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There are some major advantages to be gained in processing micronic europium
doped yttrium oxide Y2O3 particles for phosphor applications using spray pyrolysis. To
better understand the influence of the operating conditions and also why hollow par-
ticles are formed, a complete one-dimensional modeling of the pure evaporation then
evaporation/precipitation steps of micronic water/Y(NO3)3 droplets has been per-
formed. Among the main results, it appears that no concentration gradient exists inside
droplets during the pure evaporation stage and that the evaporation/precipitation
stage, occurring in less than 1023 s, leads to compact particles theoretically formed of
a coherent porous medium of Y(NO3)3�5H2O. But the analysis of phenomena occurring
during the thermolysis step between 95 and 3008C has revealed that a partial liquefac-
tion of the hydrated yttrium nitrate occurs with concomitant release of gas. As a conse-
quence, a crust of lightly hydrated yttrium nitrate probably appears, followed by parti-
cle inflation and leading to the formation of broken hollow particles. � 2007 American
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Introduction

Spray pyrolysis (SP) is an aerosol process commonly used
to produce a wide variety of materials in powder form1,2

including metals, metal oxides, ceramics, superconductors,
fullerenes, and nanostructured materials. The sizes of the
processed particles are most often micronic and submicronic
(50 nm to 5 lm). This technology has been used for many
years in the material, chemical, and food industries. There
are five main steps: (i) generation of a spray from a liquid
precursor by an appropriate droplet generator, (ii) spray
transport by air flow during which solvent evaporation occurs

then concomitant solute precipitation when the critical super-
saturation limit is exceeded in the droplets, (iii) thermolysis
of the precipitated particles at higher temperatures to form
micro/nanoporous particles, (iv) intraparticle sintering to
form dense particles, (v) finally, extraction of the particles
from the gas flow. SP offers specific advantages over conven-
tional material processing techniques1,2 (gas-to-particle con-
version processes, liquid or solid-state processing followed
by milling), such as a higher purity of the powders produced,
a more uniform chemical composition, a narrower size distri-
bution, a better regularity in shape, and the synthesis of mul-
ticomponent materials. Another advantage is the relative sim-
plicity of the process which allows easy scale-up.3

However, challenges still exist for SP, e.g. to increase pro-
duction rates, to better understand the influence of the operat-
ing conditions, to control the particle size,4 shape and inter-

Correspondence concerning this article should be addressed to B. Caussat at
brigitte.caussat@ensiacet.fr.

� 2007 American Institute of Chemical Engineers

AIChE JournalFebruary 2008 Vol. 54, No. 2394



nal morphology. Three main types of particle morphology
can be obtained: (i) completely filled or ‘‘solid’’ nanoporous
particles, (ii) microporous particles, and (iii) hollow (shell-
like) particles. For instance, Lyons et al.5 obtained hollow
MgO and ZnO particles and full Al2O3 particles from nitrate
salt precursors. No change in particle size or morphology
was observed in nitrate-derived ZnO or MgO by modifying
the initial air humidity or the heating rate. The addition of
small amounts of seed particles with or without (i) an initial
saturated drying environment and (ii) temperature gradient
modifications in the flow system also had no effect. How-
ever, Lenggoro et al.6 observed a radical change in the mor-
phology of ZrO2 particles with a diameter of about 3 lm,
from hollow to completely filled spheres, by changing the
process temperature.

Over the past years, our group has performed many SP
syntheses on a large variety of materials. Y2O3 (this work),
Y2O3:Eu, ZrO2, and CeO2 syntheses, from nitrate precursors,
lead to hollow spheres7 whereas Zn2SiO4 and ZnO syntheses
from zinc nitrate lead to microporous spheres.8 We never
have been able to significantly modify the initial hollow/
filled morphology given by a specific precursor by changing
the heat, flow, or concentration conditions during the evapo-
ration, precipitation, or thermolysis steps. However, it has
been shown that adding polymeric constituents such as poly-
ethylene glycol9–11 to the solution could lead to well con-
trolled solid particle morphology.

The origin of the hollowness of the particles is not certain
and does not seem to be always the same, but the most often
mentioned mechanism is the formation of large solute con-
centration gradients in the droplets, leading to precipitation
only at their surface.1,2 Several modeling works have been
performed to progress in the understanding of the phenomena
involved. Jayanthi et al.12 focused on modeling spray drying
of an aqueous solution of zirconyl hydroxide chloride. They
concluded that volume precipitation into droplets is favored
by a very gradual increase of the spray temperature along the
reactor, high initial solute concentrations, small initial droplet
diameters, a high number density of droplets, and a weak
flow rate of the carrier gas. Moreover, solutes presenting
large differences between their saturation and their supersatu-
ration concentrations promote volume precipitation and thus
should be preferred. Yu and Liao13 studied the drying of
millimetric water droplets containing sodium chloride. Their
results agree with those of Jayanthi et al., but they claim that
a small initial concentration of solute seems to promote the
formation of filled particles. Xiong and Kodas14 also simu-
lated the drying of water/NaCl droplets, but of micronic
sizes. In almost all the operating conditions tested, they find
that no solute concentration gradient occurred.

Another point must be emphasized: as reported by Mess-
ing et al.11 and by Gurav et al.,1 the thermal properties of
the precipitated precursor can impact on subsequent particle
evolution during the thermolysis stage. For example, many
metal nitrates have low melting temperatures (e.g. \ 2008C).
If the metal salt melts during thermolysis, its permeability
decreases and the gas released is trapped inside the particle.
An increase of the internal gas pressure may then result in
the ‘‘explosion’’ or foaming of the particle. This process
could lead to hollow particles or particle fragments. Charles-
worth and Marshall15 proposed a similar explanation: when

the boiling temperature of the remaining solvent is exceeded,
thermoplastic salts readily inflate, whereas impermeable,
rigid particles simply fracture into shell fragments. Lin and
Gentry16 validated these explanations experimentally for
millimetric droplets with various precursors and developed
interesting modeling studies.17–19 In Reuge and Caussat,20 a
general dimensionless study of the evaporation and precipita-
tion stages of SP allowed to determine, whatever the diluted
salt, the conditions that must be fulfilled to obtain hollow
particles. We also showed that no formation of solute con-
centration gradients does not necessary lead to the synthesis
of solid particles and that conversely the formation of solute
concentration gradients does not necessary lead to the synthe-
sis of hollow particles.

Europium-doped yttrium oxide (Y2O3:Eu) was discovered
decades ago but is still considered to be one of the best red
inorganic phosphors, due to the sharp emission (k 5 611
nm) of the europium ion activator (Eu31) in the host lattice
(Y2O3), its excellent luminescence efficiency, color purity,
and stability.21 SP is one efficient alternative process for its
large scale production.3,22 Micronic particles of Y2O3:Eu
synthesized by SP are hollow spheres. They exhibit the
required luminescence efficiency for plasma display panel
applications (under vacuum ultraviolet excitation), but the
core-shell morphology is unfavorable for applications requir-
ing near ultraviolet excitation.7,8

A pilot-scale SP set-up has been assembled in our labora-
tory and tested using yttrium nitrate precursor, europium was
not introduced here for cost considerations. Since the physi-
cal chemical properties of Y and Eu are very close and
because the molar doping level in the red phosphor is low
(1Eu/19Y), we can assume that the results of experiments
and modeling using pure Y2O3 are also valid for the red
phosphor. The aim of the present work is to understand the
processes leading to the hollow morphology of the particles
and the influence of the main operating conditions. For these
purposes, the first modeling study of SP using yttrium nitrate
as a precursor salt has been performed. A 1D modeling study
of the pure evaporation step then of the evaporation/precipi-
tation stage will be detailed. Phenomena will be investigated
at the scale of the drying column and at the scale of the indi-
vidual droplet. Different scenarios will be proposed to repre-
sent the evaporation/precipitation stage. The influence of the
main operating parameters on the process behavior will be
numerically studied. Finally, phenomena occurring during the
thermolysis step will be discussed on the basis of theoretical
and experimental data. For all the physical steps considered,
those mechanisms that could be at the origin of the particle
hollowness will be analyzed.

Process Description and Operating
Conditions

An ultrasonic generator (ARECO/ARIV), working at 1.6
MHz generated micronic droplets from Y(NO3)3 diluted in
water at 0.6 mol/l. The droplets were transported by an air
flow through successively:

� a vertical drying column: 20 cm internal diameter, 1.8
m long,

� then a horizontal decomposition/densification column:
20 cm internal diameter, 1.8 m long.
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The heating system was juxtaposed electrical furnaces of
12 kW total power. Thermocouples on the outer wall of the
reactor allowed the temperature to be adjusted up to 2508C
in the drying zone and up to 10008C in the decomposition/
densification zone. The solid phase was then separated from
the vapor phase in a bag filter.

For the experiments described here, the inlet spray temper-
ature was 318C, and the outer wall temperature of the drying
zone was fixed to 2258C. The inner wall temperature profiles
have been measured and found to vary from 31 to 2058C
along the column height.

Four air flow rates have been considered: 2.7, 4.7, 5.7, and
8.7 m3/h STP. The ultrasonic droplet generator delivers solu-
tion flow rates proportional to air flows and respectively
equal to 0.32, 0.55, 0.67, and 1 l/h STP.

Droplet diameter distributions were measured with a
SpraytechTM Malvern laser size analyzer positioned at the
drying column inlet. A mean droplet radius R0 of 2.9 lm
was considered in all cases and the number droplet concen-
tration was about 1.2 3 106 cm23.

It must be emphasized that preliminary calculations have
shown that, over the whole range of operating parameters, the
evaporation process is extremely intense at ambient tempera-
ture as long as the air is not completely saturated with water
vapor at the droplet surface (i.e. the interfacial relative humid-
ity is equal to 100%). Since, of course, this fast evaporation
occurs between the nebulization area and the reactor inlet, air
is already completely saturated with water vapor at the droplet
surface at the reactor inlet and the solute concentration in the
droplets is no longer 0.6 mol/l, but 0.75 mol/l. The specific
humidity of air Y0 at the inlet was therefore 0.026.

The powders were characterized by TGA/TDA analysis
with a SETARAM Labsys, and by XRD on a Seifert XRD
3000 diffractometer. The powder microsructure was observed
by transmision electron microscopy (TEM) on a Philips CM12
and by scanning electron microcopy (SEM) on a Jeol 6700F.

Modeling the Pure Evaporation Stage

Assumptions, equations, and physical properties
of the fluids

A 1D model at the scale of the column and a 0D model at
the scale of the droplet were developed first. The following
assumptions were retained:

(i) gas flow is laminar since the Reynolds number varies
between 300 and 1000,

(ii) all parameters are uniform inside droplet,
(iii) at the column scale, momentum, heat and mass trans-

fer phenomena in the radial direction can be ignored (note
that the mean radial temperature gradient was 3.58C/cm and
only 1.28C/cm between a radial position of 2.5 cm from the
wall and the center of the column),

(iv) the heat flux density q through the column walls is
proportional to the difference between the inner wall and gas
temperatures:

q ¼ jðTwall � TgasÞ (1)

Values of constant j were fixed such that the calculated tem-
peratures fit the average spray temperatures measured 1.5 m
after the column inlet: 92, 90, 82, and 638C for air flow rates
of 2.7, 4.7, 5.7, and 8.7 m3/h STP respectively,

(v) the relative velocity between droplets and carrier gas
is zero and there is no interaction between droplets,

(vi) axial diffusion of water vapor in air is negligible,
(vii) the Kelvin effect is negligible because droplets

remain much larger than 0.1 lm,
(viii) the solute begins to precipitate as soon as the satura-

tion concentration is reached, the supersaturation concentra-
tion of yttrium nitrate in water being unknown.

The mean mass fractions of water inside droplets/particles
and in air are given by the following dimensionless expres-
sions:

X ¼ wliq
w ðwliq

s þ wcryst
s Þ�1

Y ¼ wvap
w w�1

a

(
(2)

where wa and wvap
w are the mass fractions of air/water vapor

in the gas, wliq
w the mass fraction of liquid water in a droplet,

and wliq
s the mass fraction of the solute in the droplet. Four

equations must be solved: the mass conservation at the reac-
tor scale (3) and at the droplet scale (4), the energy equation
at the reactor scale (5), and at the droplet scale (6). Consider-
ing the assumptions previously detailed, they take the follow-
ing form (note that parameter Z will be used for the evapora-
tion/precipitation stage and must be taken here equal to
zero):

FaY þ FsðX þ ZÞ ¼ Fw ð3Þ

vzms
@ðXþZÞ

@z ¼ �ð4pRÞDvqa
�
Yint
�
Tgas=Tliq

�� Y
� ð4Þ

Fsð1þ X þ ZÞCpd @Tliq
@z þ Fa

�
Cpa þ YCpvapw

� � @Tgas@z � Fshvap
@ðXþZÞ

@z

� FsDHð1þ Z�1
f Þ @Z@z � @

@z kgas
@Tgas
@z

� ��
pR2

c

� ¼ q
�
2pRc

� ð5Þ

vzmdCpd
@Tliq
@z ¼ �4pR�kgas�Tgas � Tliq

�þ vzmshvap
@ðXþZÞ

@z

þ vzmsDH
�
1þ Z�1

f

�
@Z
@z ð6Þ
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where air, water, and solute flow rates Fa, Fw, and Fs are
expressed in kg/s. The main physical properties of the fluids
are given in Table 1.23–26

These equations have been successfully validated by Yu
and Liao13 from experimental investigations of evaporation
of water/NaCl and water/NH4NO3 droplets performed by
Ranz and Marshall.27

The reduced mass fraction of water Yint at the liquid/gas
interface at the saturation pressure is defined as:

Yint ¼ awMwðMaP0Þ�1Psat (7)

where aw is the water activity, dependent on X, P0 the total
pressure at the column inlet, and Psat the water vapor satura-
tion pressure in air.

The droplet mass can be written as:

md ¼ msð1þ X þ ZÞ ¼ qdð4=3ÞpR3 (8)

where ms is the mass of solute in a droplet, qd is the droplet
density (which is equal to the solution density qliq before
precipitation), and R its radius.

From relation (8), this latter can be written as:

R ¼ R0

qliq;0
qliq

� 1þ X

1þ X0

 !1=3

(9)

where R0 and X0 are the initial values of R and X.
From (9), a simple expression of droplet radius Rp at the

onset of precipitation can be given:

Rp ¼ R0

qliq;0
qsatliq

� 1þ Xsat

1þ X0

 !1=3

(10)

where Xsat and qsatliq are the values of X and of the droplet
density at the solubility limit respectively.

Modeling of transport phenomena inside liquid droplets
along the column height

Assuming that the temperature inside the droplets is uni-
form, momentum and mass transport (diffusion 1 convec-
tion) occurring inside the droplets during the pure evapora-
tion stage can be described by the classical local equations
whose variables are the radial liquid velocity in a droplet and
the solute concentration in the droplet cs (or w

liq
s ) and using a

1D-spherical approach.13

The flux density of water evaporated at the droplet surface
has been calculated from the 1D 1 0D approach. The
coupled resolution of the 1D 1 0D system and of these latter
1D-spherical equations provides a consistent 1D 1 1D
approach. Note that the reduced mass fraction X in the 1D 1
0D approach is no longer considered as a uniform parameter,
but as an average value in the droplet, and that the water ac-
tivity aw must now be calculated as a function of wliq

w and
wliq
s at the droplet interface, and not as a function of X any-

more. The binary diffusion coefficient of water/solute can be
calculated from the mean ionic activity coefficient of the so-
lution given in Table 1.24–26

To solve these systems in coupled mode, all these equations
were implemented in the same problem, where the first system
(1D 1 0D approach) was solved along one direction, and the
second system (1D-spherical equations) along another direc-
tion. Thus, a two-dimensional grid was used. All these equa-
tions were implemented in the finite element solver
FlexPDE,28 which uses a modified Newton-Raphson iteration
process and a mesh generator with automatic refinement.

Results and discussion

First, drying with an air flow rate of 4.7 m3/h STP has
been studied. As can be seen in Figure 1, the decrease of the
radius of pure water droplets is faster than the decrease of
the radius of water 1 solute droplets: evaporation is com-

Table 1. Physical Properties of Water and Aqueous Y(NO3)3

Density (kg/m3), from Rard23:

qliq
�
25�CÞ ¼ a1 þ a2=X þ a3=X

1:5 þ a4=X
2 þ a5=X

2:5 þ a6=X
3 þ a7=X

3:5 þ a8=X
4 þ a9=X

4:5

With:
a1 ¼ 995; a2 ¼ 0:8178; a3 ¼ 2:855 3 10�2; a4 ¼ �0:8367; a5 ¼ 2:2764; a6 ¼ �4:1271;

a7 ¼ 3:9393; a8 ¼ �1:8699; a9 ¼ 0:3532

Water activity, from Rard23:

aw
�
25�CÞ ¼ exp

�� 4=X � 18=275�1� b0=X
0:5 þ b1=X

0:75 þ b2=X þ b3=X
1:25 þ b4=X

1:5 þ b5=X
1:75 þ b6=X

2

þ b7=X
2:25
��

With:
b0 ¼ 5:4939; b1 ¼ �7:8834; b2 ¼ 164:4546; b3 ¼ �555:8051; b4 ¼ 913:9005;

b5 ¼ �814:9047; b6 ¼ 378:477; b7 ¼ �71:97

Water vapor saturation pressure in air (Pa), from Reid et al.24:

Psat ¼ 105

760
exp 18:3036� 3816:44

Tliq�46:13

� �
Mean ionic activity coefficient, from Rard23:

c�
�
25�CÞ ¼ exp

�� 3b0=X
0:5 þ 2:333b1=X

0:75 þ 2b2=X þ 1:8b3=X
1:25 þ 1:666b4=X

1:5 þ 1:5714b5=X
1:75

þ 1:5b6=X
2 þ 1:444b7=X

2:25
�

(Same coefficients as aw)

Solubility (g/100g of water) fitted from experimental results25,26:
S ¼ c0 þ c1Tliq þ c2: arctanðc3Tliq � c4Þ
With:
c0 ¼ �150:3776; c1 ¼ 1:1185 K�1; c2 ¼ 25:3241; c3 ¼ 0:1588 K�1; c4 ¼ 54:5378
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plete at a position of 1.31 m for pure water droplets whereas
the solubility limit is reached at 1.55 m for water 1 solute
droplets. This is due to the fact that in the latter case, the
lower water activity involves a lower interfacial saturation
pressure and therefore a lower evaporation rate. From these
results, it can be deduced that the drying of the water 1 sol-
ute spray requires a higher amount of energy, about 18%
more for the operating conditions tested.

In both cases, the temperature of the liquid phase remains
equal to that of the gas phase as presented in Figure 1. This
result is due to the high value of the heat transfer coefficient
at the liquid/gas interface. For the pure water droplets, the
final temperature was 56.78C after total evaporation whereas
it was 95.28C for drying water 1 solute droplets at the onset
of precipitation (in which a lot of water remains).

Whatever the air/water flow rate, the solute concentration
in droplets increased from a value of 0.75 mol/l at the reac-
tor inlet to 5.93 mol/l at the onset of precipitation. But no
significant concentration gradient appeared along the droplet
radius during the evaporation stage. This result is true for
our whole range of operating parameters. Xiong and Kodas14

came to the same conclusion for similar processing condi-
tions. Note that no concentration gradient would have been
obtained even if a critical supersaturation concentration
(greater than the one predicted by the solubility limit law
given in Table 2) had been considered.

Such a result can also be obtained estimating the ratio of
the characteristic time of diffusion of the solute in liquid
water to the total time of evaporation12 (from 1D calcula-
tions, this latter varies between 25 and 60 s depending on the
flow rates). In our range of operating parameters, this ratio
remains lower than 5 3 1024, which is very low, meaning
that solute concentration gradients might not appear. Our pre-
cise 1D-spherical model, which considered convection and a
precise description of diffusion, confirmed this trend.

Likewise, we can estimate the ratio of the characteristic
time of heat diffusion in the droplet to the total time of evapo-
ration.12 It is lower than the former by several orders of mag-
nitude. The assumption of uniform temperature in droplets is
therefore fully justified for our operating conditions.

The variation of the spray temperature along the column
height for the various flow rates studied is given in Figure 2.
Logically, for a given position in the column, the temperature
decreases if the flow rate increases. The reactor height neces-
sary for complete evaporation increases with the air/water
flow rate. The total energy consumed during the evaporation
stage is proportional to the air/solution flow rate and is equal
to about 2520 kJ/l of solution for the evaporation stage (i.e. a
total power of 700 W). The calculated temperature at the
onset of precipitation was always equal to 958C. The average
temperatures measured in the flow 1.5 m after the column
inlet are reported in Figure 2. Some measurements were also
carried out at intermediate positions for the highest flow rate
and appear to be well estimated by calculations.

Figure 1. Variation of the droplet radius, gas and liquid
temperatures along the reactor axis for pure
water and (water 1 Y31/NO�

3 )—Fva 5 4.7 m3/h
STP, Fvw 5 0.32 l/h STP, R0 5 2.9 lm.

Table 2. Expressions of the Droplet/Particle Porosity, Particle Radius, and Position of Air/Liquid
Interface Inside Particles, for the Three Scenarios Considered in the Model of Precipitation

Porosity Particle Radius Position of Air/Liquid Interface

Case 1
ef ¼ 1� a

qsat
liq

qcryst
R 5 Rp rint ¼ rint;0

X
Xsat�Zf

� �1=3
with: rint;0 ¼ R0

qliq;0
qw

� Xsat�Zf
1þX0

� 1
ef

� �1=3
Case 2a
ef ¼ 1� a

qsat
liq

qcryst
R 5 Rp rint ¼ Rp

X
Xsat

� �1=3
Case 2b

1st stage:

e ¼ 1þ a
qsat
liq

qcryst
� Xsat

X � 1
� �� ��1

R ¼ R0
qliq;0
qd

� 1þXþZ
1þX0

� �1=3
rint 5 R

with: qd 5 eqsatliq 1 (1 2 e) qcryst

2nd stage:

e ¼ ec r
Rc

� �b
Rc ¼ R0

qliq;0
qc
d

� 1þXcþZc
1þX0

� �1=3
rint ¼ Rc

X
Xc

� �1=ð3þbÞ

with: Xc ¼ Xsat 1þ 1�ec
ec

� qcrystqsat
liq

a�1
� ��1

With a ¼ 1þZf
1þXsat

� �
and b ¼ rcryst

rsat
liq

a�1 � 1
� ��1

.
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In all cases, the variation of droplet radius follows the
classical D2-law (i.e. the relationship between droplet surface
change vs. residence time is linear).27,29 As reported in Fig-
ure 3, the variations of the droplet radius and of the solute
concentration in the droplets vs. temperature were the same
whatever the initial flow rates. In particular, droplet radius
and droplet concentration at the onset of precipitation were
always the same: 1.46 lm and 5.93 mol/l, respectively. This
can be explained by the fact that the initial solution flow rate
was always proportional to the air flow rate and by the fact
that the limiting step here is clearly heat transfer from reac-
tor walls to the spray, not mass transfer at the air/water inter-
face and/or inside the droplet. Actually, at a given position
in the reactor, the local temperature determines the interfacial
saturation pressure and therefore the total amount of evapo-
rated water. Over our range of operating parameters, it can
be deduced that the droplet radius and the uniform solute
concentration depends only on the local temperature and not
on the thermal history of the spray. We verified that this

quasi-steady state of the evaporation process held true for a
wide range of processing parameters.4

Since saturation was always reached at 958C and at 5.93
mol/l, Xsat and qsatliq always take the same values and therefore
so does Rp given by relation (10).

Modeling of the Evaporation/Precipitation
Step

Reaction of precipitation and properties
of the precipitate

Once the solubility limit is reached somewhere in the liq-
uid droplet, the solute locally begins to precipitate, following
the reaction:

Y3þ þ 3 NO�
3 þ nwH2O ! YðNO3Þ3 � nwH2O (R1)

The solid phase is then composed of hydrated yttrium ni-
trate molecules. The nw weakly bound water molecules are
evacuated only during the thermolysis step. Depending on
the temperature, this number of water molecules nw can be
6, 5, 4, or less, as shown in the binary diagram H2O-
Y(NO3)3 in Figure 4. This diagram was determined by Bou-
chet et al.26 by both experiment and numerical simulation.
The curve of solute mass fraction/temperature predicted by
our model of the pure evaporation stage (for an air flow rate
of 4.7 m3/h STP) is reported in this figure.

At temperatures greater than about 408C, the precipitate
formed is a mixture of hexahydrate/pentahydrate or pentahy-
drate/tetrahydrate yttrium nitrate depending on temperature
ranges and some water in excess remains liquid. In the pres-
ent work, we considered the following simplified scheme:

Figure 2. Variation of the spray temperature along the
reactor axis for several air flow rates.

Figure 3. Variation of the droplet radius and of the sol-
ute concentration vs. droplet temperature.

Figure 4. Binary diagram for the H2O-Y(NO3)3 sys-
tem26—domains of solid Y(NO3)3�nwH2O indi-
cated by the values of nw.
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� formation of the Y(NO3)3�6H2O precipitate for a solu-
tion temperature Tliq \ 748C,

� formation of the Y(NO3)3�5H2O precipitate for 748C \
Tliq \ 1048C,

� formation of the Y(NO3)3�4H2O precipitate for Tliq [
1048C.

Note that these limit temperatures were determined from
the binary diagram: the first and the second ones correspond-
ing to the temperatures at which the solution at the onset of
precipitation contains exactly 6 and 5 moles of H2O respec-
tively for 1 mole of Y(NO3)3.

In the general case, when the solution begins to precipi-
tate, there is an excess of water molecules. They can stay in
a liquid state in the droplet/particles and/or evaporate. This is
why we have to consider an evaporation/precipitation stage;
we intend to describe it with the following model.

The density qcryst of Y(NO3)3�6H2O is 2680 kg/m3. From
the enthalpy of formation of the reactive and product spe-
cies,30 a crystallization enthalpy DH equal to 34.2 kJ/mol
was determined for nw 5 6. Since these last two parameters
were not found for the other hydrates, we took the same
values.

Description of the evaporation/precipitation model

Since it is established that no concentration gradient
occurs during the evaporation stage, it is now possible to
model the evaporation/precipitation stage still using Eqs. 3–6
of the 1D 1 0D system, but introducing the following new
parameter Z:

Z ¼ wcryst
w

�
wliq
s þ wcryst

s

��1
(11)

where a distinction between the mass fraction of water in the
solid precipitate wcrist

w and that in the solution wliq
w must be

considered.
Once the precipitation is complete and the free liquid

water has completely disappeared, the final value of Z is:

Zf ¼ nwMwM
�1
s (12)

where Mw and Ms are the molar weights of water and of the
solute respectively.

If the air/solution interface is exactly at the surface of the
droplet/particle, the parameter Dv in Eq. 4 is equal to the bi-
nary diffusion coefficient of air/water vapor. But if the air/so-
lution interface is inside the droplet/particle, due to the for-
mation of a porous crust, the law of evaporation must be
modified according to Nesic and Vodnik31 and the parameter
Dv in Eq. 4 must be replaced by the following apparent dif-
fusion coefficient Dp

v:

Dp
v ¼ Dv 1þ Dv

Dcr

� R� rint
rint

� ��1

(13)

where rint is the position of the air/solution interface along
the droplet/particle radius and Dcr is the diffusivity of vapor
through the precipitated layer. This latter parameter can be
expressed as a function of the crust porosity e:

Dcr ¼ e
s
Dv (14)

Finally, assuming the tortuosity s equal to 1, expression
(13) becomes:

Dp
v ¼ Dv 1þ 1

e
� R� rint

rint

� ��1

(15)

Figure 5. Schematic representation of the various cases of precipitation/evaporation.
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Two scenarios of precipitation were then considered, as
detailed below and illustrated in Figure 5.

Case 1: Instantaneous Precipitation. The droplet radius
is not affected by the initial solute precipitation and remains
equal to the droplet radius at the onset of precipitation Rp.
Since the density of the precipitate qcryst is greater than the
density of the saturated solution qsatliq , the particle obtained
must be porous. Water in excess remains liquid and fills part
of the porosity. Because of the still increasing temperature,
this liquid water will continue to evaporate. Thus, the water
vapor will diffuse through the porous medium toward the
surface until the particle is completely dry.

The reduced mass fraction Z of water present as hydrate in
the solid precipitate becomes instantaneously equal to Zf
given by relation (12), and the final particle porosity ef,
assumed uniformly distributed, is given in Table 2. Some
pure liquid water remains in the pores, its reduced mass frac-
tion corresponds to the difference between Xsat and Zf.

Because of the difference in densities of the saturated solu-
tion qsatliq on one hand, and of the precipitate qcryst and of
pure water qw on the other hand, it appears that the liquid
water does not fill all the porosity. Thus, some air must nec-
essarily penetrate into the particle. We considered here the
most unfavorable case (in terms of facility of water evapora-
tion) for which all the water in excess completely fills the
pores toward the particle’s center while air fills the pores to-
ward the particle’s border. Therefore, the position of the air/
water interface along the particle radius just after precipitation
corresponds to rint,0 in Table 2. As liquid water evaporates
through the crust, the current position rint of air/water inter-
face decreases along the particle radius, as given in Table 2.

Case 2: Progressive Precipitation. The temperature
increase along the column leads to continuous water evapora-
tion. As soon as the solubility limit is exceeded somewhere
in the solution, precipitation occurs and stops when the solu-
bility limit is no longer exceeded in the liquid phase. There-
fore, we have:

Z

Zf
þ X

Xsat

¼ 1 (16)

Two subcases must now be considered:
� 2a, precipitation is much more rapid than species diffu-

sion;
� 2b, species diffusion is much more rapid than precipita-

tion.
In subcase 2a, as soon as a few water molecules have

evaporated at the air/solution interface, the solubility limit is
locally exceeded and a fraction of the solution precipitates.
As water evaporation initially occurs at the droplet surface,
precipitation will first concern the outer part of the droplet
and near the central particle part, the solution remains
unchanged. As the evaporation process occurs, the air/solu-
tion interface moves progressively from the particle surface
toward the particle center and a front of precipitation follows
it. In this case, clearly the particle radius does not change
and remains equal to Rp.

Actually, the mathematical description of this problem is
similar to that of the instantaneous precipitation case. Once
the precipitation front has passed, the final porosity ef is the

same as previously. The current position of the air/solution
interface is given in Table 2.

In the scenario 2b, as soon as a few water molecules evap-
orate at the air/solution interface, species diffuse quickly and
we assume that no significant concentration gradient is cre-
ated. Thus, the solubility limit is exceeded everywhere in the
solution at the same time and a fraction of the solution pre-
cipitates. As the evaporation process occurs, solid islands
grow everywhere throughout the droplet. As long as a coher-
ent porous medium is not formed, the droplet radius contin-
ues to decrease and the air/solution interface remains at the
surface. The expressions for the droplet radius and the poros-
ity during this first stage are reported in Table 2.

According to Jayanthi et al.12 and Zallen,32 as soon as the
porosity in the droplet becomes lower than the critical value
ec of 0.84, a coherent porous medium is formed. At this
time, the particle radius R takes the value Rc and X takes the
value Xc given in Table 2.

Then, the particle radius remains equal to Rc, the evapora-
tion process goes on, and the position of the air/solution
interface is now given by the expression of rint reported in
Table 2. The porosity inside the liquid/solid area (r \ rint) is
equal to e(rint) and is therefore independent of the position
along the droplet radius whereas the final porosity outside
the liquid/solid area (r [ rint) varies as a function of the
position along the droplet radius and is equal to e(r) (Table
2). Hence, at the end of the evaporation/precipitation process,
a porosity gradient is obtained between the particle surface
(where e 5 ec) and the particle center (where e 5 0). For the
calculation of coefficient Dp

v (15), a porosity equal to e(rint)
was considered and no percolation threshold was taken into
account (actually, as porosity becomes very small, lower
than 0.05 for regular or random lattices of spheres,33,34 pores
tend to disconnect and tortuosity becomes infinite).

Results and discussion

In all cases, from our simplified scheme, the precipitate
formed is Y(NO3)3�5H2O (most probably a mixture of two of

Figure 6. Position of the air/liquid interface radius
along the column axis for the three scenar-
ios of precipitation—Fva 5 4.7 m3/h STP.
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the three hydrates in reality). For scenarios 1 and 2a, droplet/
particle radii remain equal to Rp (1.46 lm). The evolution of
the water/gas interface rint along the reactor axis, for an air
flow rate of 4.7 m3/h STP and for the three scenarios consid-
ered, is shown in Figure 6.

For the case 1, whatever the air/flow rate, evaporation of
water in excess in the precipitated particle is extremely rapid:
it is complete over a distance of less than 1 lm correspond-
ing to a residence time shorter than 13 ls. This is due to the
fact that the water activity becomes instantaneously equal to
1 in this case. The final porosity is uniform and equal to 0.2,
which is clearly lower than the critical porosity of 0.84.
Thus, the final particle is relatively compact.

For scenario 2a, evaporation of water in excess and simulta-
neous precipitation occurs over a distance less than 0.1 mm
and a residence time shorter than 1.6 ms. In this case, the sec-
ond stage of drying is therefore about 100 times longer than in
case 1. But the final porosity is also uniform and equal to 0.2.

Finally, for case 2b, water evaporation and simultaneous
precipitation occur over a distance of less than 0.08 mm and
a residence time shorter than 1.1 ms. The final porosity
varies from zero at the particle center to 0.84 at its surface
and the final radius is equal to 1.44 lm.

In all cases, whatever the assumptions made and for the
tested operating conditions, the second stage of drying is

very brief and all water in excess is evaporated. The particles
obtained are relatively compact and the porosities always
lower than ec. It is then likely that the hollowness of the par-
ticles does not result from this step.

Unfortunately, particles can not be really chemically or
physically characterized just after this step because their con-
stitutive materials, hydrates of yttrium nitrates (Y(NO3)3�
nwH2O), are deliquescent and therefore very unstable.35

Nevertheless, it has been possible to collect few particles on
a fibrous substrate (filter) put at the end of the drying column
(�1208C). As soon as the experiment has ended, a small
sheet of the filter has been cut, put in a desiccator and then
observed by SEM as quickly as possible (a few minutes). In
Figure 7a, we can observe clearly (see the arrow) two
spheres partially merged showing the deliquescent nature of
this solid and/or the existence of a melting stage as detailed
below.

Considerations About the Thermolysis Stage

The exact morphology of the formed particles could only
be analyzed from synthesis temperatures of about 4008C: at
this point, they are hollow. We will then search if the origin
of this phenomenon proceeds from the thermolysis stage at
temperatures higher than 958C.

Figure 7. (a–c) SEM images of particles collected at various stages of the process.

(a) after drying and first step of thermolysis (1208C); (b) broken sphere (YO(NO3) and Y(NO3)3) after thermolysis at 4008C; (c) broken
Y2O3 sphere after thermolysis at 7008C and postannealing at 14008C; (d) TEM image of Y2O3 after thermolysis at 7008C and postanneal-
ing at 12008C.
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Above 958C, the thermolysis of hydrated yttrium nitrates
goes on. Odent and Autrusseau-Duperray36 investigated the
decomposition of Y(NO3)3.5H2O by TGA, TDA, chemical
analyses and XRD. They identified successively the hydrates
at 3H2O (formed at 808C, fused at 1158C) and 1H2O (formed
at 1708C, fused at 2328C), the anhydrous nitrate Y(NO3)3
(formed at 2908C), the oxide nitrate YO(NO3) (formed at
3508C), then the sesquioxide Y2O3 formed in two steps at
450 and 5108C. These observations were corroborated by
several investigators, for instance Bouchet et al.26 (a hydrate
at 4H2O was also reported) and Pelloquin et al.37

For our processing conditions, all transitions from
Y(NO3)3 5H2O to Y2O3 are completed within 25–85 s in the
decomposition zone (according to the air flow rate chosen),
that is much faster than the measurement conditions used in
the preceding references. We performed some characteriza-
tions of the powders in order to get information on the chem-
ical reactions that occurred in real operating conditions. The
air flow rate was of 4.7 m3/h STP and the outer wall temper-
ature of the drying zone was fixed at 2258C. The outer wall
temperature of the decomposition/densification zone was
fixed at 400 and 7008C for synthesis No. 1 and No. 2,
respectively.

Synthesis No. 1: XRD exhibits an important diffusion
background due to amorphous phase. Some diffraction peaks
are nevertheless observed. Some of them correspond to the
oxide nitrate (by comparison with Pelloquin et al.37), others
are tentatively assigned to hydrated phases. By thermal anal-
ysis (GTA/DTA) a weight loss associated to an endothermic
peak at 1708C is observed (the Y(NO3)3 3H2O to
Y(NO3)3.1H2O decomposition—Odent and Autrusseau-
Duperray36). At higher temperatures, thermal events are
observed: at 3508C, formation of YO(NO)3 (see Odent and
Autrusseau-Duperray36), at 450 and 5108C, transformation of
YO(NO)3 in Y2O3 (see Odent and Autrusseau-Duperray36).

Synthesis No. 2: XRD exhibits only the C-Y2O3 crystal-
lized phase (with broad diffraction lines) superposed on a
diffusion background. The thermal analysis reveals residual
water and nitrate.

The morphologies of the particles observed by SEM were
very much the same for both syntheses: when broken spheres
are found, they consist of a hollow center and of a shell
made of crystalline platelets (see Figure 7b). The radial char-
acter of the growth direction strongly suggests that the crys-
tallization phenomenon starts from the surface and then pro-
gresses to the core. The complete crystallization of C-Y2O3

is achieved only after postsynthesis annealing at higher tem-
peratures (1200–14008C). The crystallite platelets have trans-
formed into isotropic crystals and the core-shell configuration

is maintained (see Figure 7c). Smaller fragments can also be
observed, but most of the particles are spheres or broken
spheres. Even the smallest particles are hollow, this can be
deduced from TEM images since there is more contrast at
the periphery of the particles than in their center, as shown
in Figure 7d.

The phenomena occurring during this step are particularly
complex and we do not intend to model them. However,
interesting information is available which allows a qualitative
description of the thermolysis stage.

At the end of the pure evaporation stage, the temperature
is about 958C, the droplets precipitate, and the water in
excess is quickly evacuated. Dry particles of Y(NO3)3�5H2O
are obtained, as illustrated in Figure 8-S1.

What occurs then? The temperature continues to increase,
and, as can be seen in the phase diagram (Figure 4), the ma-
terial tends to liquefy again. But as soon as a microscopic
part of the particle liquefies, the water in excess evaporates
and diffuses like in the previous stage. Therefore, while the
temperature continues to increase, the yttrium nitrate progres-
sively loses its hydrates. Extrapolating the interfacial satura-
tion pressure of water in a Y(NO3)3 solution, we have esti-
mated the boiling temperature as equal to about 1608C. From
this temperature and above, the hydrated nitrate looses pro-
gressively water in the vapor state, gaseous NO2 starting to
evacuate at 2008C. We can assume that the evacuation of
vapor water is easier near the particle surface, and therefore
a crust of low hydrated yttrium nitrate is formed whereas at
the particle center, it is more hydrated and maybe liquid
(Figure 8-S2). Whereas the dehydration front moves progres-
sively from the surface to the core, a pressure gradient result-
ing from the production of gaseous species appears between
the particle center and the particle surface and comes greater.
Moreover, the liquefaction of the low hydrated yttrium
nitrates at their points of fusion tends to decrease the perme-
ability of the crust. Because of these phenomena, particle
inflation can occur, and yttrium based material, which is
rather viscous as long as it contains water molecules, tends
to be moved from the particle center toward the surface. The
direct consequence is the formation of hollow swollen par-
ticles, which can be broken if the permeability of the crust is
too low and the gas pressure inside the particles too high
(Figure 8-S3,S4). Finally, from about 450 to 12008C, the ox-
ide nitrate is progressively transformed into a pure oxide.
The shell thickness is then reduced as the density of the ma-
terial increases (Figure 8-S5). It must be emphasized that in
this particular system, most of the resulting particles are
spherical and did not explode into particle fragments as may
happen for other metal nitrates.

Figure 8. Schematic representation of the droplet morphology evolution during the thermolysis step.
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Note that between the onset of precipitation and the end of
the process, about 60% of the particle mass is lost under gas-
eous form (water, NO2 and N2O5). If the remaining mass
(Y2O3) were uniformly distributed all over the particle (con-
sidering a constant radius), the final porosity would be about
of 0.64.

Conclusion

SP is an efficient process to synthesize europium doped yt-
trium oxide Y2O3:Eu micronic particles of interest for lumi-
nescent applications. However, particles are collected under
the form of hollow spheres: this morphology may be inap-
propriate for some applications.

It was to make progress in understanding the process that
a modeling study of the drying step was first performed at
the scales of the column and of the droplet. The pure evapo-
ration stage then the stage of evaporation/precipitation was
considered. Different scenarios of precipitation were pro-
posed including instantaneous precipitation and progressive
precipitation in the diffusion regime then in the phase change
regime.

Among the numerous results obtained, it was in particular
demonstrated that the temperature of the liquid phase is
always equal to that of the gas phase. At the onset of precipi-
tation, for the whole range of conditions tested, the particle
radius was always equal to 1.46 lm and the onset tempera-
ture 958C. For the operating range tested, the evolution of
the droplet radius was only found to depend on the local
temperature, not on the thermal history of the spray. For the
simulated conditions, no concentration gradient appeared
inside droplets during the evaporation stage.

For all the tested scenarios, the evaporation/precipitation
stage proved to be very rapid, leading to complete evapora-
tion of the water and to the formation of compact particles
thought to be formed of a coherent porous medium of
Y(NO3)3�5H2O.

Finally, the phenomena occurring during the thermolysis
step for temperatures between 95 and 4008C were described
on the basis of qualitative theoretical considerations and ex-
perimental data. This revealed that a partial liquefaction of
the hydrated yttrium nitrate occurs with a concomitant
release of gaseous water and N2O5. A crust of low hydrated
yttrium nitrate probably appears, followed by particle infla-
tion, leading to the formation of hollow open or broken par-
ticles.

Now one may ask: what must be done to avoid hollow
particles formation? The answer appears to be the following:
avoiding precursors for which intermediate viscous or molten
phases appear during the thermolysis step to yield a crust
with low permeability and release abundant gaseous species.
Using a reticulating agent such as polyethylene glycol was
found to be a good solution probably because it enhances the
consistency of the intermediate phases, prevent the formation
of low permeable shells and thus prevent particle inflation
during the thermolysis stage.

Notation

aw5water activity
Cp5 specific heat (J/kg K)

Cvap
pw 5 specific heat of water vapor (J/kg K)

Dcr5diffusivity of vapor through the precipitate layer (m2/s)
Dv5binary diffusion coefficient of air/water vapor (m2/s)
Dp

v 5apparent diffusion coefficient of water vapor through the drop-
let (m2/s)

F5mass flow rate (kg/s)
Fv5volume flow rate (m3/h STP)

hvap5vaporization enthalpy of water (J/kg)
md5droplet mass (kg)
ms5mass of solute in droplet (kg)
M5molar mass (kg/mol)
nw5 number of water molecules present as hydrates in an yttrium

nitrate molecule
P05 ambient pressure (Pa)
Psat5 saturation pressure of water vapor in air (Pa)
q5heat flux density at the inner wall (W/m2)
r5 radial coordinate inside droplet or particle (m)

rint5position of air/liquid interface along droplet radius (m)
R5droplet radius (m)
Rp5droplet radius at the onset of precipitation (m)
Rc5 reactor radius (m)
S5 solubility (g/100 g of water)
T5 temperature (K)

Twall5 inner wall temperature (K)
vz5gas velocity along reactor axis (m/s)

wa, w
vap
w 5mass fractions of air/water vapor in gas

wcryst
s 5mass fractions of solid Y(NO3)3 in droplet

wcryst
w 5 mass fraction of water present as hydrates of yttrium nitrate

in droplet
wliq
w 5mass fraction of liquid water in droplet

wliq
s 5mass fractions of Y(NO3)3 in droplet

X, Y, Z5 relative mass fractions defined at (2) and at (11)
Xc, Zc5 relative mass fractions defined at (2) at the critical porosity

Yint5Y defined at (7)
Zf5final value of Z
z5 axial coordinate

Greek letters

e5porosity of the crust
ec5 critical porosity
ef5final porosity

c65mean ionic activity coefficient
j5 constant defined at (1) (W/m2 K)
k5 thermal conductivity (W/m K)

DH5 crystallization enthalpy of the solute (J/kg)
q5density (kg/m)
s5 tortuosity of the crust

Subscripts

05 initial value
a5 air

cryst5precipitate
d5droplet

gas5gas
int5 at the gas/liquid interface
liq5 liquid
s5 solute

sat5 in the saturated solution (i.e. at the solubility limit)
w5water
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