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a b s t r a c t

Porous ceramic samples were prepared from aqueous foam incorporated alumina suspension for applica-
tion as hot aerosol filtering membrane. The procedure for establishment of membrane features required
to maintain a desired flow condition was theoretically described and experimental work was designed to
prepare ceramic membranes to meet the predicted criteria. Two best membranes, thus prepared, were
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selected for permeability tests up to 700 ◦C and their total and fractional collection efficiencies were
experimentally evaluated. Reasonably good performance was achieved at room temperature, while at
700 ◦C, increased permeability was obtained with significant reduction in collection efficiency, which
was explained by a combination of thermal expansion of the structure and changes in the gas properties.

© 2008 Elsevier B.V. All rights reserved.

o
t

c
m
p
a
m
p
t
c
b
s

i
d
fi

ellular ceramics
ermeability

. Introduction

The operation of the Brazilian sugarcane sector uses great
mounts of thermal, mechanics and electric energies. Most of that
nergy is self-generated in the industry by the burnout of dry
iomass residues (bagasse and straw) [1]. The rational use of those
esidues and the employment of the appropriate combustion tech-
ology would allow the production of spare electric power to be
vailable in the market. It is estimated that additional energy could
epresent up to 10% of the installed potency of electricity generation
n the country.

Hot gas cleaning technologies has played an increasingly impor-
ant role in such cogeneration plants. The flue gases must be
reviously cleaned to avoid damage of downstream equipments
r components and also to meet atmospheric emission regulations
1–3].

The ability to withstand high temperatures with very high effi-

iency has made ceramic filters useful to allow savings in thermal
nergy with simultaneous removal of particulate material and
hemical contaminants from flue gases [4,5]. In order to be suc-
essfully employed, ceramic filters must have their permeability

∗ Corresponding author. Tel.: +55 16 3603 6784; fax: +55 16 3603 6718.
E-mail address: muriloinnocentini@yahoo.com.br (M.D.M. Innocentini).
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ptimized, since one of the main drawbacks of this technology is
he high pressure drop through the filtering elements.

The pressure drop is influenced not only by the operational
onditions (gas velocity, temperature, etc.), but also by the per-
eability constants of the medium, which are features only of the

orous structure. By carefully tailoring pore-related variables such
s morphology, size and volume fraction, the optimization of per-
eability constants of ceramic filters can be achieved during the

rocessing step [6–10]. However, careful attention must be given
o interdependent variables such as mechanical strength and parti-
le collection efficiency to ensure that they are compromised. This
alance of variables is crucial for the development of an efficient,
table and durable hot gas filter system.

In this work, the procedure to evaluate the range of permeabil-
ty constants required for a maximum acceptable pressure drop is
iscussed. The procedure is applied to optimize the permeability of
lters prepared by the technique of incorporation of aqueous foams

nto alumina suspensions [6]. The selected bodies had their perme-
bility and dust collection efficiency tested at room temperature
nd 700 ◦C.
.1. Permeability optimization of ceramic membranes

Permeability is a macroscopic measure of the ease with which
fluid driven by a pressure gradient flows through the voids of a

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:muriloinnocentini@yahoo.com.br
dx.doi.org/10.1016/j.jhazmat.2008.05.025
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orous medium. A suitable description of permeability for a given
pplication must therefore combine aspects of fluid, porous struc-
ure and flow [11].

Forchheimer’s equation is an example of a relationship well
ccepted in the literature that expresses the parabolic relation-
hip between the pressure drop (�P) through the medium and the
esulting superficial velocity (vs) [11–16]:

�P

L
= �vs

k1
+ �v2

s
k2

(1)

For incompressible flow (liquids):

P = Pi − Po (2)

nd for compressible flow (gases and vapours):

P = P2
i − P2

o

2P
(3)

n which Pi and Po are, respectively, the absolute fluid pressures at
he entrance and exit of the membrane, � and � are, respectively,
he fluid viscosity and density. P is the pressure (either Pi or Po) for
hich vs, � and � are measured or calculated.

For hot aerosol filtration conditions, the pressure drop through
he membrane is small compared with the system pressure and the
rror associated with the use of Eq. (2) is usually smaller than 2%.

For rigid porous ceramics, the contribution of the structure in Eq.
1) is quantified by the thickness L and permeability parameters k1
nd k2, which are complex functions of the morphology, size distri-
ution, connectivity and volume of the void fraction [11]. Usually,
hese parameters are referred to as permeability constants, since
hey are supposed to be independent of both fluid and flow con-
itions, even though they may vary with temperature. The terms
1 and k2 are thus known as Darcian and non-Darcian permeability
onstants, in reference to Darcy’s law, a simpler and earlier empir-
cal model for permeability description [11,17].

Eq. (1) helps to quantify how much energy (pressure) is nec-
ssary to force the gas to percolate the filtering membrane with a
equired velocity vs.

The major costs involving hot aerosol filtration processes are
elated to the filtration area (expressed by the number of filtering
lements), to the pressure drop (expressed by the electric power of
he fan) and to the membrane lifetime (expressed by the frequency
f elements replacement).

The power consumption W is directly proportional to the pres-
ure drop �P and to the volumetric flow rate Q:

= Q �P

�
(4)

n which � is the fan efficiency (usually between 0.55 and 0.80).
Typically, Q is specified from the application and the filtration

rea A is calculated from A = Q/vs to give an acceptable pressure
rop or a power consumption W. Then the number of filtering ele-
ents n is obtained from the area Ai of each element (n = A/Ai).

rom the industrial standpoint, hot aerosol filtration operates in
as velocities around 0.01–0.1 m/s, with acceptable pressure drop
or the virgin medium lower than 1000 Pa (≈10 cmH2O) [5,12,18,19].
igher velocity values are desirable, but they may cause increase of
ressure drop to unfeasible levels and the penetration of fine par-
icles, with progressive clogging of the void fraction and decrease
f the filter lifetime.
The alternatives to minimize costs due to power and area con-
traints are the reduction of membrane thickness L or the increase
f permeability constants k1 and k2. The former option can be
chieved during the membrane processing, promotes linear sav-
ngs in power costs and does not affect collection efficiency, but

f
a
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t may endanger the membrane mechanical strength and thus its
ifetime.

Reduction in pressure drop can also be achieved by increases
n k1 and k2, and the intensity of this reduction will depend on
he weight of each term on the right side of Forchheimer’s equa-
ion. The linear term [�vs/k1] represents viscous energy losses due
o friction between fluid layers. On the other hand, the quadratic
erm [�v2

s /k2] represents the kinetic energy losses due to changes
n the direction of motion and to acceleration or deceleration
f the fluid caused by changes in the flow path (contraction or
nlargement of the pore section or pore tortuosity along the flow
irection). As stated by Hlushkou and Tallarek [17], viscous forces
ssist in the equalization of velocities at neighbouring points, i.e., in
moothing out small-scale heterogeneities in the flow. By contrast,
nertial forces producing mixing of different fluid volumes result in
transfer of energy from large-to-small-scale components and, as a
onsequence, assist in the formation in the flow of heterogeneities
haracterizing turbulent flow.

It is worth noting that both viscous and inertial effects occur
ithin the laminar flow regime, for which the pore Reynolds num-

er (Repore = �vsdpore/ε�) is lower than 1 for predominance of
iscous effects (Darcy’s law) and 1 < Repore < 150 for predominance
f inertial effects. The onset of turbulence in a porous medium is in
act identified with Repore > 300 [17].

In order to make the macroscopic analysis easier, Eq. (1) can be
ewritten in terms of Forchheimer’s number (Fo) as [11]:

�P

L
= �vs(1 + Fo)

k1
(5)

o = vs(k1/k2)
�

(6)

n which � is the kinematic viscosity of the fluid (� = �/�).
The Fo parameter represents the ratio between kinetic and vis-

ous forces that contribute for fluid pressure drop. Since the ratio
1/k2 is expressed as length, Forchheimer number can be under-
tood as an analogous of the pore Reynolds number Repore. Fo is
elated to the linearity in the pressure drop curve in the same way
hat Repore is related to the laminarity of flow [11].

In order to minimize the inertial effects on the pressure drop,
he Fo parameter must be small (Fo � 1), when Equation (5) is
implified to Darcy’s law. Once � and � are fixed from the pro-
ess (temperature and pressure of gas stream), then Fo reduction is
chieved by the decrease of the ratio k1/k2 or by the reduction of the
ace velocity vs. This latter case must be disregarded, as it implies
ower filtration rates. Thus, the requirement is the optimization of
he ratio k1/k2 through changes in the structural features of the
ltering element.

Data gathered from the literature show that k1 and k2 constants
o not change independently of each other during processing, but
re fairly linked instead through a single trend, regardless the type
f porous structure (granular, fibrous or cellular) [11]. Although no
atisfactory explanation for this trend has been given so far, it is use-
ul for design purposes when no experimental k2 data is available.
hus:

2 = exp

(
−1.71588

k0.08093
1

)
(7)

Substitution of Eq. (7) in (1) then gives:

�P �vs �vs
2

L
=

k1
+

exp(−1.71588/k0.08093
1 )

(8)

The set of Eqs. (1)–(8) can be used to establish the requirements
or permeability constants k1 and k2 in order to minimize �P for
chosen filtration velocity vs or to maximize vs for a chosen �P.
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he following procedure can be used for flat membranes (disks or
anels):

(1) assessment of operational gas flow conditions: temperature T,
pressure P and volumetric flow rate Q;

(2) estimation of fluid properties � and � for the operational con-
ditions;

(3) selection of a target pressure drop �P for the process (usually,
�P < 1000 Pa);

(4) selection of a target superficial velocity vs for the process (usu-
ally, 0.10 m/s > vs > 0.01 m/s);

(5) selection of a target thickness L for the filter element (usually,
L < 0.03 m);

(6) use of Eq. (8) to find required constant k1;
(7) use of Eq. (7) to find required constant k2;
(8) verification of the weight of linear and parabolic terms of

Forchheimer’s equation through Fo in Eq. (6);
(9) use of k1, k2, L, � and � values in Eq. (1) to simulate other flow

conditions (�P × vs) of interest;
10) calculation of required filtration area A (A = Q/vs);
11) calculation of number of filtering elements based on the single

unit area (n = A/Ai).

As an example of such procedure, Fig. 1a and b shows the nec-
ssary range of k1 and k2 values for flat clean ceramic elements of

ifferent thicknesses to result in a pressure drop of 1000 Pa during
irflow at ambient conditions (25 ◦C and 760 mmHg). It is observed
rom Fig. 1c that pressure drop will display a fairly linear depen-
ence with velocity (Fo � 1). Therefore, although both k1 and k2
alues should be available for analysis, in this flow condition only

ig. 1. Required ranges of k1 (a) and k2 (b) for ceramic membranes �P = 1000 Pa and
irflow at ambient conditions; (c) Fo range.
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ig. 2. Required permeability ranges of flat ceramic membranes (30 mm ≥ L ≥ 5 mm)
or aerosol filtration.

he former constant is important for permeability characterization
Darcy’s law is valid).

For gas flow operation at high temperatures and pressures, fluid
roperties � and � must be corrected, and so the required val-
es for k1 and k2. For instance, for airflow at 800 ◦C and 8 bar, �

s expected to roughly increase by a factor of 2.5 and � by a factor of
.2, compared to room conditions, so that the curves in Fig. 1 must
e recalculated to keep pressure drop unchanged.

Fig. 2 shows an adapted map that links experimental k1 and k2
ata from different sources in literature [11]. The marked regions

ocate the permeability range required for ceramic membranes in
wo flow conditions.

The assessment of the actual values for k1 and k2 at the temper-
ture of interest is also very important, since these parameters may
e affected by physical changes in the structure during the heat-up
for instance, thermal expansion) [12,20].

The procedure previously described can be repeated for other
ressure drop limitations according to the type of application, fluid
roperties and flow conditions. In general, the increase in the max-

mum admissible pressure drop for the virgin medium allows the
rocessing of membranes with lower k1 and k2 levels or with higher
hickness.

.2. Relationship between permeability and other structural
eatures

Once fixed the permeability needs for the filtration process, the
ext step is to produce the filtering structure with the desired L, k1
nd k2 values. Therefore, it is firstly necessary to evaluate how these
wo latter parameters are qualitatively affected by other measur-
ble physical features of the medium:

Porosity (ε): the increase in the void fraction reduces interstitial
velocity and increases the permeability constants. However, only
open and interconnected porosity contributes for fluid flow, which
is not easily assessed. Simplistic models assume a linear influence
of ε on k1 and a quadratic on k2 for cellular materials [11]. Typical
porosity of commercial hot gas filters is around 40–85%, but it may
reach up to 96% for some fibrous elements [4,5,11,18].

Pore size (dpore): the size of particles that can be collected by
the filtration media is determined by the size of pores at their
most constricted parts. Optimum filtration occurs with dust depo-
sition on the medium surface, after the formation of a uniform
cake. The increase of pore size facilitates the penetration of dust
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particles for each size range i measured at the inlet and outlet of
the filter. Total collection efficiency (�T) of each membrane was
obtained by accounting the total mass flow rate of dust entering
and leaving the filter.
M.D.M. Innocentini et al. / Journal of

into the porous matrix (deep filtration), with clogging of the filter
or reduction of its collection efficiency [12]. In relation to fluid
flow, the increase in pore size reduces the friction area, tortu-
osity, changes in fluid direction and velocity and consequently
increases the permeability constants. Some models assume that
k1 and k2 scale directly with d2

pore and dpore, respectively, although
this trend is still controversial for cellular materials [11]. Typically,
pore size of commercial media for hot gas filtration ranges from
0.1 to 10 �m and may reach up to 60 �m for some fibrous media
[5,11,18].

The ceramic producer or designer has two options for optimizing
he filtering medium permeability based on the processing condi-
ions:

(a) prediction of k1 and k2 based on other measurable physical
features of the medium that are closely related to processing
conditions, such as porosity and pore size;

b) measurement of k1 and k2 and direct association with process-
ing variables based on the ceramic composition, suspension
features, polymeric precursor, additives, thermal treatment,
etc.

Unfortunately, there has been so far in the literature no agree-
ent about reliable mathematical dependences of k1 and k2 with ε

nd dpore. For this reason, in this work no modelling involving these
ariables was attempted and permeability constants were directly
btained from experiments.

. Experimental procedures

Porous ceramic samples were prepared through the incorpora-
ion of aqueous foams into alumina-based suspensions [6]. Details
f raw materials and proportions for both suspension and foam are
iven in Table 1.

For preparation of ceramic suspension, powders and part of
he liquid were firstly mixed (IKA Mixer, Labortechnik RW 20M)
t 500 rpm and then passed with the remaining liquid through a
igh-energy disperser (IKA, Labortechnik–T25 Basic) at 9500 rpm.

Foam was prepared by mixing all the ingredients (Table 1)
t high rotation in a beaker until reach the desired consistency.
eramic suspension and foam were then mixed together in differ-
nt volume proportions under gentle mixing to avoid changes in
he bubble size distribution. Finally, the setting agent was added
nder mixing for a few seconds at 800 rpm, followed by moulding.
amples were moulded as disks with diameter of 5 cm and thick-
ess of 7–10 mm. After drying for 24 h at room conditions, samples
ere heat treated at 1200 ◦C for 2 h, with a heating rate of 5 ◦C/min.

Samples were tested for pore size distribution by mercury
orosimetry (Micromeritics, model Auto Pore III) and for porosity
y water displacement method, based on the Archimedes princi-
le. The splitting tensile strength was obtained for three samples
f each batch according to the ASTM C496-90 standard method in a
niversal testing machine (INSTRON—model 5569) with crosshead
elocity of 6 mm/min. Microstructural observation was conducted
sing scanning electron microscopy (LEO—Model Stereoscan 440)
n platinum-coated samples.

Permeability tests were firstly performed with airflow at
oom conditions (T ≈ 25 ◦C, Patm ≈ 715 mmHg, � ≈ 1.86 × 10−5 Pa s,

≈ 1.11 kg/m3) on 3 bodies of each batch (flow area A of 5.15 cm2).
he experiments evaluated the exit volumetric airflow rate Q
hrough the sample in response to the variations of the inlet pres-
ure Pi applied. Q was measured with soap-bubble flowmeters
0–15 L/min) and rotameters (0–100 L/min) at the exit of the sam-
dous Materials 162 (2009) 212–221 215

le and Pi was measured at the inlet chamber with an electronic
ressure transducer (0–10 bar).

Permeability constants k1 and k2 were obtained by polyno-
ial fitting of Forchheimer’s equation to the experimental data

ccording to the least-squares method. Due to the large variation
f pressure employed in the tests, Eq. (3) was used to obtain �P,
ith pressure P being set as Po.

After the analysis of results for the several processed batches,
he membranes with better overall performance were chosen for
new set of experiments at high temperature. Permeability tests
ere then performed isothermally in temperatures ranging from

mbient to 700 ◦C. Atmospheric pressure at the lab location was
91 mmHg and ambient temperature ranged from 16 to 20 ◦C. The
ffective flow area through the sample was 7.1 cm2. The tests con-
isted in establishing a test superficial air velocity, flowing upwards,
nd measuring the pressure gradient through the membrane. Pres-
ure P in Eq. (3) was set as Pi, since flow measurements this
ime were carried out at the inlet air stream (vs = vsi). A new
ltering membrane was used for each testing temperature. Forch-
eimer’s equation was used to fit permeability constants k1 and k2.
schematic view of the permeation rig is shown in Fig. 3, which
as also used for the filtration tests.

The collection efficiency tests were carried out at room temper-
ture and also at 700 ◦C. The test powder utilized was a phosphate
ock concentrate (density of 2970 kg/m3 and average particle size
f 4.6 �m). In each test the particles were dispersed in air by a TSI
odel 3400 fluidized bed aerosol generator and fed into the flowing

ir stream before the filter entrance. The efficiency was measured
y counting the particles before and after the filter with the use of
Hyac-Royco Model 5230 particle counter. For filtration tests, the

ir velocity was fixed at 0.05 m/s and inlet dust concentration was
7.4 mg/m3. The number of particles in the air stream was mon-
tored in eight different sizes, 0.75, 1.5, 2.5, 3.5, 4.5, 6.0, 8.5 and
2.5 �m, at the inlet and outlet of the filter.

Introduction of aerosol in the system started 10 min after the
reset temperature and air velocity reached the steady state. Filtra-
ion time was set at 20 min, whereas the duration of each sampling
as 1 min. Particle counting was carried out after 5, 10 and 20 min
f operation to verify the effect of the filtration time on the filter
erformance. The whole procedure was repeated for each testing
emperature and sample. The fractionary collection efficiency (�i)
as calculated by converting into mass flow rate the number of
Fig. 3. Schematic apparatus used for permeability and filtration tests.
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Table 1
Compositions of porous bodies tested in this work

Raw material Batch

1 2 3 4 5 6 7 8 9 10 11P 12P 12 13 14 1S 2S

Suspensiona

Calcined Alumina A17NEb 8.18 8.18 8.18 8.18 7.92 7.92 7.92 7.92 7.92 7.91 7.92 7.92 7.92 7.92 7.92 7.92 7.92
Calcined Alumina CT3000SGb 53.19 53.19 53.19 53.19 51.50 51.50 51.50 51.50 51.47 51.44 51.47 51.50 51.50 51.48 51.46 51.48 51.46
Aluminum hydroxide Hydrogardb 20.46 20.46 20.46 20.46 19.81 19.81 19.81 19.81 19.80 19.78 19.80 19.81 19.81 19.80 19.79 19.80 19.79
Water 17.36 17.36 17.36 17.36 16.81 16.81 16.81 16.81 16.80 16.79 16.80 16.81 16.81 16.80 16.79 16.80 16.79
Sodium polyacrylatec 0.82 0.82 0.82 0.82 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79
EVAd 0.00 0.00 0.00 0.00 3.17 3.17 3.17 3.17 3.17 3.17 3.17 3.17 3.17 3.17 3.17 3.17 3.17
Polypropylene fibere 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.12 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Cellulose fiberf 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.04 0.04
PVAg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.04

Foamh

Water 47.60 47.60 47.60 47.60 47.60 47.60 47.60 47.60 47.60 47.60 47.60 47.60 47.60 46.67 46.67 46.67 46.67
SLESf 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.80 4.71 4.71 4.71 4.71
Glycerineg 31.70 31.70 31.70 31.70 31.70 31.70 31.70 31.70 31.70 31.70 31.70 31.70 31.70 31.08 31.08 31.08 31.08
Sodium polyacrylatec 15.90 15.90 15.90 15.90 15.90 15.90 15.90 15.90 15.90 15.90 15.90 15.90 15.90 15.59 15.59 15.59 15.59
EVAd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.96 1.96 1.96 1.96

Setting agent
CA14i 1.50

Volume ratiofoam/suspension 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

a Percentages based on total suspension mass.
b Alcoa Chemicals, USA.
c Clariant Chemicals, Brazil.
d Poly(vinyl acetate-co-ethylene), Wacker Chemie AG, Germany.
e J. Rettenmaier Latinoamericana Ltda., Brazil.
f Votorantim Celulose e Papel, Brazil. Sodium Lauryl Ether Sulphate, Bravir, Brazil.
g Poly vinyl alcohol, China National Chemical Fiber Corp. (CNCFC), China. F. Maia Ind. e Com. Ltda, Brazil.
h Percentages based on total foam mass.
i Calcium Aluminate Cement, Alcoa, USA (percentage based on the mass of suspension).
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Fig. 5. Typical pore size distributions for some of the tested batches.
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density of the solid material was found to be 3.8 g/cm3.

Foam addition into the ceramic matrix raised the total poros-
ity level to at least 62%, reaching up to 82% in sample 2S
(Fig. 7). Nevertheless, even for samples with a high degree of total
Fig. 4. SEM micrographs of samples: (a) batch 1; (b) batch 3; (c) batch 2S.

. Results

The incorporation of foam in alumina-based suspension
ppeared to have caused high level of porosity and narrow pore size
istribution. Microstructural examination of filtering membranes
roduced from alumina suspension with and without incorpora-
ion of foam provided direct support to this point as is shown in
ig. 4.

The differences in pore size distribution caused by adjustments
n the foam composition or in the foam-to-suspension volumet-
ic ratio are illustrated in Fig. 5. In bodies from batch 1, the
aths for fluid percolation in the ceramic matrix were only due
o the very small interparticle voids originally filled by the mixing
ater and later settled by cement hydration. When foam bubbles
ere incorporated into the matrix, a clear class of larger spherical

oids (cells) was created (batch 3). With the increase in the size
nd amount of foam bubbles, the creation of intersections (win-
ows) among cells resulted in a bimodal pore size distribution

batches 13 and 2S). However, this shift in pore size distribution
as not necessarily due to a higher foam volume added to the

uspension, but also due to the presence and amount of additives
Table 1).
Fig. 6. Average pore sizes of tested batches.

The effects of foam incorporation on the average pore sizes of all
atches are better described in Fig. 6. The proximity between mean
nd mode values is a consequence of the narrow size distributions
roduced, which is one of the main advantages of this processing
ethod. It is worth noting that although no foam was added in

atch 5, the presence of additives (EVA and sodium polyacrylate)
aused the incorporation of small air bubbles during the suspension
ixing, which explains the higher average pore values compared
ith batch 1. As expected from mercury porosimetry and observed

n Figs. 4–6, the obtained pore distribution was related more to the
ize of throats (windows) than to the size of cells. The fractions of
pen and closed pores in each batch are shown in Fig. 6. The true
Fig. 7. Porosity levels of tested batches.
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Fig. 13 shows the influence of temperature on permeability con-
stants for the membranes from batches 12 and 13. The trend of
linear increase of k1 is clear, whereas an irregular trend is observed
Fig. 8. Splitting tensile strength of tested batches.

orosity, the closed fraction was large (∼25%), as for instance in
atches 6 and 14. It means the presence of isolated cells within
he ceramic matrix, which do not contribute for fluid flow and only
educes mechanical resistance. For the purpose of the present work,
he processing method should provide not only the retention of
oam bubbles within the matrix, but also a means to interconnect
hem. Certain combinations of fibres and additives seemed to work
ell to produce this effect (Table 1).

The fracture strength �f of samples from all batches is shown in
ig. 8. As expected, the higher values were found for samples with-
ut foam addition (batches 1 and 5). For other batches, �f varied
round 1.8–3.2 MPa. No reliable data was available for batches 1S
nd 2S, because these samples were sliced from a larger cylinder
rior to tests.

Typical strength values for commercial ceramic fibre candles
re 0.4–1.8 MPa [5,18–19], and for flat foamed ceramics around
MPa [6–10]. In the present work, a further improvement could
e achieved by the increase in sintering temperature, but probably
ith reduction of permeability.

Some of the experimental pressure drop curves for evaluation
f k1 and k2 are shown in Fig. 9. The use of log scales in both axes
eflects the great variation in permeability resulted from the pro-
essing method. Fig. 10 confirms this trend, where the average k1
nd k2 values for all batches are presented. The less permeable bod-
es were those from batches without foam addition (1 and 5), while
odies from batches 1S and 2S (containing PVA and cellulose fibres)

ere the most permeable ones. A variation over 3 orders of magni-

ude was found for k1 and 5 orders for k2, only by manipulating the
oam composition. As expected, there was a direct correspondence
f k1 and k2 with dpore and with ε and an inverse trend with �f.

ig. 9. Typical curves obtained in permeability tests at room temperature. Lines
efer to polynomial fitting of Forchheimer’s equation.

f

F
b

Fig. 10. Permeability parameters k1 and k2 of tested batches.

Fig. 11 shows the resulting range of k1 and k2 for the ceramic
embranes produced in this work compared to the required ranges

or aerosol filtration.
According to Figs. 10 and 11, bodies produced from compositions

, 8, 13, 1S and 2S were the more promising in terms of a suit-
ble permeability range for aerosol filtration. However, considering
ther features, such as pore size, porosity level and mechanical
trength, compositions 12 and 13 were chosen as the basis for a
ew set of experiments at high temperatures. For this intent, new
odies were processed following the manufacture procedure previ-
usly described. Some minor modifications in the original foam and
eramic compositions were carried out in order to get permeability
evel further improved.

Physical characterization of membranes 12 and 13 revealed total
orosity of 62.1 and 68%, open porosity of 42.1 and 54.8%, mean pore
ize of 0.33 and 0.67 �m and mode pore size of 0.40 and 8.41 �m,
espectively.

Fig. 12 shows typical permeation curves resulting from tests
t several temperatures. A decrease in pressure drop is observed
ith the increase in temperature, which in practice means that less
ower is required for blowing air at a same flow rate through the
embrane.
or k2. Both parameters are only dependent on structural features

ig. 11. Comparison of experimental permeability constants of produced mem-
ranes and the range required for aerosol filtration.
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ig. 12. Typical pressure drop curves obtained from permeation tests at several
emperatures with membrane from batch 13. Lines refer to polynomial fitting of
orchheimer’s equation.

nd consequently changes in their values can be inferred from
hanges in pore size (dpore), porosity (ε) and pore morphology
aused by the temperature increase.

Since samples were previously sintered at 1200 ◦C for 2 h, no
ermanent modification was expected to occur in the porous struc-
ure during the permeation tests up to 700 ◦C that would explain
hanges in k1 and k2. In contrast, reversible volumetric variation
an take place during the heat-up and the net effect on the flow
ath depends on the combination of ceramic composition and
ore morphology. For instance, the thermal expansion of high-
lumina compositions (˛ ≈ 8 × 10−6 K−1) is higher than that of
ordierite (2MgO.2Al2O3.5SiO2) compositions (˛ ≈ 1.8 × 10−6 K−1).
owever, depending on the pore morphology, such expansion
an lead to either a pore constriction or a pore enlargement.
he thermal expansion coefficient of cellular materials is essen-
ially the same as that of the solid from which is made [21]

nd a temporary enlargement in the voids size is then likely to
ccur with the temperature increase [12]. On the other hand,
n high-alumina refractory castables, for which porosity is small
nd composed by a major fraction of microcrack-like voids at the

ig. 13. Influence of temperature on the permeability parameters k1 and k2 of mem-
ranes.
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ggregate–matrix interface, thermal expansion leads to flow path
onstrictions [12,20].

The literature mentions that k1 and k2 scale fairly with d2
pore and

pore [11], respectively, which implies that the Darcian constant k1
s more sensitive than the non-Darcian constant k2 to changes in
ore size caused by the temperature increase. This effect seems to
xplain the more pronounced linear increase for k1 up to 700 ◦C as
hown in Fig. 13.

It is also worth noting that for the tested superficial velocity
ange (0–0.2 m/s), the mean Reynolds number at the pore level,
epore, calculated with the pore size and porosity measured at
mbient conditions and density and viscosity of the air corrected
or each testing temperature, was always lower than 0.01 in the
ange 20–700 ◦C, which indicates a laminar regime with a minor
nfluence of inertial effects. This fact could have precluded a reli-
ble quantification of the quadratic term in Forchheimer’s equation
nd consequently of k2 values, which would explain the irregular
rend observed for this parameter in Fig. 13 with the temperature
ncrease. As a whole, results indicate that for typical gas filtration
elocities (vs < 0.10 m/s), Darcy’s law is suitable for predicting the
ressure drop through membranes 12 and 13, when only the linear
erm of Eq. (1) becomes important.

Fig. 14 shows the fractionary efficiency results obtained for fil-
ration tests conducted at 20 ◦C and at 700 ◦C. Virgin membranes
ere used in each test, and the initial pressure drop for operation

t a face velocity of 0.05 m/s varied from 200 to 450 mmH2O (2000
nd 4500 Pa).

In general, both membranes had similar behaviour. As expected,
ollection efficiency was higher for larger dust particles, reach-
ng 99.9% for dp > 8 �m, but a poor efficiency for particles below
�m was clear for tests at 700 ◦C. Part of this adverse effect can be
xplained by the increase in size and volume of the void fraction by
hermal expansion, as previously discussed. But, changes in the gas
nd particle properties may also play a role in filtration behaviour.

In fact, the collection efficiency in a barrier filter is a sum of
ontributions of several mechanisms. At the initial stages of fil-
ration, the contact between the collector and airborne particles
romotes the dust capture based on diffusional, inertial impaction,
irect interception, gravitational and electrophoretic mechanisms.
s the dust is retained on the filter surface, the built cake acts itself
s the main barrier and dust collection is largely enhanced [12].
Theoretically, for a medium with no influence of thermal expan-
ion, the increase in temperature should slightly enhance collection
y the diffusional and gravitational mechanisms, but also should
ause a reduction in efficiency by the inertial mechanism [12,19].

ig. 14. Fractionary efficiency for membranes 12 and 13 at room temperature and
00 ◦C.
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ig. 15. Total efficiency for membranes 12 and 13 at room temperature and 700 ◦C
s a function of time.

he net effect on dust-removing will depend on the dominant
echanism and therefore on the size of dust particles. In the

resent work, such analysis is more complex, because thermal
xpansion affected the structure and efficiency measurements
tarted after 5 min, when the process could probably be no longer
ime-independent (due to the build up of a small dust cake on the
lter surface). For instance, the increase in porosity due to ther-
al expansion could cause a deleterious effect more important on

he diffusional mechanism than the helpful increase in the dif-
usivity coefficient, which would explain the small collection for
articles below 2 �m at 700 ◦C. Nevertheless, a previous work with
lumina filters has demonstrated the theoretical and experimen-
al decrease of efficiency for increasing temperatures up to 700 ◦C,
sing the same testing powder and similar operational conditions
12].

Fig. 15 shows that an improvement in total collection efficiency
s obtained along the filtration time. The effect was more pro-
ounced for tests at 700 ◦C, for which efficiency was lower. For tests
t room temperature, practically no effect of time was observed,
s efficiency approached 99.9% already at the beginning of the
est.

Atmospheric emissions of particulate matter (PTS) from boil-
rs based on combustion of sugarcane bagasse are typically in the
rder of 29 gdust/kgdry air or 3500–6000 mg/m3 [1,2]. On the other
and, the Brazilian Resolution no. 382, from the National Envi-
onmental Council (CONAMA) stipulates an emission limit from
00 to 280 mg/m3 (expressed in dry basis with 8% oxygen excess)
3]. In practice it implies that the gas cleaning technology for this
articular application must have an overall particle collection effi-
iency of at least 97% to meet environmental regulation. Nowadays,
pray tower and venture-type scrubbers have attended this require-
ent in Brazilian industry, but with loss of thermal energy in the

as stream, high consumption of water and also generation of a
lurry effluent that must be treated. In this sense, membranes
btained from both compositions 12 and 13 seem to be promising
o meet the efficiency requirement of a dry collection technol-
gy. However, further tests are required to confirm the collection
fficiency and pressure drop performances along several filtration
ycles.

. Conclusions
(a) In this work, ceramic membranes were processed according to
the technique of incorporation of aqueous foams into alumina-
based suspensions. Among the tested compositions, it was

[

[

dous Materials 162 (2009) 212–221

possible to choose those with suitable permeability range to
be used in aerosol filtration applications.

b) The selected compositions had their permeability evaluated in
tests under temperatures up to 700 ◦C. Results revealed that
the Darcian permeability constant k1 increases with tempera-
ture and that Darcy’s law is suitable to represent the pressure
drop across the membranes. The net effect of temperature was
a favourable decrease in pressure drop.

(c) Filtration tests at room temperature confirmed that both cho-
sen compositions had collection efficiencies high enough to
meet emission limits established by Brazilian regulations.

d) Filtration tests at 700 ◦C revealed a significant reduction in frac-
tionary and total collection efficiency. Part of this behaviour was
related to reversible thermal expansion effects during the heat-
up and part to the changes in fluid properties, which changed
collection according to the several mechanisms that act in a
barrier filter. Improvements in the ceramic composition to min-
imize these effects are in progress.
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