mixer at fixed time intervals during
mixing. Salt concentration in each of
the samples was measured using an
electrical conductivity method. The
MQ was assessed by evaluating the
co-efficient of variation (CoV) of salt
between the samples. A CoV of 6% or
less represents good mixing.

To investigate the influence of diffe-
rences in powder densities (bulk and
particle) on the mixing of the powders,
trials were conducted with 7 binary
mixes containing powders with similar
sizes but different densities, as pres-

Figure 1: Images of oregano, salt and thyme.

ented in Table 1. The powders were a
number of salts with different sizes,
sugar, paprika, onion, black pepper,
oregano and thyme. The particle size
ratios (higher / lower) were less than
1.3, except for Dé at 1.61. There was
a large variation in the poured bulk
density ratios ranging from 1.5 to 16.4,
while the particle density ratios had
much less variation, ranging from 1.36
to 1.77.

Table 1 : Influenceof the den-
sity ratioon CoV at 150 s

Trial | Ration (higher/lower) | CoV (%)
n°® | Bulk |Particle|Particle|at150s
density [density| size

D1 1,5 1,36 1,24 2
D2 2,0 1,43 1,20 1
D3 3,5 1,61 1,26 2

D4 6,25 1,68 1,15 13+2

D5 6,9 1,70 1,25 1441

D6 16,1 1,77 1,61 14+6

D7 16,4 1,76 1,10 215

Table 1 shows the influence of diffe-
rences in densities between the two
components (or density ratios) on the
MQ (MQ] at the end of mixing, as repre-
sented by the CoV at 150s. The diffe-
rence in bulk density (bulk density ra-
tio) has a strong influence on MQ. For
the lower bulk density ratios, less than
3.5 (D1, D2, D3 in Table 1), very good
MQ was achieved as CoV is less than
6%. However, for the higher ratios, >
6.2 (D4 to D7), unsatisfactory MQ was
achieved. These results show that dif-

ferences in bulk density may have an
impact on MQ, especially when the
bulk density ratio exceed a value of 6.

In trials D4 to D7, oregano or thyme
were mixed with salts. The poor
mixing was due to segregation based
on the denser salt particles sieving
downwards through the large void
spaces that exist in the low bulk den-
sity oregano and thyme. The large
voidage is most likely due to the irre-
gular shapes of the thyme and ore-
gano. Images of the shapes of salt,
oregano and thyme are presented in
Figure 1. The oregano has a leafy type
shape and the thyme has a needle type
shape. It is believed that the shapes of
the oregano and thyme resulted in the
high voidage which allowed the salt to
sieve downwards causing segregation
and poor mixing with the salts.

PARTICLE SIZE

To investigate the effect of particle size
on the MQ of binary powder mixtures,
trials were performed using paprika
and potato starch with salts of dif-
ferent particle sizes. Ideally, in trials
like these, it is desirable to have pow-
ders with identical densities, however
salt is used in all trials and it is much
denser than all of the other powders.
Thus, 8 trials were selected, such that
the bulk density ratios of the compo-
nent powders were similar, as pre-
sented in Table 2. These values were
well within the range of ratios that
achieved good mixing in the previous
section. The particle density ratios
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were all very similar in the range of
1.49 to 1.59.

Table 2 : Influenceof the den-
sity ratioon CoVat 150 s

Trial | Ration (higher/lower]) |CoV (%)
n°® Bulk [|Particle|Particle[at 150's
density | density| size

S1 0,5 2,79 1,58 2
S2 2,0 2,83 1,59 3
S3 2,5 1,81 1,49 3
S4 31 2,60 1,58 31
S5 4,5 2,34 1,56 3

Sé 6,6 2,39 1,56 61
S7 9.9 1,84 1,50 641

S8 15,7 1,69 1,49 8+4

The influence of size ratio on MQ for all
8 trials is presented in Table 2. For the
first 5 trials (S1 to S5), where
the size ratio is less than 4.5,
very good MQ was achieved,
with CoV values of 3% or less.
As the size ratio increased in
trials Sé to S8, MQ disimpro-
ved to 6% and 8%. However,
even at the very large size ratio
of nearly 16 the CoV of 8% was
not too much outside the satis-
factory upper limit of 6%, and
was much better than the poor
bulk density ratio trials (D4 -
D7). Overall, Table 2 shows
that difference in particle size
can influence MQ. Very good
MQ was achieved at size ratios
below 4.5. At higher size ratios
the influence is not as large as
might have been expected, particular-
ly at the size ratio of nearly 16. One of
the effects that may occur at high size
ratios is the coating of larger particles
by smaller particles due to cohesive
attractions and the large specific sur-
face area of the small particles. This
can be seen in Figure 2 for paprika -
salt medel (size ratio = 6.6), where the
small paprika particles are coating the
large salt particles. This effect may
help in counteracting a segregation
tendency due to large differences in

particle size.

WATER & COHESION

To study the effect of higher water
content in paprika and oregano, the
powders were pre-conditioned at dif-
ferent humidities ranging from 40 to
94% RH. The conditioned powders

were mixed with salt in the paddle
mixer and the MQ evaluated. The flo-
wability of the conditioned powders
was also measured using a Brookfield
powder flow (PFT] tester. For paprika
powders, varying water activity (aw)
values in the range of 0.4 to 0.75 had
little effect on MQ. However, ataw =0.9
the MQ was affected, as the MQ impro-
ved more slowly over the mixing time
than the other mixes, although it did
move towards the same final values
of the other mixes. The rationale for
this behaviour is most likely due to
the increased cohesion due to major
uptake of water by the paprika powder
at a, = 0.9. Water sorption isotherm
data showed that the water content of
paprika ataw =0.9 isaround 30% while
itis around 15% at a, = 0.75. The PFT
tester confirmed that the paprika had
moved from being an easy flow powder

=v

Figure 2: Image of mixture of paprika and salt
medel (size ratio = 6.6).

to being very cohesive ata = 0.9.

A similar set of mixing trials were
carried out with oregano and salt,
which were previously shown to mix
poorly. The influence of aw on the MQ
was quite different to paprika / salt,
in so far as increasing aw caused an
improvement in MQ, especially at the
higher aw values of 0.82 and 0.94. The
improvement in mixing at higher aw
was due to moisture sorption by the
oregano particles which made them
more cohesive and sticky. Water sorp-
tion isotherm data showed that the
water content of oregano ataw = 0.9 is
around 20% while it is around 10% at
a, = 0.5. The PFT tester confirmed an
increase in cohesiveness. Visual ins-
pection showed the oregano particles
coated by many salt particles at a, =

0.82 and 0.94.

CONCLUSIONS

Difference in bulk density between
the salt and other powders displayed
a very big influence on the MQ of the
binary mixes. Differences in particle
size had an effect on MQ but it was not
as large as initially expected. This may
be due to finer particles coating the
larger particles. Increasing cohesive-
ness may reduce the MQ of easy to mix
powders, but may improve the MQ of
segregating mixes.
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COMPOSITE SURFACE CHARACTERIZATION

Lecoq, 0., Kaouach F., Ecole des Mines d’Albi, France

INTRODUCTION

Table 1: Charcaterization techniques

Technique ESM EDS Raman

Generating quantitative data is one of

the first steps in developing models or
predictive tools for industry and im-
prove fundamental knowledge. In dry
coating this information is usually ob-
tained from theoreticalassumptions or
determined qualitatively (Otles, 2009).
The reason for this situation is partly
because the coating information has to
be determined by complex, expensive
and time-consuming techniques. This
methodology also requires the use of
further automated image analysis rou-
tines.

In this publication development of
different  visualization techniques
allowing for better characterizing of
surface structures of dry coated pow-
ders will be discussed. Presently the
available techniques can be complex
and require, lots of time to set up and
run properly.

DRY COATING

Dry coating is a simple innovative eco-
friendly process, which can create va-
lue-added new composite materials.
The principle is to «attach» small
guest particles onto larger host par-
ticles (10 to 100 times bigger) using
mechanical forces (Figure 1]. Accor-
ding to the operating conditions, the
used process (generally a high energy
mixing device) and the properties of
the used materials, discrete coating,
continuous porous coating, filming or

Figure 1: Dry coating principle: large
particles (host) are mechanically
mixed with smaller particles (guest).

Principle Electro scatering

Energy dispersive x-
ray spectroscopy

Light inelastic sca-
tering

Imaging  specifica- | Atomic number
tion based on (BSE) or Tomography

Elemental analysis

Material Raman
spectrum

multilayering can be achieved (Figure
1). This work mainly focused on dis-
crete coating (Figure 1, left).

MATERIALS & METHODS

The dry coating operation was car-
ried out with the hybridization system
NHS-0 from Nara machinery, Japan.
The volume capacity is 0.5 L. The ope-

Primary
beam
Backscattered
electrons
Secondary ‘ﬁ
electrons !
/!
T 1
T m— !
/

Figure 2: Backscattered (BSE) or
secondary electrons (SE) in ESEM.

rating conditions were chosen to avoid
breakage of the powders. The proces-
sing time has been set arbitrarily to 6
minutes.

The host particles are PMMA [ca.
160um). They have an ideal spherical
shape. The guest particles are talc of
ca. 10um. Their shape is like platelets
(Figure 2).

CHARACTERIZATION

Three different visualization tech-
niques were tested in this work and
are highlighted in Table 1.

The Environmental Scanning Electron
Microscopy (ESEM Philips XL 30) is a
versatile tool for characterizing the
surface morphology of particles with
huge magnifications allowing visuali-
zing structures down to angstrom. The
reconstruction of the images is obtai-
ned from detectors of electrons that
have interacted with the sample. Two
major modes (Figure 2] are possible
based on backscattered electrons
(BSE) or secondary electrons (SE). For
the BSE, the contrast depends on ato-
mic number. A large number leads to
brighter pixels in the image. For the
SE, the contrast depends on topogra-
phy. Sharp edges leads to brighter
pixels in the image.

The preparation of the sample, was
straightforward, as the environmental
microscope doesn’t require any metal-
lization of the sample surface.

In addition, the ESEM can be coupled
to an energy dispersive X-ray spectro-
meter to realize an elemental atomic
analysis of the surface. This allows the
user to scan at one point of the image,
or to perform a full imaging of a selec-
ted surface, which enables discrimi-
nation of the guest and host particles
if they differ by one atomic element.

Raman imaging spectrometry (AFM
Witec Alpha 300R] provides for che-
mical mapping of the surfaces based
on the Raman inelastic light scatte-
ring phenomenon. To discriminate
the guest particles from the host par-
ticles, the materials have to be Raman
active. Greater difference in the spec-
tra enables easier determination of
differentiation.

RESULTS & DISCUSSION

Figure 3 shows a series of characte-
ristic visualizations performed on one
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(a) ESEM, SE mode
Figure 3: Visualization of PMMA particle

particle of PMMA, which were dry coa-
ted with talc particles.

In Figure 3-a, the SE mode of the ESEM
gives the surface aspect of the compo-
site surface (top image) and of the ini-
tial PMMA surface (bottom image). On
the top image, we clearly see platelets
shaped talc particles deposited on the
PMMA surface. But we also see frag-
ments on the bottom image. As the
initial surface of the host particle isn’t
completely smooth, the conclusion is
that it is not possible to discriminate
what is talc or PMMA from the top
image. In order to be able to detect the
talc, a possible solution is to use the
ESEM-BSE mode which is sensitive to
the chemical nature of the materials.
From Figure 4, it is possible to detect
the talc particles in white (larger ave-
rage atomic number) on the grey ho-
mogeneous surface of PMMA (smaller
average atomic number). Further au-
tomated image analysis can therefore
be performed to quantify the coating
coverage (Lecoq, 2015).

In Figure 3-b, the EDX analysis pro-
duces the Si elemental mapping image
of the surface of the composite. We
know that silicon (Si) is a structuring
element of talc [Mg3Si4010(0H)2] and
silicon is not present in PMMA. So
when a pixel is white, it means Si is
detected, hence the talc.

Figure 3-c represents a composite
image where the PMMA is in green
and Talc is red. The colorization was
performed by choosing distinct cha-
racteristic spectra from two different
materials. In one pixel of the surface,
the spectral signature is either from
PMMA or from talc. Consequently, it
is therefore possible to quantify the
coverage present.

.

(b) ESEM, EDX analysis

coated with talc particles,

CONCLUSIONS

According to the chosen technique, its
operating conditions and the materials,
the visualization will give different infor-
mation. If the guest and host powders
are Raman active, the Raman spectros-
copy could be used efficiently, as long
as the Raman spectra have significant
differences. Otherwise, it is impossible
to differentiate.

When using the ESEM, the «chemical
mode» (BSE] or the EDX spectroscopy
is adapted when the host and the guest
particles have different average atomic
numbers or different atoms. Differen-
tiation will therefore be visible on the
reconstructed image showing different
grey levels for the guest and the host.
If this is not the situation (e.g. an orga-
nic powder on another similar organic
powder), the chemical contrast will not
give enough differentiation between the
two materials. In this situation the ESEM
could be used in topographic mode (SE].
The differentiation will be possible if the
topography of the composite surface
is ideally a flat surface (initial host) on
which the guest particles are deposited.

®5ccv SpotMagn  Det WD
L 500kVE0 400x  BSE 96 AUX 05Tor

Figure 4: PMMA coated with talcin
BSE mode.

(c) RAMAN spectra analysis
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DAIRY POWDERS: DRYING KINETICS AND MORPHOLOGY
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INTRODUCTION

Spray drying is used to produce pow-
ders from a liquid feed. The liquid feed
is atomized in a hot air stream and
transformed into a powder in a single
operation in a very short time. Spray
drying is very common in food industry
ton account of its ability to handle heat-
sensitive foods with maximum reten-
tion of their nutritive content. Itis used
for production of products such as
instant coffee, tea, and soup and dairy
powders. Operating conditions of spray
dryers are wide-ranging; each product
and chamber design demands unique
settings in order to achieve specific
properties of the final product. In fact,
depending on the characteristics of
the feed, the type of atomiser and pro-
cessing conditions during spray drying
powder particles with different size and
morphology are created (Walton ,1999).
In order to control properties of final
powders and to reduce time and cost
of designing and scale-up of the spray
drying process simulation modelling
tools are implemented.

The goal of this project is to build a vali-
dated model for describing drying kine-
tics of a single particle and agglome-
rate from a dairy product. The model is
used to predict surface condition the of
spray dried particles. This will allow a
multi-scale analysis of regions of coa-

lescence and stickiness of individual
particles when occurs in real-time in a
spray dryer.

In this paper morphology changes of
dairy powders during drying are in-
vestigated, in order to assess their in-
fluence on drying rate and on the effec-
tive diffusivity of water.

The presented work is a summary of
two articles published in the Journal
of Food Engineering (Malafronte,2015;
Malafronte, accepted).

METHODS

Drying kinetics measurements

A single drop drying kinetics device
was used to record the weight, tempe-
rature and size change during convec-
tive drying. Drying experiments were
performed on four different types
of fresh milks and three different
creams. Products were selected to
cover a large range of fat content.

Confocal Laser Microscopy (CLSM)

CLSM was used to locate fat and pro-
teins on the surface and inside the
dried particle, and to investigate the
morphology of powder particles.

Light milk

Coffee creamer Heavy cream

| Fat and Protein | Dried particle

Whole milk

Figure 1. CLSM micrographs of the four dairy powder particles. Overlay of the fat
(green), the protein (red) structures and the particle shape. The scale bars represent

(a) 250 pm and (b) 25 pm.

Evaluation of effective diffu-
sion coefficient of water

Effective diffusivities of water in dairy
products were calculated using a
parameter estimation method sug-
gested by Malafronte et al.[2015). The
method compares the experimental
data obtained using the drying kinetics
device with the results of the distribu-
ted drying kinetics model to estimate
the effective diffusion correlation. The
effective diffusion coefficient is consi-
dered a function of water content and
temperature.

MODEL

Drying kinetics model

The drying kinetics model consists of
a fully coupled distributed parame-
ter which is able to simulate simul-
taneously water content and tem-
perature profiles within a spherical
particle. In this model physical proper-
ties are considered as a function of the
local temperature and the moisture
content. A modified Fick’'s second law
describing mass transport in terms of
effective diffusivity is used.

RESULTS

Drying kinetics

Drying kinetics was measured for all
products at three different air tempe-
ratures (50, 70 and 90 °C). Comparison
of low fat content products (skim milk,
light milk, medium milk, whole milk,
diluted coffee creamer] with products
with a high fat content (coffee creamer,
medium cream, heavy cream) shows
that when fat content increases drying
time increases.

Morphology of dairy powder

In Figure 1, micrographs of the four
representative products — light milk,
whole milk, coffee creamer, and heavy
cream — are shown. From a macros-
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copic point of view (Figure 1a), the
pictures show that the dried dairy
products have different morphologic
characteristics after drying: light milk
and whole milk particles are shrivel-
led, the coffee creamer is partially in-
flated, and the heavy cream is spheri-
cal. In particular shrivelling of powder
particles reduces when the fat content
increases and the initial water content
decreases and is due to the lower
flexibility of the external skin. From
a microscopic point of view all pro-
ducts exhibit a porous protein matrix
(Figures 1b), in which the fat phase is
entrapped (low fat products) or there
is a porous protein matrix embedded
in a fat phase (high fat products). The
pore size of the protein matrix seems
to increase with increasing fat content
in the dairy products. In addition, the
coffee creamer and the heavy cream
show fat domains separated from the
protein matrix, indicating that phase
separation occurred between the pro-
tein and fat phase.

Morphology and drying rate changes

Figure 2 shows the drying rates of
skim milk, light milk, medium milk,
whole milk, diluted coffee creamer,
coffee creamer, and heavy cream. Re-
sults show that drying rate decreases
when initial water content decreases
and fat content increases: the higher
the fat content the higher the drying
time. For most of the products two
falling drying periods can be dis-
tinguished, except for heavy cream,
which exhibit only one falling drying
period. It is possible to observe that
for skim milk, light milk, medium milk,
whole milk, and diluted coffee crea-
mer the drying rate reduces faster at
low water content than at high water
content, and differences in slopes
decrease when fat content increases.
Differences in drying rates among the
products could be ascribed to diffe-
rences in fat content. When increasing
the fat content more fat is confined in
the protein network, which hinders
diffusion of water near the surface
and, as a consequence, evaporation. In
the case of coffee creamer the oppo-
site happens: drying rate decreases
faster at high water content than at

low water content. The different beha-
viour shown by coffee creamer may be
an effect of phase separation (Figure
1], during which fat leaves the protein
network and agglomerate allowing
the remaining water to diffuse more
freely.

Comparison of the drying rate with
changes in morphology during drying
shows that during the first falling
drying period drops of light milk,
whole milk and coffee creamer shrink
but retain a spherical shape, while
during the second falling period shri-
velling occurs. Shrivelling of particles
may be due to the formation of a soft
skin atthe end of the first falling drying
period, and differences in shrivelling
of different products may be ascribed
to the amount of fat confined in the
protein network. In the case of heavy
cream, which shows only one falling
drying period, drops slightly shrink
during drying and a vacuole is formed.
The presence of a vacuole could be
due to dissolved air entrapped in the
fresh heavy cream.

Effective diffusivity of
water in dairy products

Effective diffusivities were
calculated for Llight milk,
medium milk, whole milk,
diluted coffee creamer, and
coffee creamer, since they
showed a final shrivelled and
partially inflate morphology
such as skim milk. A strong

dependency of the effec-

tive diffusion coefficient of

water in dairy products on
fat content could be obser-

ved at fat content higher than
0.3 kgfat/kgsolid. Results of

effective diffusivities are in
agreement with the results of

experimental drying kinetics:
the higher the fat content the
longer the drying time and as

t=1000s t=100s t=50s t=2000s t=200s t=100s
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consequence the lower the
effective diffusion of water in
the product.

CONCLUSION

The effect of the composition
of commercial dairy products
on drying kinetics and mor-

Figure 2. Comparison of the drying rates with morphological changes for single drops

of light milk, whole milk, coffee creamer and heavy cream dried at 70 °C.

phology of powders was inves-
tigated. Results showed that
fat content plays an important

A 9
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role on drying kinetics and final mor-
phology of particles: higher fat content
results in longer drying times and less
shrivelled particles. Changes in mor-
phology and the drying rate seem to
be related. Two falling drying periods
were observed for most of the pro-
ducts. During the first period the drops
shrink spherically, while during the
second period shrivelling occurs. The
effective diffusivity of water shows that
high fat contents lead to a lower diffusi-
vity of water in the products.
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DIVERSIFIED NEWS

No need to wait for long hours sand-
man to join the arms of Morpheus!
French brand Achel offers a new
range of underwear called «Impro-
ved sleep»

which combines aromatherapy and
microencapsulation! To sleep better,
of course.

Textile expert and strong know-how
made in France (First North compa-
ny to benefit from the label «Origine
France Garantie»), the Lemahieu com-
pany has chosen to position itself in a
niche market to respond to new uses
and changing needs of consumers.
Particularly those of older people.

This range of men and women’s un-
derwear promotes sleep and sleep
with plant extracts (eg. Valerian)
and essential oils (eg. Lavender).
For more information
http://www.senioractu.com/Achel-
des-cosmetotexiles-pour-mieux-
dormir_al17771.html

Capsula is developing an oral vac-
cine for salmon

Salmon farming involves treat-
ment of fish to avoid infections. The
OVAS project (Oral Vaccination for
Aqueous Species) initiated by Cap-
sulae and developed in a joint ven-
ture with Argentine biotechnology
company aims to reduce the num-
ber, cost and time of vaccinations
performed by injection for each
salmon. Capsulze then developed
a microencapsulation technology
allows the administration of oral
vaccines in the form of particles
incorporated in food granules. One
of the main constraints is that the
active ingredients must withstand
highly degrading gastric conditions
before release at the salmon intes-
tine. A patent, which will retain Cap-
sulae industrial property and which
for Arnaud Picot, Director General,
«could eventually be applied to many
other animal species», is pending.
More information
http://www.asrc.fr/fr/wp-
content/uploads/sites/2/2014/02/
ASRC_360RetD_n8-decembre2014.
pdf

Cosmetics

design.com | USA

MIT researchers reconfigure com-
plex emulsions

By Deanna Utroske, 02-Mar-2015
Double emulsions can be made in
large-scale quantitates with mixing
processes newly tested and refined
by researchers at the Massachu-
setts Institute of Technology.
http://www.cosmeticsdesign.com/
Formulation-Science/MIT-resear-
chers-reconfigure-complex-emul-
sions

/5 UNIVERSIDADE LUSOFONA
“ .

de Humanidades e Tecnologias
Humani nibil altenum

We invite you to contribute to Spe-
cial Issue regarding the application
of phytochemistry in nanomedicine:
Applications of Phytochemistry
on Drug Delivery Nanosystems”
It will cover topics related to drug
delivery systems based on natural
compounds, application of specially
formulated medicinal plants in the-
rapeutics and also in food sciences.
The Special Issue is scheduled for
publication in October 2015.
More information :
http://www.hindawi.com/journals/
bmri/si/165630/cfp/.
Registrations and applications
http://mts.hindawi.com/login/.
For more information or inquires
catarina.reis(@ulusofona.pt

Information collected byVictor Roulier,

Gvcapsula from Capsulae

innovatie Bmicroencapsuzion. Roullierfdcapsulae.com  http://www.capsulae.com
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MECHANISTIC TIME SCALES IN ADHESIVE PARTICLE MIXING

Duy Nguyen1, Ingela Niklasson Bjorn2, Kyrre Thalberg2 , Anders Rasmusonf,
1 Department of Chemistry and Chemical Engineering, Chalmers University of Technology, SE-412 96, Gothenburg, Sweden
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INTRODUCTION

0.2
The mixing in which fine
particles are attached
onto the surfaces of car-
rier particles has suc-

——— simulated average

experimental average
----- simulated %RSD
------- experimental %RSD

Content uniformity (g/g)
o

cessfully been employed
to produce homogeneous
pharmaceutical formula-
tions, both in the case of

0.05

very potent APIls and as
regards dry powder for-
mulations for inhalations
(Vikas Anand Saharan,
2008). While the homoge-
neity of random mixing obeys the law
of probability and is determined by
a statistical distribution, the adhe-
sive particle mixing poses different
mechanisms governing the blending
process due to complex interparticle
interaction. Several such mechanisms
have been documented in the litera-
ture, namely (i) Random mixing (ii)
De-agglomeration (iii) Adhesion, and
(iv] Redistribution and compression
(Grasmeijer F, 2013).

Although the effects of material pro-
perties on the adhesive mixing pro-
cess have been well documented, the
mixing dynamics have not yet received
much attention (de Boer et al., 2012).
There is a need to investigate mixing
mechanisms and dynamics, in order
to provide better understanding of the
overall process. The aim of this work
is thus to estimate the time scale of
the mechanisms governing the mixing
process as well as their relative im-
portance as regards achieving a ho-
mogeneous mixture.

MATERIAL & METHODS
Material

Spherical mannitol pellets with a me-
dian diameter just above 200pm and
micronized lactose monohydrate with
a median size of 4 ym were selected
for the mixing experiments.

Mixing experiments

The mixing experiments were perfor-

2 W

Mixing time (s)

Figure 1. Random mixing dynamics.

med in a MiPro high shear granulator
(Procept, Belgium)] installed with a 1.9
litre vessel and a 3 bevelled-blades
impeller. Amoderate impeller speed of
500rpm was used in all experiments. A
total of 260g of material with 5% w/w
of fine-particle agglomerates was
loaded in each experiment. The mixer
was stopped at several time points to
withdraw samples for analysis.

Fines content assessment

As the carrier and fines widely dif-
fer in particle size, the content of fine
particles in a blended sample can be
assessed from the bimodal particle
size distribution, provided that agglo-
merates are fully disintegrated during
the test. Sympatec HELOS with RODOS
operated at 3.0 bar was found to be
suitable for this. The relative standard
deviation (RSD] of the fines content is
used as the mixing index (RSD<5% is
acceptable for the homogeneity).

Agglomerate size assessment

To access the size of the fine-particle
agglomerates, care must be taken not
to disintegrate them during the analy-
sis. To this end, the Sympatec QicPic
equipped with the GRADIS gravitatio-
nal powder feeder was employed. Both
the original fine-particle agglome-
rates and the fines-carrier assemblies
formed during mixing were measured.

Mathematical modelling

The particulate flow is modelled using
the Eulerian-Eulerian approach which

r 50

- 45

F 40

F 35

treats the discrete solid phase as a
continuous medium with averaged
properties. A general scalar transport
equation is used to model the tracer
distribution in the vessel to keep track
of mixing behaviour.

dla_p, Cl/at+Vla_p, u_Cl=0

RESULTS & DISCUSSION

Random mixing dynamics

The macro mixing dynamics can be
observed in Figure 1. The simulated
tracer distribution reaches the equi-
librium state rapidly, i.e. %RSD was
0.1 after 0.5s of mixing. Experimental
data shows that after 2.5s of mixing,
the low fluctuation of the average and
the %RSD of the tracer concentration
indicates the existence of a random
mixture. Therefore, the time required
to obtain a random mixture described
by mechanism (i) is fast and is of the
same order as the time for flow deve-
lopment, i.e. a couple of seconds.

De-agglomeration dynamics

The de-agglomeration kinetics is
illustrated in Figure 2, in which dif-
ferent size fractions of agglomerates
are plotted versus mixing time. The
size fractions are normalized relative
to the corresponding values at the
5s time point. The larger the agglo-
merates are, the faster is the de-
agglomeration kinetics. For examp-
leinstance, agglomerates larger than
1500um are reduced dramatically af-

1500 —4—d>1050 —B— 625 —h— 5350

0 10 20 30 a0 50 60 70 0 %0
Mixing time (s)

Figure 2. De-agglomeration rate.
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Figure 3. De-agglomeration dynamics.

ter 15s, and are no longer present af-
ter 30s. As for the size fraction larger
than 450um, 50s of mixing is needed
to reach a stable level.

The levelling out of the overall par-
ticle size in Figure 3 can be taken as
an indication that the mixing is ready.
At even longer mixing times, re-dis-
tribution of the fine particles between
the carriers can be expected (the last
proposed mechanisms). However,
the size change during this stage is
not significant and will furthermore
will not affect the homogeneity of the
mixture (see next section). Therefore,
the mixing experiments were finished
after 100s in this work.

Content uniformity dynamics

Figure 4 shows the evolution of the
fines content and homogeneity when
mixing 5% fine lactose of the size frac-
tion 1.4- 2.0mm. The fines content was
obtained by the analysis procedure
described in the method section. At the
very early mixing stage, fine-particle
agglomerates were observed to float
on the top of the powder bed, which re-
sulted in a very high fine content. Not
surprisingly, the mixture was strongly
inhomogeneous, with an RSD of 24% at
5s. The fines content thereafter conti-
nuously decrease as agglomerates
are broken up and distributed throu-
ghout the mixture. The progression

70

of mixing can be as-
sessed by evaluating
both the homogeneity
and the average fines
content. After 60s an
RSD of 4.9% was rea-
ched, i.e. a value just
below the limit of 5%
which is often set as
a criterion for accep-
table blend uniformi-
ty. At longer blending
times the uniformity
is only slightly im-
proved and the content remains at a
constant level.

80 90 100

The overall homogeneity achieved in
the current experiments is the com-
bined result of all mechanisms, i.e.
random mixing, de-

This study provided in-depth unders-
tanding of the early stages of adhe-
sive mixing. The later stage mecha-
nisms, i.e. exchange, re-distribution
and compression of the fine particles,
would also merit further investigation
as these may affect key properties of
adhesive mixtures, such as the disper-
sibility of fines in the case of adhesive
mixtures for inhalation.
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meration of the fines-agglomerates is
completed, a homogeneous mixture is
achieved.

CONCLUSIONS

A quantitative study of the mixing
dynamics of adhesive mixtures was
carried out to evaluate the importance
of different mixing mechanisms. Ove-
rall, data were in agreement with the
notion of four different mechanisms,
i) random mixing, ii) de-agglomera-
tion, iii) adhesion and iv) exchange and
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scales for the first
three of these could
be established. A
main finding was that
the de-agglomera-
tion of fine-particle
agglomerates is the
rate-limiting step as
regards achieving
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Figure 4. Content uniformity dynamics.

satisfactory blend
homogeneity, which
is illustrated in Fi-
gure 5.
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Figure 5. Adhesive mixing mechanistic time scales
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INTRODUCTION

In The aim of work was to create nano-
capsules for sustained and targeted
drug delivery of natural interferon
alpha (IFN-a), which is an effective
medicine mainly used to treat hepa-
titis viruses. The work discussed in
this paper was performed as part of
the “PowTech” FP7 Marie Curie Initial
Training Network, and involved the
co-encapsulation of natural interfe-
ron alpha and superparamagnetic iron
oxide (magnetite, Fe,0,) nanoparticles
(NPs).

PREPARATION OF NPS

Co-encapsulation of IFN-a and Fe, 0,
into a poly(lactic-co-glycolic acid)
(PLGA) matrix (PLGA NPs) was carried
out by double emulsion solvent eva-
poration method as shown in Figure 1
(Shubhra et al., 2014a). The effects of
process variables were studied in or-
der to obtain small sized NPs with high
encapsulation efficiency, which could
be sterilized by ultrafiltration. It was
found that the magnetite/PLGA ratio,
the PLGA concentration, the external
aqueous/intermediate organic phase
volume ratio, and sonication time
proved to be statistically significant
influences.

PROCESS OPTIMIZATION

The reason behind the optimization
was to find out suitable conditions
(process variables] to get maxi-
mum encapsulation efficiency with a
constraint of obtaining various mean
particle sizes (Shubhra et al., 2014b).
Because the required magnetic pro-
perties of the model drug loaded NPs
may be different, and are influenced
by the relative amount of Fe, 0, nano-

1w WA

particles applied in the organic phase,
the optimization has been carried out
at various magnetite/PLGA ratios.
Process optimization was carried out
by experimental design and statistical
analysis.

The mean hydrodynamic size and en-
capsulation efficiency of NPs ranged
from 115-329 nm and 18 to 97%, res-
pectively, depending on the process
conditions (Shubhra et al., 2014b).
Optimization resulted in high encap-
sulation efficiency for the model drug
(92.3%) for relatively small sized PLGA
NPs (155 nm].

Results of optimization with different
combinations of process variables can
be found in Figure 2. If we follow the

Ultrasonic
transducer
- AC
Ultrasonic Agueus
gnerator -~ PVA solution
PLGA+
magnetite in Simple w/o emulsion
DCM o
Protein (HSA
or IFN solution) | |,
(T T]‘ —
:[E' 1
w/o emulsion
lce bath

wfo/w double emulsion

Step 1 first emulsification

Step 2: second emulsification

vertical line upward to the upper dia-
gram at a given Fe,0,:PLGA ratio (in
Figure. 2, we have taken the example of
Xeos0,=4-0% wt/wt), it is seen that arri-
ving at the point on the curve referring
to the same mean particle size (155 nm
in this case) will give EEHSA=92.3%
which is the highest encapsulation
efficiency achieved under these condi-
tions (Figure 2, the horizontal dotted
line of the upper diagram).

SURFACE MODIFICATION

Nanocapsules prepared with a selec-
ted optimum condition were subjec-
ted to surface modification by using
triblock copolymer poloxamer, in

Ultrasonic
transducer

AC '
Ultrasonic ) PCM
generator vapor
w/o/w double
emulsion

',» E:]—" Stirrer

Product: solid

Ice bath PLGA/Protein/

magnetite
nanoparticles
belore separation

Step 3: solvent evaporation

Figure 1: Schematic diagram of the double emulsion solvent evaporation method

applied for preparation of PLGA nanoparticles with encapsulated HSA (model drug) or
IFN and Fe,0, particles.
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Figure 2: Optimization at different magnetite/PLGA ratio. At
optimal values of other process variables, PLGA concentration

and magnetite/PLGA ratio determines the achievable smallest
mean particle size [lower diagram) and the highest encapsula-
tion efficiency (upper diagram).

order to prolong their lifetime in the
bloodstream (Shubhra et al., 2014c,d).

Surface functionaliza-
tion was verified by size
increase, zeta potential
and isothermal titration
calorimetry. In blood se-

rum protein adsorption
measurements, bovine
serum albumin tended

to be adsorbed 50% less
on the surface modified
NPs in comparison to the
unmodified ones (Figure
3) which was determi-
ned using UV/VIS spec-
trometry with the help of
micro BCA protein assay
kit at the wavelength of
562 nm.

In vitro IFN-a release
study carried out using
enzyme linked immuno-
sorbent assay test showed
that prepared PLGA NPs
are capable to sustain
the release of interferon,

and protect it
from the quick
degradation. In-
terferon release
from poloxamer
modified  PLGA
NPs was much
slower than that
for  unmodified
ones. The encap-
sulated magne-
tic nanoparticles
allow targeting by
external magne-
tic field.

CONCLU-
SION

PLGA NPs co-en-
capsulating both
natural interfe-
ron alpha and
superparama-
gnetic iron oxide
were  prepared
by double emul-
sion method. The
process was opti-
mization and the
surfaces of NPs
were modified by
poloxamers. The
concentration of
PLGA in the inter-
mediate organic
phase and the

duration of the second sonication af-

% BSA adsorbed

aControl  w0.5% PFES treated

[
%% BSA adsorbed related to the amount of PLGA

Figure 3: Percentage of BSA adsorbed onto unmodi-

fied and modified PLGA NPs.
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fected most strongly the mean hydro-
dynamic particle size. To achieve the
smallest possible mean particle size,
relatively low PLGA concentration,
high dispersion energy and relatively
small volume ratio of the interme-
diate organic/external aqueous liquid
need to be applied. NPs with suitably
modified surface showed 50 % less
plasma protein adsorption. Surface
modified PLGA NPs represented more
sustained release of IFN-a, although
at substantially lower concentration
level, than unmodified NPs.
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ENCAPSULATING PARTICLES WITH NANOSCALE PRE-
CISION USING ATOMIC LAYER DEPOSITION

Van Ommen, J.R. [Delft University of Technology, the Netherlands); Goulas, A. (Delft IMP B.V., the Netherlands)

INTRODUCTION

In most encapsulation processes, the
coating is introduced via the liquid
phase: either by dispersing the par-
ticles in a liquid, or by spraying a liquid
onto the particles. An alternative is
to use gas-phase coating. One way of
doing this is with chemical vapor depo-
sition (CVD): exposing the substrate to
volatile precursors, that react at the
surface to form a coating. Typically,
two different precursors are being
used. Although CVD is mostly used in
the semiconductor industry for coa-
ting wafers, it is also used for coating
particles. The typical coating thic-
kness obtained with CVD is in the pm-
range. Following Moore’s law, there is
a ongoing drive towards semiconduc-
tor components miniaturization, which
alsorequires a coating technology that
enables thinner films. This explains
why atomic layer deposition (ALD) has
become more popular in recent years:
with this gas-phase coating technique,
sub-nanometer precision can be
achieved.

The difference in approach between
CVD and ALD is that in the latter the
gaseous reactants are added alterna-
tingly. As a consequence, the coating
chemistry is split into two half-reac-
tions. Each of these reactions is self-
limiting, such that at most a monolayer
can be deposited. In this way, we have
full control over the coating thickness:
the number of times the alternating

feed of the two precursors is repea-
ted determines the thickness of the
achieved coating. For example, for an
alumina coating, a precursor such as
trimethyl-aluminium chemisorbs on
a substrate by reacting n (IRnK2) of
its methyl-groups (ligands) with active
sites (commonly hydroxyl-groups) at
the surface, releasing methane (step
1). In step 2, the remaining ligands
react with an oxidizer such as water
releasing the other methyl-groups
and repopulating the surface with hy-
droxyl groups (see Fig. 1.a.]. After this
second step, step 1 can be repeated.
The formation of alumina is just one
example: dozens of different inorganic
materials can be made via ALD (Miik-
kulainen et al., 2013). Moreover, it is
also possible to deposit organic films
via an analogous mechanism (see Fig.
1.b); the method is then referred to as
molecular layer deposition (MLD).

ALD ON PARTICLES

Most research on ALD is aimed at de-
positing ultrathin films on wafers and
other flat substrates However, when
carried outin a so-called fluidized bed,
ALD is an attractive way of providing
particles with an ultrathin coating. Ina
fluidized-bed ALDreactor, the particles
are suspended in an upward nitrogen
flow. The good mixing of the particles
and the gas results in a very uniform
coating of the particles. Moreover, this
approach has an excellent scale-up
potential: at the lab-scale we can coat

batches

Fig. 1. Schematics of the subsequent steps of (a) Atomic Layer Deposi-
tion and (b) Molecular Layer Deposition.
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ticles to coat is not limited to the pm
range: ALD can also be applied to flui-
dized nanopowders. Nanoparticles -
contrary to what is typically observed
for micron-sized particles - are flui-
dized as very dilute agglomerates with
distinctive fluidization characteristics.
One of our research topics is unders-
tanding the fluidization of nanopar-
ticles, and applying it as a tool for ALD
on these particles. When working with
powders of which the particle size is in
the nanorange or just slightly larger
(a few pym), the particles often have a
strongly cohesive behavior. In those
cases, we work with assistance me-
thods such as vibration or microjets
to obtain smooth fluidization behavior
(van Ommen et al., 2012).

RESULTS & DISCUSSION

In the semiconductor industry, most
ALD processes are carried out at va-
cuum. However, we operate our flui-
dized bed reactors typically at atmos-
pheric pressure to facilitate scale-up.
Normally, ALD processes are carried
out between 100°C and 300°C, depen-
ding on the chemistry used. However,
for several substrate particles - espe-
cially for materials of biological origin
- this would be too high. Therefore,
we recently investigated coating of
titania nanoparticles with alumina at
room temperature and atmospheric
pressure using the coating chemistry
given in Fig. 1.a. We found confor-
mal, homogenous coatings (see Fig.
2.a). Moreover, the coating thickness
linearly increases with the number of
cycles applied (see Fig. 2.b), demons-
trating he precise control over the
thickness we can achieve (Valdesueiro
etal., 2015).

As the precursors used in ALD are
typically quite expensive, it is a pre-
requisite for economical process ope-
ration that they are efficiently used.
We recently published a paper aimed
at understanding and optimizing the
precursor utilization efficiency using a
multiscale modelling approach (Grillo
et al., 2015). We showed that fluidized-
bed ALD on high surface area pow-
ders is a forgiving process that can be
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Fig. 2. Alumina coating of titania nanoparticles: (a) TEM picture of a
particle coated with 15 ALD cycles; [b) film thickness as a function of

the number of cycles.

carried out with virtually no precur-
sor wasting. For nanoparticles, the
precursor will have to diffuse into the
nanoparticle agglomerations. Howe-
ver, still more than 99% precursor
efficiency can be achieved. In the case
of porous micron-sized particles, typi-
cally used as carrier particles in the
manufacturing of supported catalysts,
this will be somewhat lower (~95%],
but for the encapsulation of non-po-
rous particles with a diameter in the
micron-size range very high efficien-
cies of virtually 100% can be achieved.
Another attractive feature of encap-
sulating micron-sized particles with
this approach is that just very small
amounts of coating material have to be
used: on a 10 pm particle, an alumina
coating of 10 nmis just 0.6 vol% of the
total particle. However, already such
a thin film allows the formation of an
extremely high barrier coating: it can
reduce the water vapor transmission
of a polymer substrate with more than
a factor 100.

Like most conventional ALD reactors,
fluidized-bed ALD reactors are ope-
rated in a temporal mode: the pulses
of the different gaseous reactants are
delivered subsequently in time. An
alternative is to separate the admi-
nistering of the reactants in space.
We recently developed a spatial ALD
reactor for particles. In this device, the
particles are blown through the reac-
tor with nitrogen as a carrier gas at
atmospheric pressure: they are pneu-
matically transported. This pneumatic
transport line consists of three parts:
first the particles are heated, then
reactant Ais added and reacts with the
particles, and subsequently reactant B
is added and reacts with the particles.
Our current test setup is laid-out for
just a single ALD cycle. However, it is
easy to devise equipment with multiple
injection points for both precursors,

5 10 15
ALD cycles [-]

via ALD at
a produc-
tion rate of
about 1 g/
min (van
Ommen et
al., 2015).
However, the experience with pneuma-
tic transport from other fields opens
up promising scale-up prospects for
continuous particle ALD.

CONCLUDING REMARKS

ALD is an attractive technique to effi-
ciently encapsulate particles via a
gas-phase process. Since the obtai-
ned coating has a very high quality,
excellent encapsulation results can
be obtained with films of just a few
nm. With ALD, many different inorga-
nic coatings can be deposited, such
as oxides, nitrides and pure metals.
Its organic counterpart MLD, which
received less research attention up
to now, can also be very relevant for
encapsulation. We have demonstra-
ted that ALD of alumina can be carried
out at atmospheric pressure and room
temperature, opening the door for
coating sensitive substrates, and for
carrying out the coating at large scale.
The coating can be carried out either
on batches of particles in a fluidized
bed, or on continuously transported
particles with a pneumatic transport
reactor.
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Bioencapsulation Research Group is a non-profit association promoting networ-
king and research in the encapsulation technology of bioactives. It organises acade-
mic conferences and industrial symposiums, publishes newsletters and manages a
website.

More information : http://bioencapsulation.net

KEEP CONTACT BY REGISTERING ...

Registration is based on a voluntary annual fee. If you wish to simply receive the
newsletter and be advised about future events, register online at: http://bioencap-
sulation.net

Be an active member pay the registration fee and get more services

e Reduced registration fees to BRG events
e Full access to conference proceedings (> 1700)
e Access to the forum and internal mailling
e Possibility to contribute to the newsletter
e Reduction for the conference registration

e Priority for awarding of conference grants

Class Annual fees
Industry members 100 €
Researchers' 60 €
Students? 30€
Honorary member and corporate registration® 1000 €

Tpublic and non-profit organizations, contact us for group registration

% registered for a master or PhD program, less than 30 years old.

3 Open access to 1 full page in 1issues (1/2 page in 2 issues ...} in the newsletter
Registration fees may be paid by credit card (preferably), bank transfer or cheque.

For more information or an invoice, see the

http://bioencapsulation.net

registration page on
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