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Generation of uniform micro-particles containing (i) pure lactose; (ii) silica nanoparticles
and lactose; (iii) silica nanoparticles/lactose doped with Eu(III) have been successfully
achieved using a novel spray dryer with a uniquely designed microfluidic aerosol nozzle as
the monodisperse droplet generator. Here we investigate the impacts of precursor composi-
tions and concentrations, as well as the drying temperature profile on particle size, morphol-
ogy, and surface element distribution. Distinct morphologies are observed with different pre-
cursor compositions, ranging from smooth spherical lactose microparticles to the buckled
shape for composites containing silica nanoparticles. The formation of such morphology is
qualitatively interpreted by using Peclet number, indicating that the presence of the sus-
pended silica nanoparticles facilitates shell formation at the early stage of the drying process.
As the drying continue, such shell is subject to buckling, induced by the capillary force due to
the lower mechanical integrity inside the droplet. Post calcination, transmission electron
micrographs of Eu(III)/silica nanoparticles/lactose microcomposites confirm the formation of
nano-sized Eu2O3 homogeneously embedded on the silica shell. Photoluminescence spectra
of these particles indicate that enhancement of photoluminescence intensity is directly related
to the europium loading, which could be adjusted from the precursor composition. This work
demonstrates a scalable route to assemble relatively complex composites with uniform prop-
erties, without extensive conjugation or purification steps commonly required in wet chemis-
try-based processes.VVC 2011American Institute of Chemical EngineersAIChE J, 57: 2726–2737, 2011
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Introduction

Solid particles or microcomposites containing rare earth

metal ions such as Y3þ, Ce3þ, Nd3þ, and Eu3þ have attracted
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great interest due to their distinct properties and applications in

luminescence,1–5 catalysis,6–8 and magnetism.9–11 To optimally

realize their functionalities, some degree of control over charac-

teristics such as particle size, size distribution, morphology, and

surface composition is required. For instance, higher lumines-

cent yield and packing density can be achieved for nonagglom-

erated spherical particles of the luminescent materials.12 Often

silica is used as lattice or support materials for the luminescent

components due to its dispersibility in aqueous suspension and

stable chemical and physical properties.13–16 Various methods

including sol-gel,5,13,17 homogeneous precipitation,14,18 func-

tionalization,19,20 and spray drying/spray pyrolysis12,16,21–24 to

produce photoluminescent microparticles have been reported.

Both spray drying and spray pyrolysis generate particles by con-

verting atomized liquid droplets into solids, although spray dry-

ing operates on a much lower temperature range (\400�C),
with further calcination step required to produce crystalline

structures. The advantages over wet chemistry routes include

avoiding the use of excessive solvents/chemicals, ability to op-

erate continuously and often without the need of any purifica-

tion or separation steps, with the possibility to assemble a range

of functional composites.

Conventional spray dryers suffer from poor controllability on
particle characteristics and functionalities due to the size polydis-
persity of the atomized droplets, causing the droplets to undergo
different evaporation processes despite the same drying environ-
ment.25 The complex spray traveling trajectories of different-
sized droplets often result in undesirable agglomeration.23,24 To
generate uniform spray-dried particles, the generation of mono-
disperse droplets is necessary, coupled with re-designing the
dryer component to convert the droplets into particles without
coalescence among the droplets or semidried particles. In this
work, a novel spray dryer referred to as the Micro-Fluidic-Jet-
Spray-Dryer (MFJSD) has been used to prepare uniform, nonag-
glomerated micro-composites containing (i) pure lactose; (ii)
silica nanoparticles and lactose; (iii) silica nanoparticles/lactose
doped with Eu(III). Monodisperse droplets of the liquid precur-
sors were generated using a specially fabricated Micro-Fluidic
Aerosol Nozzle (MFAN). We investigated the impacts of differ-
ent compositions and concentrations of the precursors and vari-
ous drying temperature profiles on the size, morphology, surface
structure, element distribution, and the photoluminescence of eu-
ropium-doped composites. The study demonstrated the potential
of this new spray drying method to generate complex composites
with controlled characteristics at a much lower temperature
range than commonly encountered in conventional dryers, due to
the efficient contact between each individual droplet and the dry-
ing air. This opens up the possibilities of using the technology to
assemble other heat sensitive or bioactive materials where tem-
perature is usually the deciding factor in determining the appro-
priate synthesis route.

Experimental

Materials

Distilled water (18.2–18.3 MX cm�1) was used to prepare
aqueous solution. Europium (III) chloride (anhydrous EuCl3,
99.9þ% trace metals basis) powder, a-lactose monohydrate
powder (C12H22O11.H2O) and LudoxVR -LS colloidal silica sol

(30 wt % in water, � 7 nm) were purchased from Sigma-
Aldrich (AUS). All chemicals were reagent grade and used
without further purification. Five different compositions of
the precursor solutions for spray drying were prepared (Ta-
ble 1). Silica nanoparticles were added by diluting appropri-
ate amounts of silica sol into 500 mL of water. EuCl3 and
lactose powders were dissolved into the aqueous solution to
prepare precursors with different europium contents (SLE).
For comparison, solutions containing only lactose (L) and
lactose/silica nanoparticles (SL) were also prepared.

Monodisperse droplet formation and droplet size
measurement

The precursor solution was poured into a 1.5 L standard
steel reservoir and atomized using the MFAN atomizing sys-
tem, as illustrated in Figure 1a with Figure 1b showing the
schematic structure of MFAN. The detailed study on the
theory and application of the MFAN system to form mono-
disperse droplets can be found in the authors’ previous pa-
per.25 In brief, a glass tube surrounded by a piezoelectric an-
nular component and connected to a pulse generator (Micro-
fab Technologies) was controlled using a computer. A glass
capillary with a given radius (rj) served as the orifice of
MFAN, while the orifice diameter of the nozzle was 75 lm.
To form monodisperse droplets, dehumidified instrument air
was used to force the liquid in the reservoir to jet through
the nozzle. The liquid jet was broken into droplets by regular
squeezing of the glass tube using a piezoelectric component
with a sinusoidal electrical signal of frequency (fset) trans-
ferred from the pulse generator. The jet velocity (vj) was
controlled by adjusting the back-pressure of the reservoir,
and was calculated as vj ¼ vm/prj

2, with q and vm represent-
ing the density of the liquid (kg m�3) and the mass flow rate
(kg s�1) respectively—both of which were experimentally
measured. To investigate the droplet formation process (i.e.,
jet diameter, droplet spacing, size, and size distribution),
photographs were taken using a digital SLR camera (Nikon,
D90) with a speed-light (Nikon SB-400) and a micro-lens
(AF Micro-Nikkon 60 mm f/2.8D). The software of image
processing and analysis in Java (ImageJTM) was used to ana-
lyze the photographs. Figure 2 shows the photographs taken
for monitoring the droplet formation process and measuring
the droplet size and size distribution with relative error of
less than 2%. The droplet diameters were 142 � 2.7 lm,
156 � 2.3 lm, 154 � 2.3 lm, 157 � 2.5 lm, and 154 �
2.4 lm, respectively, for samples L, SL, SLE1, SLE2, and
SLE3, with no notable size differences between the individ-
ual droplets. The measured droplet size was approximately
twice the orifice diameter, in good agreement with the clas-
sic Rayleigh’s theory.26 The lactose droplets were smaller
than those generated from the rest of the compositions,

Table 1. Precursor Solution Composition

Sol Silica (g)
Eu(III)

(Atom % Based on Silica) Lactose (g)

L 0 0 2
SL 0.3 0 2
SLE1 0.3 1% 2
SLE2 0.3 2% 2
SLE3 0.3 8% 2
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likely due to the lower viscosity of the lactose solution than
when silica nanoparticles were present in the precursor solu-
tion. The droplet generation could be stably maintained for
more than 5 h, ensuring a continuous production rate.

Fabrication of uniform microcomposites

The schematic of the MFJSD is shown in Figure 3. The dryer
chamber was made of a zinc cylinder with the upper part (2000
mm) insulated by double asbestos layers. The diameter and
height of the cylinder chamber were 600 and 3000 mm, respec-
tively. Four hot air guns (PHG 630 DCE, Bosch, Australia)
were assembled on a hot air dispenser on the top of the dryer.
The air-flow could be set in three steps for 150, 300, 500 L/min,

respectively. The heating temperature range could be controlled
from 50 to 630�C by the interval of 10�C. Six thermocouples
were attached to the dryer chamber to monitor drying tempera-
ture distribution, with a humidity sensor to measure the relative
humidity at the dryer outlet. The hot air dispenser as shown in
Figure 3 (inset) was composed of two zinc sheets connected
using rivets. The diameter of the sheet above and below was
700 and 590 mm, respectively, with the gap of 120 mm. The

sheet above covered the top of the dryer chamber while the one

below has 5 mm drilled holes to evenly dispense the hot air

from the hot air guns into the dryer chamber. Different set-tem-

peratures of the hot air guns were applied to realize the various

drying temperature profiles inside the dryer chamber, with Fig-

ure 4 depicting the temperature profiles used in this work. The

Figure 1. (a) Home-made MFAN atomizing system. (b) Schematic graph of MFAN structure.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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spray-dried particles were collected in a filter bag at the bottom

of the dryer. The spray-dried particles were stored in the desic-

cator with the environment temperature of 25�C before the par-

ticle characterization. The samples containing Eu(III) were fur-

ther calcined at 1000�C for 3 h.

Particle characterization

Information on particle size, size distribution, and morphol-
ogy were obtained from the images taken by a field emission
scanning electron microscope (FESEM, 7001F, Japan). FESEM
energy dispersive X-ray photoelectron spectrometer (XPS) was
conducted to verify the presence of chemical elements, distribu-
tions, and their relative amounts at less than 5 nm below the
particle surface. Energy dispersive X-ray elemental mapping
and high resolution TEM were conducted to confirm the pres-
ence of europium oxide nanoparticles after calcination of the
spray-dried samples. The phase composition of particles was

Figure 2. Photographs of droplet generation for sample
L, SL, SLE1, 2, and 3 (Scale bar: 1mm).

Figure 3. A schematic graph of the front view of the MFJSD.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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examined by a Holland Philips 1130 X-ray diffractometer
(XRD) with Ni-filtered Cu Ka radiation (40 kV, 25 mA). Fou-
rier transform infrared (FTIR) spectra were obtained using a
FTIR360 spectrometer with a resolution of 2 cm�1 in the wave-
length range of 400–4000 cm�1 using KBr pallet to confirm the
presence of specific elemental bonds. The photoluminescence
properties of the calcined SLE particles were quantified by a
fluorescence spectroscopy at 20�C at a resolution of 3 nm.

Results and Discussion

Assembly of nonagglomerated, uniform lactose particles

The lactose-only solution was spray-dried at set-tempera-
tures of 110, 130, and 160�C. FESEM images (Figure 5)
show that the lactose particles were of uniform size with dis-
crete, spherical morphology and relatively smooth surface.
The average diameters based on analysis of over 1500 par-
ticles for L-160, L-130, and L-110 were 44.57 � 0.37 lm;
44.35 � 0.35 lm; and 42.10 � 0.36 lm, respectively (Figure
6), indicating very narrow size distributions. The uniformity
in size and morphology of the particles suggested that every

Figure 4. Various drying temperature profiles inside the
dryer chamber of the MFJSD using different
set-temperatures of the hot air guns.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 5. FESEM images of spray-dried lactose particles: (a & a0) L-160; (b & b0) L-130; and (c & c0) L-110. Inset (i)
showing larger particle than average, while inset (ii) displays conjoined particles; Insets (iii & iv): particles
with bridging adhesions.
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individual droplet generated by the atomizer experienced
similar evaporation process in the dryer chamber, and the
majority of the droplets were dried into particles in one-to-
one relationship.

There were several circumstances of coalescence among
droplets and semidried particles, resulting in either slightly
larger particle size (Figure 5, inset (i)) or conjoined doublets
(Figure 5, inset (ii)). With lower drying temperature, there
was no significant difference between the average particle
size or size distribution, but the moisture content of the
dried samples was found to increase from 8, 12, and 15%
for L-160, L-130, and L-110, respectively. The lower drying
temperature induced higher particle moisture content and
larger degree of fusion between neighboring particles (Figure
5, insets (iii, iv)). Such phenomenon could be possibly
explained by investigating the effect of the residual moisture
on the glass transition temperature of the spray dried lactose

particles. These particles are amorphous as verified by XRD
analysis (Figure 12) which behave as solid when stored at a
temperature well below their glass transition. However, any
residual moisture would act as a plasticizer decreasing the
glass transition. When the glass transition is decreased below
the storage temperature, the amorphous material would
behave as viscous liquid, likely causing particle fusion.27

Based on the reported values for the glass transition of spray
dried lactose as a function of water content, the particles
generated in this work with 8, 12, and 15% water content
corresponded to glass transition temperature of 50, 20, and
4�C, respectively. Clearly, the amorphous lactose particles
with glass transition temperatures below the storage tempera-
ture of 25�C were more prone to behave as viscous liquid
that induced fusion between the particles.

Assembly of microcomposites containing silica
nanoparticles

Precursor solutions containing silica nanoparticles (SL)
were spray dried at set-temperatures of 110, 130, 160, 180,
and 200�C. FESEM images of the resulting composites dis-
play similar morphology (Figure 7), indicating that in this
study drying temperature has little effects on the dry particle
shapes. The SL composites were buckled and crumpled, dis-
tinctive from the spherical lactose particles (Figure 5) with
relatively smooth surface produced in a similar drying condi-
tion. Given the identical composition of the precursor solu-
tion and the same initial droplet size, the average SL particle
size slightly increased with drying temperature above 160�C
(Figure 8). The reason for this could be that at a high drying
temperature, the droplets could quickly form a skin that
resisted further shrinkage to form larger particles, consistent
with the previous work.28

The structure of spray-dried particles is determined by the
properties of materials composing the precursor solution, the
initial droplet size, and the spray drying conditions. A couple
hypotheses were offered previously to explain the formation
of the SL composite structures, namely (i) the deformation
of the droplets resulted from up-flowing hot air stream and
(ii) the presence of colloidal silica nanoparticles in the pre-
cursor solution. Iskandar et al.24 proposed that droplets of
large size were subject to the impact of airflow inside the
dryer chamber, and thus the droplets were unable to main-
tain the initial spherical shape, resulting in irregular dry par-
ticles. However, the wide size distribution of both the drop-
lets and dry particles, and the extent of particle agglomera-
tion in their particular study rendered it difficult to obtain a
direct correlation with the drying conditions. In our work,
the initial droplets were monodisperse, and approximately
the same size even for different precursor solutions (Figure
2), and each droplet was individually dried into a single par-
ticle. Given that the dry lactose particles had spherical mor-
phology, verifying that the droplets could indeed maintain
their shape, the influence of droplet deformation in this case
could be excluded as the main reason for the irregular
shapes observed for SL microcomposites assembled in simi-
lar drying conditions.

Looking at the impact of silica nanoparticles, previous
investigations29-31 have demonstrated the buckling and crum-
pling behavior of drying a droplet containing colloidal

Figure 6. Size distributions of spray-dried lactose par-
ticles: (a) L-160; (b) L-130; and (c) L-110.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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nanoparticles using the single droplet drying experiment.
This morphology deformation have been interpreted as fol-
lows: in the initial drying period, the droplet surface recedes
isotropically while the surface is concentrated by the sus-
pended nanoparticles that gradually form a shell before the
drying process is completed. The droplet continues to shrink
as the shell thickens. As drying progresses, the nanoparticles
are eventually packed close enough while being stabilized
by the electrostatic inter-particle forces to resist further
shrinkage. The solvent, however, continues to evaporate,

thus exerting compressive capillary stresses on the particle
surface, when overcoming the electrostatic forces, to cause
the surface to buckle.30 The fundamental mechanism of the
particle deformation could be correct. However, the single
droplet drying scheme is different from spray drying in
many aspects. For example, the studies on single droplet
drying29,32 are usually done with the droplet in the sub-milli-
meter diameter range and the entire drying period takes tens
of seconds, while the realistic size of the droplets in spray
drying is usually below tens of microns with much shorter

Figure 7. FESEM images of (a) SL-200; (a0) SL-200 in a higher magnification; (b) SL-180; (c) SL-160; (d) SL-130; (e)
SL-110.
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processing time-scales. Additionally the single droplet drying
is performed within a relatively static environment, whereas
the temperature field and flow field in the vicinity of the
droplet are varied along the spray dryer chamber where the
droplets travel.28

To investigate the morphology formation of spray dried
particles, it would be ideal to obtain uniform particles by
restricting the droplet size range and controlling the spray
drying conditions. Otherwise the formation mechanism can
hardly be derived from polydisperse particle size and mor-
phology even within the same batch. Few studies28,33,34 used
modified small-scaled spray dryers to produce fairly homo-
geneous particles, and suggested that Peclet number (Pe) can
be used as a guide to characterize the morphology of spray
dried particles. Pe is defined as the ratio between droplet
evaporation rate and solute(s) diffusion rate:

Pe ¼
@rd
@t � rd
Ds

Where rd is the droplet radius, q rd/qt is the rate of change
of the droplet radius, and Ds is the diffusion coefficient of
the solutes inside the droplet.

In this study, as qualitatively shown in Figure 9, regardless of
the droplet compositions, the diffusion rate of the solutes inside
the droplet decreased while the drying proceeded due to the
declining diffusion coefficient.34 The evaporation rate also fell
due to increasing difficulty in removing the residual moisture.
Both SL droplet and the neat lactose droplet experienced ini-
tially isotropical drying period (ti). As the droplet kept shrink-
ing, a shell is gradually formed on the surface. The time of such
shell formation (ts) for SL droplet could be shorter than for the
lactose droplet, i.e., ts(SL)\ ts(L) due to the existence of sus-
pended silica nanoparticles whose diffusion coefficient was
much smaller than the lactose molecules (with high Pe). Thus
the silica nanoparticles accumulated faster at the surface to
form a shell, preventing further shrinkage of the droplet.30 In
contrast, the diffusion rate of the lactose molecule was faster or
at the same order as the droplet evaporation rate (referred to as
low Pe), and hence the surface precipitation was expected to
appear later during the drying process. This difference in the
onset time of the shell formation was evidenced by the larger
SL particle size than the lactose particle produced with the simi-

lar droplet size and the same spray drying conditions. With con-
tinuing evaporation, the SL semidried particle was subject to
buckling at tb when the electrostatic forces were secondary to
the capillary force because of the deficient internal mechanical
integrity resulted from relatively slow solute re-distribution.27

In comparison, the dried lactose particle was able to maintain
spherical with smooth surface. This could be ascribed to the
larger diffusion rate of the lactose molecules resulting in faster
re-homogenization throughout the droplet, leading to the better
mechanical integrity of the lactose shell formed at the character-
istic time (ts(L)) close to the droplet lifetime (td).

34

Assembly of Eu-doped microcomposites

Precursor solutions containing europium were spray-dried
at set-temperature of 110, 130, 160, 180, and 200�C. Figure
10 displays the FESEM images of SLE1, SLE2, and SLE3
particles spray dried at 130�C, indicating relatively dense
particle surface without visible pores. The particles have
similar morphology as the SL composites containing silica
nanoparticles, with equivalent mean particles size at the
same drying temperature, indicating that the addition of
EuCl3 in the precursors had little impact on the morphology
or size. FESEM EDXPS of these particles (Figure 11) indi-
cate the increase of Eu(III) signal with its content in the pre-
cursor solution, with the signals from Eu(III) and silica
evenly distributed in the entire particle domain. Silica nano-
particles may act as seeds and interact with Eu(III) to form
homogeneous network of Eu(III)-silica composites. XRD
patterns (Figure 12) of lactose particles (L) assembled at
130�C exhibits one broad diffraction at 2y angles of �20�,
indicating amorphous structure with little or no crystalliza-
tion. Both SL and SLE particles show similar XRD patterns,
suggesting amorphous hybrid composites. Comparatively,
calcination of the spray-dried sample caused the formation
of crystalline oxides, as indicated by the XRD pattern of the
calcined SLE3 (Figure 12). Three typical peaks shown at 2h
¼ 28.91, 32.88, and 47.18� indicate the presence of Eu2O3.

Figure 8. Average size of silica nanoparticles/lactose
(SL) composites assembled under different
spray drying temperatures.

Figure 9. Proposed drying stages undergone by drop-
lets composed of lactose and lactose with
silica nanoparticles, related to their final mor-
phologies.
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High resolution TEM image (embedded in Figure 13) of the
calcined SLE3-130 sample confirmed the crystalline structure.
It is noticeable that a number of black dots, possible appear-

ance of nano-Eu2O3 (�20 nm) homogeneously locate inside
the composite matrix. TEM EDXPS results (Figure 13) veri-
fied this composite structure by displaying that the europium

Figure 10. FESEM images of (a) SLE1; (b) SLE2; (c) SLE3 assembled under a set temperature of 130�C.

Figure 11. FESEM energy dispersive XPS of SLE1, SLE2, and SLE3 composites assembled at 130�C (prior to calcination).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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concentration, as measured using the La1, showed a consis-
tency with the small particles embedded in the matrix, whereas
the silicon almost covered the whole mapped area. This result

is also in consistence with the EDXPS analysis of the as-syn-
thesized sample (Figure 11), indicating that the calcination
may not destroy the basic composite structure.

FTIR characterization

FTIR spectra (Figure 14a) of spray-dried lactose particles
show one band at 3380 cm�1, due to the stretching vibra-
tions of OAH bonds.35,36 The band at 2931 cm�1 was due to
the stretching vibrations of CAH bond, while the weak band
at �1655 cm�1 corresponded to the stretching vibrations of
the physical water adsorbed.28,36 The band at �712 cm�1

was attributed to CAC vibrating and stretching originating
from ring-deformation motions of cyclic hydrocarbon. The
band at �1414 cm�1 was due to the bending vibrations of
CAH bonds, while at 1118 cm�1 was caused by the asym-
metrical stretching vibrations of CAOAC ether unit
bonds.28,37 The peak at 788 cm�1 was from the CAH defor-
mation motions out of the ring plane, where the vibrations
of the lactose molecule appeared.28,35,36

After adding colloidal silica nanoparticles, the FTIR spectra
of the SL (Figure 14b) and SLE1-SLE3 (Figures 14c–e)
showed bands at �1118 cm�1 and �887 cm�1, indicating
SiAOASi stretching and SiAOH vibration, respectively.38

Comparatively, FTIR spectra (Figures 14c–e) of the SLE sam-
ples containing different Eu(III) contents prior to calcination
showed one strong band at �480 cm�1 probably from EuAO
stretching mode. This indicates that Eu3þ ions might be

Figure 12. High-angle XRD patterns of (a) L; (b) SL; (c) SLE1;
(d) SLE2; (e) SLE3 spray-dried at 130�C showing
amorphous structures; and (f) SLE3 post-calcina-
tion showing peaks attributed to europiumoxide.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 13. TEM image and EDXPS of the calcined SLE3-130 sample.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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incorporated through oxygen atoms within the silica matrix.
The relatively strong affinity of Eu(III) ions to the hydroxyl
groups on the silica surface may result in the formation of
EuAOASi.39 The calcined SLE3 sample also showed bands at
�1118 cm�1 and �480 cm�1 (Figure 14f), indicating
SiAOASi and EuAO bonds, in agreement with XRD and
energy dispersive X-ray elemental mapping data.

Photoluminescence properties

XRD data (Figure 12f) confirmed the presence of europium
oxide on the calcined sample (SLE3). The emission spectra of
calcined samples of SLE assembled at different drying temper-
atures and at different Eu contents under excitation at 394 nm
are shown in Figure 15. The characteristic peak of Eu(III) at
approximately 612 nm were observed in all cases due to the
red 5D0 ! 7F2 transition at C2 sites within europium.40,41

Another peak appeared at �592 nm from the 5D0 ! 7F1 tran-
sition.13,21 Emission spectra of samples spray-dried at differ-
ent temperatures (Figure 15a) demonstrated negligible impact
of spray drying temperatures on the photoluminescence prop-
erty. Iskandar et al.24 previously showed that the photolumi-
nescence intensity of particles with identical composition and
similar size was dependent on the spray pyrolysis temperature.
However, this could be ascribed to the pyrolysis process itself
with temperature variation from 400 to 1200�C that could sig-
nificantly influence the particle characteristics, especially the
degree of crystallinity and the crystalline size, as well as
the distribution of the photoluminescence element throughout
the structure. In our case, both FESEM and XPS analyses have
revealed no distinct structural differences between particles
assembled by the spray drying method within the actual
drying temperature of \180�C, while the Eu(III) ions were
homogeneously located on the particle surface for all cases
(Figure 11) attributing to similar photoluminescence property.
On the other hand, increasing Eu(III) content (Figure 15b)
enhanced the relative photoluminescence intensity related to
the increase of concentration in the precursor solution.

Conclusion

A MFJSD equipped with a specially designed micro-fluidic-
aerosol-nozzle as a monodisperse droplet generator was used to
generate uniform, discrete microparticles with distinctive mor-
phology. With this novel assembly system, characteristics such
as particle size, morphology, and structure could be easily con-
trolled by adjusting the precursor compositions and concentra-
tions, initial droplet size, and the drying temperature profile.
Examples here were given on pure lactose particles with spheri-
cal morphologies, while addition of suspended silica nanopar-
ticles produced composites with bowl-like shapes. Doping euro-
pium onto the composites resulted in homogeneous distribution
of nano-sized europium oxide particles within the surface (after
calcination). The photoluminescence intensity could be
enhanced by increasing the initial Eu(III) concentration in the
precursors. Unlike spray pyrolysis, the drying temperatures at
which the particles were assembled did not affect the distribu-
tion of the europium on the structure and thus the photolumines-
cence spectra. The work here demonstrates a new route to

Figure 14. FTIR spectra of (a) L; (b) SL; (c) SLE1; (d) SLE2;
(e) SLE3 assembled at 130�C; (f) calcined SLE3.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 15. Emission spectra of calcined samples of (a)
SLE assembled at different set temperatures;
(b) SLE with different Eu contents.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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produce complex composites with uniform properties. Potential
applications include assembling heat sensitive or bioactive
materials at relatively low temperature synthesis.
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38. Serra J, Gonzále P, Liste S, Serra C, Chiussi S, León B, Pérez-
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