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bstract

pray-drying is a unit operation highly important in many industrial applications. In this work, the influence of the drying conditions on the final
rain properties has been investigated in single droplet experiments. Porcelain tile suspensions like those used in industry have been used. The
xperiments have been carried out in an acoustic levitator modified to work at high temperature conditions. The effect of the flocculation state,
nitial solid mass load, primary particle size, air temperature and initial droplet volume on the mean porosity of the grain and its mechanical strength

as been studied. The most important parameters to be considered for the porosity are the primary particle size, the initial solid mass load and the
occulation state. For the mechanical strength the significant effects are the primary particle size, the initial solid mass load, the air temperature
nd the cross effect of flocculation state and initial solid mass load.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Porcelain tile is a very compact product, characterized by
ow water absorption (usually less than 0.1%).1 It is a prod-
ct with excellent technical characteristics (zero or almost zero
pparent porosity, high mechanical strength and frost resistance,
igh hardness, and high chemical and stain resistance, etc.).
he major raw materials are white-firing clays, and sodium and
odium–potassium feldspars. Other raw materials, used in minor
uantities, are silica and feldspar sands, kaolins, and potassium
eldspars. To enhance tile aesthetic qualities, much of the porce-
ain tile production is polished to provide a high-gloss surface
nish, causing that certain closed pores in the tile body become
isible. This apparent porosity of the polished tile, which had
een closed porosity before polishing, sometimes lowers the
roduct’s stain resistance.
The industrial processing of porcelain tile includes four main
tages: wet milling and homogenisation of raw materials; spray-
rying of the resulting suspension to form granules; pressing of

∗ Corresponding author. Tel.: +34 964 342424; fax: +34 964 342425.
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he spray-dried powder to make green compacts; and fast firing to
btain maximum densification. The slurry characteristics affect
he morphology and mechanical properties of the granules which
nfluence their compression response and therefore the structure
nd properties of the green and sintered bodies.

The presence of large pores in fired porcelain tile is related
o the inner voids of the spray-dried powder granules. As a
onsequence, to produce pressed porcelain tile bodies with ade-
uate microstructure and no defects associated with the pressing
peration, high flow powders of dense and deformable gran-
les are required. For a better understanding of the parameters
ffecting the granules characteristics, it is necessary to consider
he development of the powder packing structure during spray
rying.

Spray drying is the transformation of a given feedstock from
 fluid state into a dried particulate structure by spraying the
eed into a hot drying medium. Among all the industrial types
f available dryers, there are few that accept pumpable fluids as
eeding material at the dryer inlet and discharge dry particulates

t the outlet. Among those few, spray dryers are the only ones that
re able to produce powders of specific granule size and mois-
ure content, regardless of the dryer capacity and the product
eat sensitivity. These advantages have established spray dryers

dx.doi.org/10.1016/j.jeurceramsoc.2011.07.025
mailto:juancarlos.jarque@itc.uji.es
dx.doi.org/10.1016/j.jeurceramsoc.2011.07.025
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s the most important industrial fluid drying system today. In
ndustry, spray drying is an essential unit operation for the pro-
uction of powders with specific characteristics. This process
s used in the manufacture of many industrial products such as
eramics, food products, detergents and pharmaceuticals.2 The
pray drying process comprises three major phases: the atom-
zation of the liquid stream by an appropriate device to produce

 spray of droplets having a high surface to volume ratio; the
rying phase during which the solvent contained within the dis-
ersion droplets is vaporized, which results in the formation of
olid product particles; and the separation of the dried powder
rom the drying gas by an appropriate device.

The drying of a single droplet is characterized by two dif-
erent drying periods.2,3 In the first period, moisture migrates
rom the droplet interior rapidly enough to maintain surface
aturation. As a consequence, the droplet surface is fully wet-
ed and the mass transfer rate equals that of an equally sized
ure liquid droplet. The liquid evaporates at the droplet surface
nd the diameter, d, decreases following the d2-relation. This
eriod is called the constant rate period and the maximum dry-
ng rate value is achieved. At the critical moisture content, the
ntire droplet surface cannot longer be maintained saturated by
oisture migration and the second drying period begins. In this

eriod, called falling rate period, a shell is formed on the droplet
urface and the evaporation occurs through the pores of the shell
ith the vapour diffusing out to the surface. The drying rate con-

inues to decrease as the thickness of the shell increases and the
lane of evaporation moves inside the droplet. Further removal
f water is a function of the moisture permeability of this shell.
f the particles have been able to move or they have had enough
ime to diffuse inside the droplet before the shell formation, a
ompact grain will be formed (Fig. 1(a)). However, if the par-

icles cannot easily move due to the suspension characteristics
r the drying is so fast that there is no time for the particles to
iffuse, they will remain in the outer part of the droplet and the

ig. 1. Compact (a) and hollow (b) grain formation during the drying process.
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xternal shell will be formed before. As a result, the grains will
ave a hollow morphology and a higher diameter (Fig. 1(b)).

Each of the above-mentioned phases, as well as their process
onditions, has a huge effect on the drying process efficiency
nd the final product properties. In fact, despite the advantages
uch as rapid production, ease of automation, and no product-
rying requirement, the process is prone to internal defects that
an limit the quality and the strength of the final grain.4 It is
ell known that the morphology, the porosity, the hollowness

nd the strength of the granules can vary with the process con-
itions. In this way, the main parameters affecting the drying
rocess can be classified in operational conditions: inlet air tem-
erature, relative humidity of the air, atomizing suspension feed
ate and spray size distribution; and feed characteristics: ini-
ial solid mass load, primary particle size, viscosity, flocculation
tate and surface tension. The main objective of the researchers
n this field is to know the influence of these variables on the
nal properties to control it and produce granules of desired
haracteristics suitable for each application.

The first investigations on spray drying were carried out in the
0’s.5–10 In these studies reduced scale spray dryers were used,
llowing control of some of the operating variables related to
he process, such as injection pressure, initial solid mass load,
oncentration of organic additives, temperature and humidity of
he drying air, etc. The relation between the operational vari-
bles of the lab scale spray dryers and the characteristics of
he final grain were investigated for pure liquids, salt solutions
ammonium nitrate, sodium sulphate, sodium silicate, sodium
hloride) and food product suspensions (coffee, milk). The study
f ceramic materials began in the 80’s.11–15 In these studies
orrelations between the slurry characteristics and the granule
roperties were obtained. However, the materials used (Al2O3,
i3N4, ZrO2) were far from the compositions spray dried in the

raditional ceramic industry.
The main problem with the afore-mentioned studies was that

ll of them were carried out in spray dryers. Inside these equip-
ents it was not possible to fully control the parameters of the

rying process. The heat and mass transfer processes were com-
licated to analyze due to all the interactions present in the drying
ystem. For example heat transfer is strongly dependent upon
emperature differences and, in a spray dryer, the temperature
istribution in the drying gases is difficult to predict. Moreover,
n a spray of wide droplet size distribution, rates of drying vary
ithin granule size so that small sizes dries faster and have more
pportunity to become overdried or overheated. Because it is not
ossible to obtain detailed information about isolated influence
f different variables in the droplet drying process in indus-
rial or laboratory-scaled dryers, single droplets experiments are
eeded.

For the study of the drying behaviour of single droplets,
xperiments using levitator tubes (ultrasonic, optical, electro-
ynamic and aerodynamic types) exhibit some advantages over
onventional methods used in the first investigations to suspend

ndividual droplets (glass filament method), since there is no

echanical contact with the droplet.32 The experimental com-
lexity of the ultrasonic levitators is less than the aerodynamic
nes and allows working with almost any liquid over a wide
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•  An acoustic levitator consisting of an ultrasonic 58 kHz horn
and a concave reflector (tec5 AG Sensorik und Systemtech-
nik). Two separated metallic chambers can be found in the
R. Mondragon et al. / Journal of the E

ange of diameters of droplets (from 0.1 mm to several mm).
owever, the influence of the levitation method on the drying
roplet must be considered in order to analyze the experimen-
al results. In the case of the ultrasonic levitator, the acoustic
treaming leads to a vapour enrichment around the droplet. This
roblem can be solved by injecting a small air flow in the cham-
er of the droplet, which evacuates the saturated air (ventilation).
n addition, this air flow can be used to vary the temperature
nd humidity conditions of the drying process of the levitated
roplet. The acoustic field also influences the deformation of
he droplets.16 To levitate a droplet, the ultrasound has to be
trong enough to overcome gravity. However, if the sound pres-
ure level is too high the drop disintegrates into small droplets,
ince the capillary forces become insufficient to keep the drop
ntact. Droplet evaporation results in a volume decrease: ini-
ially a levitated droplet will be deformed to an ellipsoidal shape
ue to the difference of radial and axial forces acting on the
roplet; however as the evaporation continues the surface tension
s responsible for a spherical droplet shape for small diameters.

Over the last decade, acoustic levitators have been extensively
sed to study the drying behaviour of pure liquids, multi-
omponent liquids and liquid–solid suspension droplets.3,16–26

he use of levitators has allowed measuring the droplet shape,
he evaporation rates in both drying periods, the duration of
he first drying period, t1, the final mean grain porosity, ε, and

odelling the solid concentration gradient inside the droplet,
redicting the appearance of hollow grains. All these studies
ere carried out using pure liquid droplets (water, alcohols),

alt solutions and glass bead suspensions. Moreover, the drying
onditions were far away from those found in industrial applica-
ions: moderate temperatures (T  < 80 ◦C), initial droplet volumes
V0) higher than 0.25 �l, solid mass loads (YS) lower than 0.3
nd low relative humidity conditions (ϕ  < 4%). The low temper-
ture conditions are a consequence of the ultrasonic transducer
imitation, which cannot work at temperatures higher than 60 ◦C.
ecently, Mondragon et al.,27 have modified an ultrasonic lev-

tator in order to work at higher temperature conditions up to
50 ◦C. The system has been checked in industrial operation
onditions using glass bead suspensions to compare the results
ith previous works at low temperatures.
In this work, the drying behaviour of single droplets dried

n an ultrasonic levitator and the final properties of the result-
ng grains were studied. All the experiments were performed
sing ceramic suspensions like those used in the manufacture of
orcelain tiles. The rheological behaviour of the used materials
as measured. The drying tests were carried out under industrial
peration conditions with the modified ultrasonic levitator. The
ffect of the flocculation state, solid mass load (YS), particle
ize distribution of the porcelain composition (dP50), ambient
ir temperature (T) and initial droplet volume (V0) on the mean
orosity of the grain (ε) and its mechanical strength (σR) was
tudied. Anova method was used to analyze the results and to
btain the optimal conditions of the process. The values of the

nput variables needed to achieve optimal output variables were
iscussed. For this material, the optimal conditions established
ccording to its technical properties and manufacturing process
re low porosity and good mechanical strength. The former is

F
t

an Ceramic Society 32 (2012) 59–70 61

he most important and the lowest porosity is desirable (ε  ≈  0.24
orresponding to the maximum packing fraction for particles
ith continuous size distributions), while the latter has to be
igh enough to resist handling and processing but not so high to
asily deform during pressing process (100 kPa < σR < 300 kPa,
imit values corresponding to the load resisted by a grain in a
ilo33 and the apparent yield pressure at which grains start to
eform, experimentally measured in an industrial powder at the
tandard humidity of 0.06 kg water/kg dry solid).

. Materials,  experimental  set-up  and  measurements
echniques

.1. Materials

All the experiments were carried out with porcelain tile sus-
ensions. The suspensions were prepared mixing water with the
owder compositions elaborated from the raw materials: 45%
lays, 6% sand and 49% feldspars. A standard suspension with
edian particle size, initial solid mass load and flocculation state

imilar to those found in industrial processes is established with
alues 3.25 �m, 0.65 (w/w) and deflocculated state, respectively.

.2. Drying  experimental  set-up

The experimental set-up is composed of three systems
Fig. 2(a))27:
ig. 2. General sketch of the (a) experimental set-up and (b) acoustic levitator
ube.
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levitator tube (Fig. 2(b)). The section identified as “cold cham-
ber” contains the ultrasonic transducer of the levitator. The
temperature is controlled by forced convection using cold air
flow. The second section is identified as “hot chamber”, and
contains the lower part of the levitator; the reflector and the
multiphase droplet. The temperature of this chamber is con-
trolled by an electric heater at the wall and an air stream that
enters the levitator tube through an array of holes located in
the reflector.

 An optical system consisting of a white light source with
a diffuser and a CMOS camera with a macro lens. The
CMOS camera (UI-1220M, IDS-Imaging Development Sys-
tems GMBH) (752 × 480 pixels, 87 frames per second) and
the back-light illumination system are used to measure the
droplet cross-sectional area and the vertical position of the
droplet during the drying process. The recorded images are
then used to calculate the mean porosity of the grain as
explained in the following sections.

 A gas conditioning system (not shown in the figure) controls
the temperature, flow rate and relative humidity of the air
inside the levitator tube. The air conditioning system (CEM
System W-202A, Bronkhorst High-Tech B.V.) is composed
of an air-drying cartridge, a two-mass flow controllers and a
mixer/evaporation unit. This system allows temperatures up
to 200 ◦C and a humidity up to a dew point of T  = 80 ◦C.

.3. Measurement  techniques

The two output variables measured and analyzed in this
ork have been the mean grain porosity, ε, and the mechan-

cal strength, σR. Each one has been obtained by means of a
ifferent technique.

The porosity has been calculated from the processing of the
ecorded videos. The images were processed with Matlab, so that

he equivalent diameter and the position of the droplet during
he drying process was obtained. Fig. 3 shows an example of
he evolution of the squared equivalent diameter and position of

ig. 3. Time dependence of the equivalent diameter and position of the droplet.

w
b
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he droplet during the drying process. Knowing the initial and
nal diameters of the droplet/grain and the initial properties of

he droplet, the quantity of solid present inside the grain and the
olume occupied can be easily obtained. With this information it
s possible to know how compact the grains are and to calculate
ts mean porosity using the following equation19:

 =  1 − VS

VG
(1)

here VS and VG are the volumes occupied by the solid phase
nd the dried grain, respectively and

S =  V0YS
ρD

ρS
(2)

here ρD and ρS are the densities of the liquid–solid suspension
nd solid phase respectively, V0 is the initial droplet volume and
S is the initial solid mass load.

In order to obtain the mechanical strength of the granules, dia-
etrical compression tests of single granules were performed.
he equipment used (Instron 5889) has a special compression
ell (maximum load of 10 N) that allows performing individual
rain tests. Typical force–displacement curves were obtained
or each experimental condition from which the fracture load
f the grains was obtained. Fig. 4 shows an example of curve:
t can be seen how when the compression device gets in con-
act with the granule, the force increases up to the breaking
oint. With this information, the mechanical strength of spher-
cal bodies loaded diametrically can be calculated by means of
he following equation31:

R =  0.7
Fmax

πR2 (3)
here Fmax is the maximum force resisted by the grain before
reaking (as shown in Fig. 4) and R  is its radius.

Fig. 4. Force–displacement curve for a single grain compression test.
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Table 1
Input variables and their corresponding levels.

Input variables Experimental levels

Flocculation state Flocculated–deflocculated
YS 0.65–0.70 (w/w)
dP50 1.95–3.25 �m
T 70–100 ◦C
V

3

e
e
t
f
i
d
o
t

l
p
t
ε

v

g
D
a
c
u
a

e
w
p
b
s

3

r
l
i
p

p
a
U
t
m
d
T
3

F
t

l
t
a
r
1
p
c

3

p
c
c
m
t
a

a
t
c
d
t
c
(
c
t
d

o
t
t

0 0.4–0.7 �l

.  Experimental  design  and  suspensions

To analyze the experimental results obtained and the influ-
nce of the input variables on the output variables, a design of
xperiments (DoE) was planned. In this case, a two-level fac-
orial design was chosen to analyze the effect of five inputs. In
actorial designs the effects of all the interesting factors are stud-
ed simultaneously. An important property of the full factorial
esigns is that all the single effects and interactions are orthog-
nal. It is said that the estimation of one factor is not affected by
he effects of the others, simplifying the analysis of the results.

Five variables including flocculation state, initial solid mass
oad, YS, median diameter of the primary particles, dP50, air tem-
erature, T, and initial droplet volume, V0 were chosen to study
heir effect on the two output variables: mean grain porosity,
, and mechanical strength, σR. Table 1 summarizes the input
ariables and their corresponding levels.

Statgraphics was used to generate the experimental matrix,
iven the input levels shown in Table 1, and also to process the
oE results using analysis of variance (ANOVA). As a result,

 total number of 25 test cases were measured. Each of the 32
onditions was repeated from four to six times in order to eval-
ate the reproducibility of the experimental set-up and to obtain

 mean value for each output measured.
In order to reach the feed characteristics proposed in the

xperimental design, different compositions and suspension
ere studied. In next sections, the process to obtain the com-
ositions, their particle size distribution and the rheological
ehaviour of the final suspensions prepared from each compo-
ition is detailed.

.1. Compositions

The powder compositions were formulated from the cor-
esponding raw materials. The mixture was wet ground in a
aboratory ball mill where the particle size is controlled mod-
fying the milling time. This time is adjusted so that the final
article size distribution reaches the desirable median diameter.

The industrial conditions for the particle size are those which
rovide a reject of 1.5–2.0% by weight on a 40 �m screen. To
chieve this standard value only a 10-min milling was required.
nder these conditions the obtained reject was 1.74%. Once

he milling is finished, the primary particle size distribution was
easured by SediGraph. The median particle size, dP50, is the
iameter value corresponding to a 50% of cumulative mass.
he resulting median diameter for this powder composition is
.25 �m, which is considered as standard value.

s
a
f

ig. 5. Particle size distribution of the standard and the reduced size composi-
ion.

To produce a composition with a particle size distribution
ower than the standard one, the milling time was increased. In
his case, to obtain an appreciable reduction in the particle size,

 4-h milling was needed. Under these conditions the obtained
eject was 0.04% and the median diameter of the powder was
.95 �m. Fig. 5 shows the particle size distribution of both com-
ositions used to prepare the ceramic suspensions: the standard
omposition and the reduced size composition.

.2.  Rheological  behaviour

The influence of the flocculation state on the final grain
roperties was also studied. This variation of the suspension
onditions was achieved by adding different amounts of a defloc-
ulant additive. In this work, a Na5P3O10:Na2O·SiO2 (1:3)
ixture has been used. First of all, the rheological behaviour of

he suspensions and the influence of this additive on the viscosity
nd the thixotropy has to be known.

The viscosity of a suspension varies with the particle size
nd the solid mass load. In this work, the combination of the
wo median particle sizes (1.95 and 3.25 �m) and the two solid
ontents (0.65 and 0.70, w/w) results in the preparation of four
ifferent suspensions with different viscosities. For each one,
he deflocculation curve has been obtained (Fig. 6). The vis-
osity has been measured by means of a torsion viscosimeter
Gallenkamp). In these curves it can be observed how the vis-
osity and the thixotropy (measured as the difference between
he viscosity after 1 and 6 min) are reduced when adding the
eflocculant.

To obtain slurries with different degrees of agglomeration
f the particles, for each suspension previously characterized,
wo different amounts of additive have been chosen. In this way,
he amount of deflocculant needed to achieve the deflocculated

tate for each case is that which provides the minimum viscosity
nd thixotropy. To achieve the flocculated state an amount far
rom the deflocculated state was chosen. In Table 2 the amounts
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ig. 6. Deflocculation curves: (a) dP50 = 3.25 �m, YS = 0.65 (w/w); (b) dP50 = 

S = 0.70 (w/w).

f deflocculant additive used to prepare each suspension finally
ested and the resulting viscosities are shown. The differences
n viscosities and flocculation curves as a consequence of the
article size and solid content leads to different viscosities at

ach state for each suspension.

For each suspension (eight combinations in total) the
heogram was measured by means of a rotary viscosimeter

able 2
mounts of deflocculant and viscosity for tested suspensions.

P50 [�m] YS [w/w] Flocculation state Deflocculant [%] η [cP]

.25 0.65 Flocculated 0.09 750
Deflocculated 0.13 235

0.70 Flocculated 0.15 1560
Deflocculated 0.22 563

.95 0.65 Flocculated 0.07 1840
Deflocculated 0.13 210

0.70 Flocculated 0.16 1720
Deflocculated 0.19 1190

w
t

o
t
s
t

τ

w
a

c
c

m, YS = 0.70 (w/w); (c) dP50 = 1.95 �m, YS = 0.65 (w/w); (d) dP50 = 1.95 �m,

Fig. 7). As can be seen, the suspensions present shear-thinning
ehaviour in all cases. The difference of viscosities at low share
ates shows the change in the flocculation state. When the shear
ate is increased the flocs are broken-up, so at high shear rates,
hen there is no particle aggregates, both suspensions present

he same viscosity.
Two of the parameters most widely used to analyze the degree

f flocculation are the extrapolated yield stress, τB, and the plas-
ic viscosity, ηB. These parameters can be obtained adjusting the
hear stress/share rate curve obtained during the viscosity test
o the Bingham model:

 =  τB +  ηB ·  γ  (4)

here τ  is the shear stress applied and γ  is the shear rate gener-

ted.

Table 3 shows the values obtained for each suspension. It
an be seen that the yield stress is higher for the flocculated
ases than for the deflocculated ones. Due to the increase in the
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Fig. 7. Rheograms: (a) dP50 = 3.25 �m, YS = 0.65 (w/w); (b) dP50 = 3.25 �m, YS = 0
(w/w).

Table 3
Critical strain and plastic viscosity for tested suspensions.

dP50 [�m] YS [w/w] Flocculation state τB [Pa] ηB [Pa·s]

3.25 0.65 Flocculated 14.46 0.072
Deflocculated 8.48 0.069

0.70 Flocculated 32.44 0.212
Deflocculated 10.72 0.299

1.95 0.65 Flocculated 26.33 0.193
Deflocculated 1.21 0.178

0.70 Flocculated 16.11 0.988
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Deflocculated 6.68 1.054

egree of agglomeration of the particles the stress required for
he suspensions to flow is also increased.

. Results  and  discussion
In this section the results obtained by the analysis of the
xperimental factorial design are discussed. Analysis of variance
ANOVA) was used to perform graphical analyses of the data

d
t

.70 (w/w); (c) dP50 = 1.95 �m, YS = 0.65 (w/w); (d) dP50 = 1.95 �m, YS = 0.70

nd to obtain the relationship between the input variables and
he responses. In the Pareto plots the most sensitive input vari-
bles can be identified. Each of these graphs shows an ordered
ar chart of the standardized effects scaled by P-values. The ver-
ical line corresponds with the 0.05 P-value which represents a
ignificant level for achieving 95% confidence that a given effect
id not just occur by chance. Positive and negative bars in the
lots indicate an increasing or decreasing effect respectively of
he input in the corresponding output.

Within these plots the following coding for the input variables
re used: A for the flocculation state, B for the initial solid mass
oad (YS), C for the median diameter of the primary particles
dP50), D for the ambient air temperature (T), and E for the
nitial droplet volume (V0).

.1. Analysis  for  porosity
The final mean porosity of the granules is influenced by the
egree to which particles are able to rearrange and diffuse inside
he droplet during the drying process and the quantity of solid
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lished as the optimum for the manufacturing process, the input
Fig. 8. (a) Standardized effects and (b) main effects for porosity.

aterial present. That is why in order to discuss the influence of
ach significant variable on the mean porosity and the degree of
ollowness it is necessary to understand the process by which
he grains are formed.

Fig. 8(a) shows the Pareto chart for porosity. It can be seen
hat the three variables which have significant effects on the
orosity are the median diameter of the primary particles (C),
he initial solid mass load (B) and the flocculation state (A). On
he contrary, the influence of ambient air temperature and initial
roplet volume on the porosity is not relevant. The significant
ariables for porosity are analyzed in Fig. 8(b), which shows the
ariation of the porosity when main effects change from lower
o upper values.

It can be seen that the most important parameter that influ-
nces the porosity is the primary particle size. This input variable
as a negative effect, so an increase in the size of the primary
articles leads to a decrease in the mean porosity of the grains.
he flow ability of suspensions is affected by the size of pri-
ary particles. Big particles have better flow ability and diffuse

aster through the centre of the droplet than the small ones, so the
lurry with bigger particles forms more compact structures.28 To
onfirm this statement the two compositions studied have been
ubmitted to sedimentation tests using a Turbiscan LabExpert. In
hese tests, the evolution of the light backscattered by the suspen-
ion due to its concentration, along the sample and over a period
f 5 h, has been obtained. When the particles settle, the backscat-
ering in the upper part decreases with time. For the composition
ith bigger particle size the variation rate of backscattering is
.56%/h and after 5 h a decrease of 40.59% related to its initial
alue is achieved, while for the composition with smaller particle

ize the variation rate of backscattering is 2.29%/h and after 5 h

 decrease of 20.54% is achieved. That means that bigger parti-
les move faster than the smaller ones. Moreover, it is observed

v
t
i

an Ceramic Society 32 (2012) 59–70

rom the particle size distribution (Fig. 5) that the composition
ith higher median particle size (standard composition) has also

 wider size distribution, defined by the ratio between dP90 and
P10. It means that there are more particles with different sizes
nd thus, the small ones can fill the voids created between the
ig ones when these latter approach and contact them during
he drying process. Therefore, an increase in the median parti-
le size leads to a better particle-packing and a decrease in final
ean grain porosity.29

The second important input variable affecting the mean
orosity is the initial solid mass load. Its effect is also nega-
ive, so an increase in the initial mass load leads to a decrease in
he mean porosity. Duffie and Marshall8 demonstrated that the
ariation of the grain density between two different conditions
epends on the relationship between mass load ratio and grain
iameter ratio for the two conditions. When the former is bigger
han the latter, it means that for a similar final grain diameter
he solid material inside the grain is higher and the granules are
enser. It is obvious that in droplets with equal initial volume, the
igher the mass load, the higher the number of particles inside
he droplet when the shell is formed.4,30 As a result, the arrange-

ent of the particles when the droplet dries is more uniform and
he packing leads to a lower mean porosity.

Finally, the flocculation state has a positive effect. It is
bserved that the deflocculation of the suspension involves an
ncrease in the mean grain porosity which leads to a hollow mor-
hology. The formation of hollow or solid grains depends on the
obility of the particles or aggregates. In the case of flocculated

uspensions, the mobility of flocs is reduced and they remain
n the inner part of the droplets forming an attached structure.
owever, when the slurry is deflocculated, the repulsion among

he particles separate them and force them to remain at the outer
art of the droplet. Finally, a crater may form from the inward
ollapse of the surface when the particle-packing density in a
roplet continues to increase after the droplet size become fixed
y the formation of a rigid shell, leaving an internal void and a
ollow grain.4,13,15 As a consequence, a flocculated slurry leads
o solid grains whereas a deflocculated slurry leads to hollow
rains. Moreover, the deflocculant used in this work acts by a
teric mechanism in which sodium silicate forms a protector
olloid and sodium tripolyphosphate adsorbs over the particles
eading to an increase in the effective particle volume. In this
ase, the repulsion makes the particles to remain even more
eparated from each other and closer to the surface.

Cross section of some grains has been observed by scanning
lectron microscopy (SEM). The biggest grains with V0 = 0.7 �l
Fig. 9(a) and (b)) present hollow morphology while the smallest
ne with V0 = 0.4 �l (Fig. 9(c)) present a larger shell thickness
hich makes the grain almost solid with a more homogeneously
istributed porosity. From Fig. 9(a) and (b) can also be seen
ow the inner void formed is bigger when the suspension is
eflocculated.

With all this information, if a low porosity condition is estab-
ariables must be the following: standard particle size distribu-
ion (wider distribution with higher primary particle size), high
nitial solid mass load and flocculated suspension. However, it
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Fig. 9. Cross section of grains under different conditions: (a) V0 = 0.7 �l, defloc-
culated, (b) V0 = 0.7 �l, flocculated and (c) V0 = 0.4 �l, deflocculated.

i
t
i
t
c
v
0

4

f
q
r
s
m

I
t
p
s
c

F
i

an Ceramic Society 32 (2012) 59–70 67

s preferred to obtain homogeneously distributed small pores
han a big central one. So, although the initial droplet volume
s not significant, it is desirable a small droplet volume in order
o achieve a more uniformly distributed porosity, as can be con-
luded from SEM images. Under these conditions, the expected
alue for porosity obtained by means of the Anova method is
.294 ±  0.014.

.2.  Analysis  for  mechanical  strength

The mechanical strength of the grains is of great importance
or the manufacturing process of the final product so that their
uality and technical properties can be reached. This variable is
elated to the microstructure of the grains. In general, dense and
olid granules are more resistant while the hollow ones break
ore easily when an external load is applied.
Fig. 10(a) shows the Pareto chart for the mechanical strength.

t can be seen that the most significant effect that influences
he mechanical strength is the median diameter of the primary

articles (C). Effects which are also important are the initial
olid mass load (B), the ambient air temperature (D) and the
ross effect of flocculation state (A) and initial solid mass load

ig. 10. (a) Standardized effects, (b) main effects and (c) cross effect for mechan-
cal strength.
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B). In Fig. 10(b) and (c), the variation of the mechanical strength
hen main and cross effects change from lower to upper values,

an be seen.
The effect of the input variables on the mechanical strength

s inversely proportional to the effect that those variables also
ave on the mean porosity, i.e., the levels of the variables that
roduce hollow grain with higher porosity, are the same levels
hat lead to lower mechanical strength as expected.

The input variable that most affects the mechanical strength is
he primary particle size. It has a positive effect, so an increase
n the value of this input produces more resistant grains. As

entioned before, an increase in the median size of the primary
articles leads to a lower porosity and more compact grains due
o the better flow ability of the particles and packing. These
rains are denser and their mechanical strength is higher. How-
ver, when the particle size is increased, the reactivity of the
olid material during the sintering in the later firing process of
he green body decreases and there are more defects in the final
roduct related to impurities. As a consequence, a balance is
eeded to achieve the desirable strength.

The effect of the initial solid mass load is also positive. An
ncrease in the solid mass load of the suspensions leads to grains
ith higher mechanical strength. This influence is also related

o the internal morphology of the grains. When the suspension
oncentration is higher there are more particles in the core of the
rain when the shell is formed, making them solid and denser
nd therefore increasing their mechanical strength.
The last main single effect is the ambient air temperature.
ts effect is negative, so an increase in the air temperature leads
o a decrease in the mechanical strength of the grains. When

p
t
o

ig. 11. Morphology of grains obtained under different experimental conditions: (a
w/w), dP50 = 3.25 �m; (c) flocculated, YS = 0.70 (w/w), dP50 = 3.25 �m; (d) defloccu
an Ceramic Society 32 (2012) 59–70

he air temperature is increased, the drying becomes faster and
s a consequence, stresses inside the grains are generated. This
nternal microstructure favours that the grains break easier under
n external force.

Finally, from the cross effect (Fig. 10(c)) it can be seen that
he mechanical strength has a different behaviour depending on
he values of the flocculation state and the initial solid mass
oad. In this way, when the suspension is flocculated, the initial
olid mass load has no effect on the mechanical strength of the
rains. The flocs structure formed is enough to make the grains
ompact and resistant independently of the quantity of particles
nside the droplet. However, when the suspension is defloccu-
ated two opposite effects appear. These effects are also related
ith the porosity. As mentioned before, when the suspension

s deflocculated the particles remain separated from each other
t the outer part of the grain, forming an external shell. Under
hese conditions, if the mass load is low, all the particles are
n the shell and the grains are hollow with a lower mechanical
trength. On the contrary, if the suspension is deflocculated but
he solid mass load is higher, there are more particles inside the
roplet when the shell is formed and the mechanical strength is
igher.

With all this information, if a high mechanical strength con-
ition is searched as the optimum for the manufacturing process,
he input variables must be the following: standard primary par-
icle size distribution (wider distribution with higher median
article size), high initial solid mass load, low ambient air tem-

erature and deflocculated suspension. Under these conditions
he expected value for mechanical strength obtained by means
f the Anova method is 442 ±  24 kPa.

) deflocculated, YS = 0.65 (w/w), dP50 = 1.95 �m; (b) deflocculated, YS = 0.65
lated, YS = 0.70 (w/w), dP50 = 3.25 �m.
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The two first conditions are the same that those required for
 low porosity, but the deflocculation state is different. How-
ver, in this case the highest strength is not desirable. Actually,
t has to be high enough to resist handling and processing but
mall enough to allow an easy deformation during pressing pro-
ess. Considering that the maximum load that supports a grain
nside a conventional storage silo is 100 kPa, the optimum value
btained is very high. Therefore, it is more important to know
he conditions that provide the lowest porosity and check if
he mechanical strength is appropriate for the process. In this
ase, the mechanical strength obtained under the optimal con-
itions established for the porosity is 277 kPa, which is enough
or handling, etc.

.3.  Morphology

In order to know if the input variables that have significant
ffects on the porosity also influence the grain morphology,
rains obtained under different experimental conditions have
een observed by means of an optical microscope (Fig. 11).

It can be seen that there are no important differences among
ig. 11(b)–(d), where the influence of the flocculation state
nd the initial solid mass load on the final morphology can be
bserved. Fig. 11(a) is the only one which presents a different
orphology. In this case, where the primary particle size is the

educed one, all the grains present a crater. The primary particle
ize is the variable that presents the most important effect on
he two output variables of the experimental design. That means
hat under these conditions, the shell is formed faster than under
he other conditions that also lead to a shell formation. As a
onsequence, in this case the quantity of water retained inside
he grain is higher. When all this water is evaporated the level of
ressure inside the grain is so high that a crater is form to allow
he vapour to get out of the grain.

. Conclusions

A standard levitator tube modified to work at high temper-
ture conditions (drying temperature up to 120 ◦C) has been
sed for the first time to obtain grains similar to industrial ones,
ried under the same conditions. Single droplets of ceramic sus-
ensions with the same characteristics that those used in the
anufacture of porcelain tiles have been dried. The ability of

he equipment to study the drying behaviour of this kind of
uspensions with high mass load and viscosity has been checked.

The flocculation state, the initial solid mass load, the pri-
ary particle size distribution of the porcelain composition, the

mbient air temperature and the initial droplet volume have been
odified to study their effect on the mean porosity of the grain

nd its mechanical strength and to establish the optimal condi-
ions of the process. A factorial design has been used to better
nalyze all the results obtained by means of the ANOVA method.

In this way, the significant effects that influence porosity are

he primary particle size of the composition, the initial solid

ass load and the flocculation state. If low porosity grains are
esirable, standard particle size distribution (wider distribution
ith higher median particle size), high initial solid mass load
an Ceramic Society 32 (2012) 59–70 69

nd flocculated suspension is needed. Moreover, small initial
roplet volume gives a more uniformly distributed porosity.

For the mechanical strength, the significant effects are the
rimary particle size of the composition, the initial solid mass
oad, the ambient air temperature and the cross effect of floc-
ulation state and initial solid mass load. If grains with high
echanical strength are desirable, standard particle size dis-

ribution (wider distribution with higher median particle size),
igh initial solid mass load, low ambient air temperature and
eflocculated suspension are required.

Finally, the primary particle size is the only parameter which
resents a significant influence on the final morphology of the
rains. To avoid the presence of craters in the grains a distribution
ith high median particle size has to be used. This condition also

avours the two final properties studied in this work.
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