Journal of Hazardous Materials 162 (2009) 212-221

journal homepage: www.elsevier.com/locate/jhazmat

Contents lists available at ScienceDirect

Journal of Hazardous Materials

Permeability optimization and performance evaluation of hot aerosol filters
made using foam incorporated alumina suspension

Murilo D.M. Innocentini®*, Vanessa P. Rodrigues?, Roberto C.0. RomanoP®, Rafael G. Pileggi®,

Gracinda M.C. Silva€, José R. Coury*©

3 Chemical Engineering Course, University of Ribeirdo Preto, Av. Costabile Romano, 2201, Ribeirdnia, 14565-380 Ribeirdo Preto, SP, Brazil
b Civil Engineering Department, University of Sdo Paulo, Av. Prof. Almeida Prado, travessa 2, no. 83, 05424-970 Séo Paulo, SP, Brazil
¢ Chemical Engineering Department, Federal University of Sdo Carlos, Via Washington Luiz - km 235, 13565-905 Sdo Carlos, SP, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 29 December 2007
Received in revised form 4 May 2008
Accepted 6 May 2008

Available online 13 May 2008

Keywords:
Aerosol filtration
Hot gas filtration
Ceramic filters
Cellular ceramics
Permeability

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
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.

1. Introduction

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

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

The ability to withstand high temperatures with very high effi-
ciency has made ceramic filters useful to allow savings in thermal
energy with simultaneous removal of particulate material and
chemical contaminants from flue gases [4,5]. In order to be suc-
cessfully employed, ceramic filters must have their permeability
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optimized, since one of the main drawbacks of this technology is
the high pressure drop through the filtering elements.

The pressure drop is influenced not only by the operational
conditions (gas velocity, temperature, etc.), but also by the per-
meability constants of the medium, which are features only of the
porous structure. By carefully tailoring pore-related variables such
as morphology, size and volume fraction, the optimization of per-
meability constants of ceramic filters can be achieved during the
processing step [6-10]. However, careful attention must be given
to interdependent variables such as mechanical strength and parti-
cle collection efficiency to ensure that they are compromised. This
balance of variables is crucial for the development of an efficient,
stable and durable hot gas filter system.

In this work, the procedure to evaluate the range of permeabil-
ity constants required for a maximum acceptable pressure drop is
discussed. The procedure is applied to optimize the permeability of
filters prepared by the technique of incorporation of aqueous foams
into alumina suspensions [6]. The selected bodies had their perme-
ability and dust collection efficiency tested at room temperature
and 700°C.

1.1. Permeability optimization of ceramic membranes

Permeability is a macroscopic measure of the ease with which
a fluid driven by a pressure gradient flows through the voids of a
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porous medium. A suitable description of permeability for a given
application must therefore combine aspects of fluid, porous struc-
ture and flow [11].

Forchheimer’s equation is an example of a relationship well
accepted in the literature that expresses the parabolic relation-
ship between the pressure drop (AP) through the medium and the
resulting superficial velocity (vs) [11-16]:

L~ Ik ko
For incompressible flow (liquids):
AP =P; - P, (2)
and for compressible flow (gases and vapours):

P2 —p2
AP =0 (3)
in which P; and P, are, respectively, the absolute fluid pressures at
the entrance and exit of the membrane, i and p are, respectively,
the fluid viscosity and density. P is the pressure (either P; or P, ) for
which vs, i and p are measured or calculated.

For hot aerosol filtration conditions, the pressure drop through
the membrane is small compared with the system pressure and the
error 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 k;
and k,, which are complex functions of the morphology, size distri-
bution, connectivity and volume of the void fraction [11]. Usually,
these parameters are referred to as permeability constants, since
they are supposed to be independent of both fluid and flow con-
ditions, even though they may vary with temperature. The terms
ki and k; are thus known as Darcian and non-Darcian permeability
constants, in reference to Darcy’s law, a simpler and earlier empir-
ical model for permeability description [11,17].

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

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

The power consumption W is directly proportional to the pres-
sure drop AP and to the volumetric flow rate Q:

W= QAP (4)
n
in which 7 is the fan efficiency (usually between 0.55 and 0.80).

Typically, Q is specified from the application and the filtration
area A is calculated from A = Q/vs to give an acceptable pressure
drop or a power consumption W. Then the number of filtering ele-
ments n is obtained from the area A; of each element (n=A/A;).
From the industrial standpoint, hot aerosol filtration operates in
gas velocities around 0.01-0.1 m/s, with acceptable pressure drop
for the virgin medium lower than 1000 Pa (~10 cmH,0)[5,12,18,19].
Higher velocity values are desirable, but they may cause increase of
pressure drop to unfeasible levels and the penetration of fine par-
ticles, with progressive clogging of the void fraction and decrease
of the filter lifetime.

The alternatives to minimize costs due to power and area con-
straints are the reduction of membrane thickness L or the increase
of permeability constants k; and k,. The former option can be
achieved during the membrane processing, promotes linear sav-
ings in power costs and does not affect collection efficiency, but

it may endanger the membrane mechanical strength and thus its
lifetime.

Reduction in pressure drop can also be achieved by increases
in k; and ky, and the intensity of this reduction will depend on
the weight of each term on the right side of Forchheimer’s equa-
tion. The linear term [ vs/kq ] represents viscous energy losses due
to friction between fluid layers. On the other hand, the quadratic
term [pv2/k;] represents the Kinetic energy losses due to changes
in the direction of motion and to acceleration or deceleration
of the fluid caused by changes in the flow path (contraction or
enlargement of the pore section or pore tortuosity along the flow
direction). As stated by Hlushkou and Tallarek [17], viscous forces
assist in the equalization of velocities at neighbouring points, i.e., in
smoothing out small-scale heterogeneities in the flow. By contrast,
inertial forces producing mixing of different fluid volumes result in
atransfer of energy from large-to-small-scale components and, as a
consequence, assist in the formation in the flow of heterogeneities
characterizing turbulent flow.

It is worth noting that both viscous and inertial effects occur
within the laminar flow regime, for which the pore Reynolds num-
ber (Repore = pVsdpore/€/t) is lower than 1 for predominance of
viscous effects (Darcy’s law) and 1 <Repore < 150 for predominance
of inertial effects. The onset of turbulence in a porous medium is in
fact identified with Repore >300 [17].

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

g _ vs(1 + Fo)
L~ k1

_ Vs(k1/ka)
- v

(5)

Fo (6)
in which v is the kinematic viscosity of the fluid (v=/p).

The Fo parameter represents the ratio between kinetic and vis-
cous forces that contribute for fluid pressure drop. Since the ratio
k1/ky is expressed as length, Forchheimer number can be under-
stood as an analogous of the pore Reynolds number Repore. Fo is
related to the linearity in the pressure drop curve in the same way
that Repore is related to the laminarity of flow [11].

In order to minimize the inertial effects on the pressure drop,
the Fo parameter must be small (Fo « 1), when Equation (5) is
simplified to Darcy’s law. Once p and p are fixed from the pro-
cess (temperature and pressure of gas stream), then Fo reduction is
achieved by the decrease of the ratio k1 /k; or by the reduction of the
face velocity vs. This latter case must be disregarded, as it implies
lower filtration rates. Thus, the requirement is the optimization of
the ratio kq/k, through changes in the structural features of the
filtering element.

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

—1.71588
k, = exp (k?-oso%) (7)
Substitution of Eq. (7) in (1) then gives:
2

AP _ pvs PVs
L~ ki exp(—1.71588/k9:08093)

(8)

The set of Egs. (1)-(8) can be used to establish the requirements
for permeability constants k; and k, in order to minimize AP for
a chosen filtration velocity vs or to maximize vs for a chosen AP.



214 M.D.M. Innocentini et al. / Journal of Hazardous Materials 162 (2009) 212-221

The following procedure can be used for flat membranes (disks or
panels):

(1) assessment of operational gas flow conditions: temperature T,
pressure P and volumetric flow rate Q;
(2) estimation of fluid properties  and p for the operational con-
ditions;
(3) selection of a target pressure drop AP for the process (usually,
AP<1000Pa);
(4) selection of a target superficial velocity vs for the process (usu-
ally, 0.10m/s > vg > 0.01 m/s);
(5) selection of a target thickness L for the filter element (usually,
L<0.03m);
(6) use of Eq. (8) to find required constant kq;
(7) use of Eq. (7) to find required constant ky;
(8) verification of the weight of linear and parabolic terms of
Forchheimer’s equation through Fo in Eq. (6);
(9) use of kq, ko, L, p and p values in Eq. (1) to simulate other flow
conditions (AP x vg) 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/A;).

As an example of such procedure, Fig. 1a and b shows the nec-
essary range of k; and k; values for flat clean ceramic elements of
different thicknesses to result in a pressure drop of 1000 Pa during
airflow at ambient conditions (25 °C and 760 mmHg). It is observed
from Fig. 1c that pressure drop will display a fairly linear depen-
dence with velocity (Fo « 1). Therefore, although both k; and k;
values should be available for analysis, in this flow condition only
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Fig. 1. Required ranges of k; (a) and k; (b) for ceramic membranes AP=1000 Pa and
airflow at ambient conditions; (c) Fo range.
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Fig.2. Required permeability ranges of flat ceramic membranes (30 mm > L > 5 mm)
for aerosol filtration.

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

For gas flow operation at high temperatures and pressures, fluid
properties ;& and p must be corrected, and so the required val-
ues for ki and k,. For instance, for airflow at 800°C and 8 bar,
is expected to roughly increase by a factor of 2.5 and p by a factor of
2.2, compared to room conditions, so that the curves in Fig. 1 must
be recalculated to keep pressure drop unchanged.

Fig. 2 shows an adapted map that links experimental k; and k»
data from different sources in literature [11]. The marked regions
locate the permeability range required for ceramic membranes in
two flow conditions.

The assessment of the actual values for k; and k; at the temper-
ature of interest is also very important, since these parameters may
be 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
pressure drop limitations according to the type of application, fluid
properties and flow conditions. In general, the increase in the max-
imum admissible pressure drop for the virgin medium allows the
processing of membranes with lower k; and k levels or with higher
thickness.

1.2. Relationship between permeability and other structural
features

Once fixed the permeability needs for the filtration process, the
next step is to produce the filtering structure with the desired L, kq
and k; values. Therefore, it is firstly necessary to evaluate how these
two latter parameters are qualitatively affected by other measur-
able physical features of the medium:

Porosity (€): 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 ¢ on k1 and a quadratic on k, 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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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
kq and k; scale directly with dgore 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 pwm and may reach up to 60 wm for some fibrous media
[5,11,18].

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

(a) prediction of k; and k, 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 k; and k, 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-
ment about reliable mathematical dependences of k; and k, with ¢
and dpore. For this reason, in this work no modelling involving these
variables was attempted and permeability constants were directly
obtained from experiments.

2. Experimental procedures

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

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

Foam was prepared by mixing all the ingredients (Table 1)
at high rotation in a beaker until reach the desired consistency.
Ceramic suspension and foam were then mixed together in differ-
ent volume proportions under gentle mixing to avoid changes in
the bubble size distribution. Finally, the setting agent was added
under mixing for a few seconds at 800 rpm, followed by moulding.
Samples were moulded as disks with diameter of 5cm and thick-
ness of 7-10 mm. After drying for 24 h at room conditions, samples
were 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
porosimetry (Micromeritics, model Auto Pore III) and for porosity
by water displacement method, based on the Archimedes princi-
ple. The splitting tensile strength was obtained for three samples
of each batch according to the ASTM C496-90 standard method in a
universal testing machine (INSTRON—model 5569) with crosshead
velocity of 6 mm/min. Microstructural observation was conducted
using scanning electron microscopy (LEO—Model Stereoscan 440)
on platinum-coated samples.

Permeability tests were firstly performed with airflow at
room conditions (T~ 25°C, Paym ~ 715 mmHg, (t~1.86 x 107> Pas,
©~1.11kg/m3) on 3 bodies of each batch (flow area A of 5.15 cm?).
The experiments evaluated the exit volumetric airflow rate Q
through the sample in response to the variations of the inlet pres-
sure P; applied. Q was measured with soap-bubble flowmeters
(0-15L/min) and rotameters (0-100 L/min) at the exit of the sam-

ple and P; was measured at the inlet chamber with an electronic
pressure transducer (0-10bar).

Permeability constants k; and k, were obtained by polyno-
mial fitting of Forchheimer’s equation to the experimental data
according to the least-squares method. Due to the large variation
of pressure employed in the tests, Eq. (3) was used to obtain AP,
with pressure P being set as P,.

After the analysis of results for the several processed batches,
the membranes with better overall performance were chosen for
a new set of experiments at high temperature. Permeability tests
were then performed isothermally in temperatures ranging from
ambient to 700 °C. Atmospheric pressure at the lab location was
691 mmHg and ambient temperature ranged from 16 to 20°C. The
effective flow area through the sample was 7.1 cm?. The tests con-
sisted in establishing a test superficial air velocity, flowing upwards,
and measuring the pressure gradient through the membrane. Pres-
sure P in Eq. (3) was set as P;, since flow measurements this
time were carried out at the inlet air stream (vs = vg;). A new
filtering membrane was used for each testing temperature. Forch-
heimer’s equation was used to fit permeability constants k; and k.
A schematic view of the permeation rig is shown in Fig. 3, which
was also used for the filtration tests.

The collection efficiency tests were carried out at room temper-
ature and also at 700 °C. The test powder utilized was a phosphate
rock concentrate (density of 2970 kg/m3 and average particle size
of 4.6 um). In each test the particles were dispersed in air by a TSI
model 3400 fluidized bed aerosol generator and fed into the flowing
air stream before the filter entrance. The efficiency was measured
by counting the particles before and after the filter with the use of
a Hyac-Royco Model 5230 particle counter. For filtration tests, the
air velocity was fixed at 0.05 m/s and inlet dust concentration was
17.4mg/m3. The number of particles in the air stream was mon-
itored in eight different sizes, 0.75, 1.5, 2.5, 3.5, 4.5, 6.0, 8.5 and
12.5 wm, at the inlet and outlet of the filter.

Introduction of aerosol in the system started 10 min after the
preset temperature and air velocity reached the steady state. Filtra-
tion time was set at 20 min, whereas the duration of each sampling
was 1 min. Particle counting was carried out after 5, 10 and 20 min
of operation to verify the effect of the filtration time on the filter
performance. The whole procedure was repeated for each testing
temperature and sample. The fractionary collection efficiency (n;)
was calculated by converting into mass flow rate the number of
particles for each size range i measured at the inlet and outlet of
the filter. Total collection efficiency (nt) of each membrane was
obtained by accounting the total mass flow rate of dust entering
and leaving the filter.
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Fig. 3. Schematic apparatus used for permeability and filtration tests.



Table 1

Compositions of porous bodies tested in this work

Raw material Batch

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

Suspension?
Calcined Alumina A17NEP 8.18 8.18 8.18 8.18 7.92 7.92 7.92 7.92 7.92 791 7.92 7.92 7.92 7.92 7.92 7.92 7.92
Calcined Alumina CT3000SGP 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 Hydrogard® 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 polyacrylate® 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 fiber® 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
PVA2 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

Foam"
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
Glycerine® 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 polyacrylate® 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
CA14 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

2 Percentages based on total suspension mass.
b Alcoa Chemicals, USA.
¢ Clariant Chemicals, Brazil.

d Poly(vinyl acetate-co-ethylene), Wacker Chemie AG, Germany.

¢ ]. Rettenmaier Latinoamericana Ltda., Brazil.

f Votorantim Celulose e Papel, Brazil. Sodium Lauryl Ether Sulphate, Bravir, Brazil.
& 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).

9IC

122-Z1Z (600Z) Z91 SIPMAIDIA Snop.pzy fo jpuinof /b 32 wjuadouu] ‘Wa'n



M.D.M. Innocentini et al. / Journal of Hazardous Materials 162 (2009) 212-221 217

Fig. 4. SEM micrographs of samples: (a) batch 1; (b) batch 3; (c) batch 2S.

3. Results

The incorporation of foam in alumina-based suspension
appeared to have caused high level of porosity and narrow pore size
distribution. Microstructural examination of filtering membranes
produced from alumina suspension with and without incorpora-
tion of foam provided direct support to this point as is shown in
Fig. 4.

The differences in pore size distribution caused by adjustments
in the foam composition or in the foam-to-suspension volumet-
ric ratio are illustrated in Fig. 5. In bodies from batch 1, the
paths for fluid percolation in the ceramic matrix were only due
to the very small interparticle voids originally filled by the mixing
water and later settled by cement hydration. When foam bubbles
were incorporated into the matrix, a clear class of larger spherical
voids (cells) was created (batch 3). With the increase in the size
and amount of foam bubbles, the creation of intersections (win-
dows) among cells resulted in a bimodal pore size distribution
(batches 13 and 2S). However, this shift in pore size distribution
was not necessarily due to a higher foam volume added to the
suspension, but also due to the presence and amount of additives
(Table 1).

0.50
i —Batch 1
049 A - Batch 3
0.40 -
—»— Batch 13
0.35 1 Batch 25

Discrete Pore fraction (-)

0.001 0.01 0.1 1 10 100 1000
Pore diameter (um)

Fig. 5. Typical pore size distributions for some of the tested batches.
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Fig. 6. Average pore sizes of tested batches.

The effects of foam incorporation on the average pore sizes of all
batches are better described in Fig. 6. The proximity between mean
and mode values is a consequence of the narrow size distributions
produced, which is one of the main advantages of this processing
method. It is worth noting that although no foam was added in
batch 5, the presence of additives (EVA and sodium polyacrylate)
caused the incorporation of small air bubbles during the suspension
mixing, which explains the higher average pore values compared
with batch 1. As expected from mercury porosimetry and observed
in Figs. 4-6, the obtained pore distribution was related more to the
size of throats (windows) than to the size of cells. The fractions of
open and closed pores in each batch are shown in Fig. 6. The true
density of the solid material was found to be 3.8 g/cm?3.

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

O Close |

[ m Total

0O Open

Porosity (%)

5 6 7 8 9 10 12 13 14 18 28

Batch

1.2 3 4

Fig. 7. Porosity levels of tested batches.
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Splitting tensile strength
aor(MPa)
w

6 7 8 9 10 12 13 14 1S 2S
Batch

Fig. 8. Splitting tensile strength of tested batches.

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

The fracture strength o of samples from all batches is shown in
Fig. 8. As expected, the higher values were found for samples with-
out foam addition (batches 1 and 5). For other batches, oy varied
around 1.8-3.2 MPa. No reliable data was available for batches 1S
and 2S, because these samples were sliced from a larger cylinder
prior to tests.

Typical strength values for commercial ceramic fibre candles
are 0.4-1.8 MPa [5,18-19], and for flat foamed ceramics around
3MPa [6-10]. In the present work, a further improvement could
be achieved by the increase in sintering temperature, but probably
with reduction of permeability.

Some of the experimental pressure drop curves for evaluation
of k1 and k, are shown in Fig. 9. The use of log scales in both axes
reflects the great variation in permeability resulted from the pro-
cessing method. Fig. 10 confirms this trend, where the average k;
and k, values for all batches are presented. The less permeable bod-
ies were those from batches without foam addition (1 and 5), while
bodies from batches 1S and 2S (containing PVA and cellulose fibres)
were the most permeable ones. A variation over 3 orders of magni-
tude was found for k; and 5 orders for k,, only by manipulating the
foam composition. As expected, there was a direct correspondence
of ki and k, with dpore and with ¢ and an inverse trend with oy.
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Fig. 9. Typical curves obtained in permeability tests at room temperature. Lines
refer to polynomial fitting of Forchheimer’s equation.

10000

m k(10" m?)
0k, (10 m)

-
o
o
o

100

-
- o
H

Permeability constants
o

0,01

0,001

1 2 3 4 5 6 7 8 9 10 12 13 14 18 28
Batch

Fig. 10. Permeability parameters k; and k; of tested batches.

Fig. 11 shows the resulting range of k; and k, for the ceramic
membranes produced in this work compared to the required ranges
for aerosol filtration.

According to Figs. 10 and 11, bodies produced from compositions
4, 8, 13, 1S and 2S were the more promising in terms of a suit-
able permeability range for aerosol filtration. However, considering
other features, such as pore size, porosity level and mechanical
strength, compositions 12 and 13 were chosen as the basis for a
new set of experiments at high temperatures. For this intent, new
bodies were processed following the manufacture procedure previ-
ously described. Some minor modifications in the original foam and
ceramic compositions were carried out in order to get permeability
level further improved.

Physical characterization of membranes 12 and 13 revealed total
porosity of 62.1 and 68%, open porosity of 42.1 and 54.8%, mean pore
size of 0.33 and 0.67 wm and mode pore size of 0.40 and 8.41 pm,
respectively.

Fig. 12 shows typical permeation curves resulting from tests
at several temperatures. A decrease in pressure drop is observed
with the increase in temperature, which in practice means that less
power is required for blowing air at a same flow rate through the
membrane.

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 k; is clear, whereas an irregular trend is observed
for k. Both parameters are only dependent on structural features

o This work

i Correction for
: 800°C and 8 bar

i Regured
. permeability range
| at25°C and 1 bar

Non-Darcian permeability, k., (m)

17 - |
1%10 N N |
11077 1x10™ 1x10™ x10™ ax10”?

x10”  ax10”®

Darcian permeability, k, (m”)

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

and consequently changes in their values can be inferred from
changes in pore size (dpore), porosity (¢) and pore morphology
caused by the temperature increase.

Since samples were previously sintered at 1200°C for 2 h, no
permanent modification was expected to occur in the porous struc-
ture during the permeation tests up to 700°C that would explain
changes in k; and k,. In contrast, reversible volumetric variation
can take place during the heat-up and the net effect on the flow
path depends on the combination of ceramic composition and
pore morphology. For instance, the thermal expansion of high-
alumina compositions (¢~8 x 10-6K-1) is higher than that of
cordierite (2Mg0.2Al,03.55i0, ) compositions (o~ 1.8 x 10-6 K~1).
However, depending on the pore morphology, such expansion
can lead to either a pore constriction or a pore enlargement.
The thermal expansion coefficient of cellular materials is essen-
tially the same as that of the solid from which is made [21]
and a temporary enlargement in the voids size is then likely to
occur with the temperature increase [12]. On the other hand,
in high-alumina refractory castables, for which porosity is small
and composed by a major fraction of microcrack-like voids at the
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Fig. 13. Influence of temperature on the permeability parameters k; and k; of mem-
branes.

aggregate-matrix interface, thermal expansion leads to flow path
constrictions [12,20].

The literature mentions that k; and k; scale fairly with d3,,. and
dpore [11], respectively, which implies that the Darcian constant k;
is more sensitive than the non-Darcian constant k; to changes in
pore size caused by the temperature increase. This effect seems to
explain the more pronounced linear increase for k; up to 700°C as
shown in Fig. 13.

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

Fig. 14 shows the fractionary efficiency results obtained for fil-
tration tests conducted at 20°C and at 700°C. Virgin membranes
were used in each test, and the initial pressure drop for operation
at a face velocity of 0.05 m/s varied from 200 to 450 mmH,0 (2000
and 4500 Pa).

In general, both membranes had similar behaviour. As expected,
collection efficiency was higher for larger dust particles, reach-
ing 99.9% for d, >8 wm, but a poor efficiency for particles below
2 wm was clear for tests at 700 °C. Part of this adverse effect can be
explained by the increase in size and volume of the void fraction by
thermal expansion, as previously discussed. But, changes in the gas
and particle properties may also play a role in filtration behaviour.

In fact, the collection efficiency in a barrier filter is a sum of
contributions of several mechanisms. At the initial stages of fil-
tration, the contact between the collector and airborne particles
promotes the dust capture based on diffusional, inertial impaction,
direct interception, gravitational and electrophoretic mechanisms.
As the dust is retained on the filter surface, the built cake acts itself
as the main barrier and dust collection is largely enhanced [12].

Theoretically, for a medium with no influence of thermal expan-
sion, the increase in temperature should slightly enhance collection
by the diffusional and gravitational mechanisms, but also should
cause a reduction in efficiency by the inertial mechanism [12,19].
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The net effect on dust-removing will depend on the dominant
mechanism and therefore on the size of dust particles. In the
present work, such analysis is more complex, because thermal
expansion affected the structure and efficiency measurements
started after 5 min, when the process could probably be no longer
time-independent (due to the build up of a small dust cake on the
filter surface). For instance, the increase in porosity due to ther-
mal expansion could cause a deleterious effect more important on
the diffusional mechanism than the helpful increase in the dif-
fusivity coefficient, which would explain the small collection for
particles below 2 pm at 700 °C. Nevertheless, a previous work with
alumina filters has demonstrated the theoretical and experimen-
tal decrease of efficiency for increasing temperatures up to 700°C,
using the same testing powder and similar operational conditions
[12].

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

Atmospheric emissions of particulate matter (PTS) from boil-
ers based on combustion of sugarcane bagasse are typically in the
order of 29 gyt /Kgdry air OF 3500-6000 mg/m?3 [1,2]. On the other
hand, the Brazilian Resolution no. 382, from the National Envi-
ronmental Council (CONAMA) stipulates an emission limit from
200 to 280 mg/m3 (expressed in dry basis with 8% oxygen excess)
[3]. In practice it implies that the gas cleaning technology for this
particular application must have an overall particle collection effi-
ciency of at least 97% to meet environmental regulation. Nowadays,
spray tower and venture-type scrubbers have attended this require-
ment in Brazilian industry, but with loss of thermal energy in the
gas stream, high consumption of water and also generation of a
slurry effluent that must be treated. In this sense, membranes
obtained from both compositions 12 and 13 seem to be promising
to meet the efficiency requirement of a dry collection technol-
ogy. However, further tests are required to confirm the collection
efficiency and pressure drop performances along several filtration
cycles.

4. 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

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 k; 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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