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Abstract—A comprehensive review of emerging technologies and recent developments in air pollution
control equipment and processes specifically addressing particulate removal is provided here. Emphasis is
placed on approaches with a high degree of novelty and/or involving new modifications to conventional
systems. Some emerging areas, such as waste incineration, have produced new particulate matter control
needs which will be discussed. The subject and key problem areas are introduced, followed by a brief
description of the various particle capture mechanisms and the principal technology groups which exploit
these mechanisms to achieve particle capture. More details are then given for specific innovative projects,
organized principally by technology, as well as by industry sector. Finally, alternatives to end-of-pipe
treatment strategies are discussed. An extensive list of references is included, representative of a thorough
literature survey.

L. INTRODUCTION

In the 1970s, it became widely recognized that fine particles from industrial pro-
cesses and automobiles had a significantly more negative environmental impact than
the relatively large particles of windblown dust regulated by the US Enviromental
- Protection Agency (EPA) as ‘total suspended particulate maiter’ (TSP). In terms of
air pollution control, particles with aerodynamic diameters less than 10 pm, referred
to as PM10, have been targetted for removal. Studies in Canada and the US have
typically identified sources such as fugitive dust, construction, agriculture and fuel
combustion as the main contributors to PM10 loadings. At present in the US, PM10
is a guideline used for air quality standards. Pressure has been building to tighten
the standard to PM2.5. With particles in this finer size fraction, impacts on human
health are more pronounced due to an increased relative toxics concentration, as well
as ready respirability.

*NRCC No. 37624.
**To whom correspondence should be addressed.
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Advanced fine particle removal technologies are considered to be end of pipe sys-
tems capable of treating PM10 (or even PM2.5) material to produce gas stream emis-
sions 1n compliance with air quality standards, and with some margin to be effective
under tighter anticipated future regulations. Emission prevention strategies are also
included.

In 1990 the US EPA produced a list of 189 Hazardous Air Pollutants (ITIAPs)
under the Clean Air Act Amendments. This Act identifies specific chemical elements
and compounds as harmful to health and environment, and places restrictions on
the permussible emissions levels. The control of HAPs impacts particulate removal
practice in that some HAPs are released in solid form (mostly metals), or in the
case of some volatile organic compounds (VOCs), are adsorbed onto particulates also
present in the emission stream.

The removal of particles (liquids, solids or mixtures) from a gas stream requires their
deposition and attachment to a surface, The surface may be continuous, such as the
wall and cone of a cyclone or the collection plates of an electrostatic precipitator, or
the surface may be discontinuous such as spray water droplets in a scrubbing tower.
Once deposited on a surface, a means must be provided to remove the collected
pariicles continuously or at intervals without appreciable reentrainment into the gas
stream.

The magnitude of the force to move a particle toward a collecting surface is influ-
enced markedly by the size and shape of the particle. Gravity settling will be efficient
only on large particles; 40-50 pm is the lower limit of effectiveness. Flow line
interception and inertial impaction will be effective on particles down to 2—3 pm.
Diffusional deposition and thermal precipitation become increasingly efficient with
decrease in particle size and are highly efficient on particles smaller than 0.2 pm.
Electrostatic forces are the strongest forces that can act on fine particles (loosely
defined as particles smaller than 2-3 pm).

Control equipment for particulates fall into five general classes, i.e. gravity/inertial
settlers; centrifugal separators (cyclones); electrostatic precipitators; fabric, packed
bed or rigid barrier filters; and wet scrubbers. Such equipment must be matched to
the particle characteristics as well as variables such as flow rate, temperature and
required removal efficiency. It is well recognized that no universal particle removal
method exists which will satisfy all problems and conditions. The choice is often
based on a compromise between technical and economic faciors.

This present review stems from participation in a techno-economic assessment of
emerging air pollution control technologies [1]. Other overviews of the field of fine
particle removal technology are available in a number of monographs having various
perspectives [2-7].

This article first presents a brief overview of particle removal mechanisms, then a
summary of the generic technology groups that have been developed to exploit these
mechanisms. The bulk of the review will then focus on specific novel technologies,
processes and fundamental mechanisms that have been identified from an extensive
literature survey on the subject. The emphasis will be to highlight innovative pre-
commercial systems as well as recent research findings with potential application to
advanced fine particle removal technologies.
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1.1. Particle removal mechanisms

1.1.1. Sieving. When a gas stream containing particulate matter passes through
a collection device (typically a screen) where the gaps between the collectors are
smaller than the particle dimension, the solid is retained on the barrier. Generally,

this mechanism is best suited for larger particles and is not common for industrial gas
cleaning.

1.1.2. Gravity settling. All particles are subject to gravity and will attain a terminal
settling velocity under quiescent conditions. Brownian motion, thermal, turbulent
and convective forces may act on very small particles to stabilize their suspension
in air. Generally, however, a net downward motion will arise for particles larger
than 5 pm. The collector may be fibrous, a granular bed or simply the floor of a

settling chamber. Gravity settling is not a common fine particulate matter removal
mechanism.

1.1.3. Inertial impaction. Larger particles in a gas stream will possess enough
momentum to deviate from the fluid streamlines and collide with a collecting obstacle
in their path. These particles are separated by impaction. Collection efficiency is
enhanced by larger particle diameter or conversely, a smaller collector dimension
that will enhance contact. Certain types of fibre filters, packed beds, spray systems,
impinging stream collectors and cyclones employ this removal mechanism.

1.1.4. Interception. A particle being carried by a fluid may experience a grazing
collision with a collector, which is known as interception. This mechanism differs
from impaction in the sense that the particle does not actually need to depart from the
fluid streamline to contact the collector. The nature of the fluid flow is less important
for this mechanism. Interception and impaction may operate simultaneously, although
the latter becomes dominant at higher gas velocities. Internal tortuosity in a filter
medium will cause numerous gas stream direction changes and will increase the
probability that interception or impaction would occur.

Collection efficiency generally increases with increasing particle to collector size
ratio. Examples include the collection of particles in fibrous or granular filter media.

1.1.5. Diffusion. Concentration gradients of particles in a gaseous medium will
induce migration of particulate matter to regions of lower local concentration. The
gas phase particle concentration next to collector surfaces is normally small, so that
there 1s usually a diffusional force acting on the particles to cause them to approach
the collector. Small gas phase velocities and particle diameters enhance collection by
this mechanism. A large collector surface area is normally required for separations
to be effected in this way. Fibrous and granular media and smali liquid dropiets can
remove particulate matter by this mechanism.
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1.1.6. Electrostatics. Inherently, particulate matter will possess some degree of
surface electrical charge. Various ways of conditioning the feed stream can enhance
this charging. An externally imposed electrical field will apply a force on charged
matter and will set it in motion towards a collector of opposite electrical charge.
Electrostatic collection is improved by increasing the magnitude of the electrical
attraction, decreasing particle size and decreasing the flow rate of the gas stream.

Electrostatic precipitators are a technology employing this capture mechanism. The
performance of other types of collectors such as fabric filters and some scrubbers is
enhanced with electrostatic charging,

1.1.7. Other mechanisms. Other phenomena exist which cannot be used alone
as capture mechanisms, but knowledge of their effects is constructive in designing
advanced fine particle removal equipment. Particles suspended in a gas are known to
descend thermal gradients, having a tendency to move towards cold surfaces or away
from hot surfaces. This is known as thermophoresis. Basically, a cold collection
system will enhance particle removal from a hot gas stream.

In a parallel fashion, any species of gas diffusing within a carrier stream will induce
a flux. For example, particles would generally be carried toward a surface where
condensation is occurring and away from a surface where evaporation is occurring.

1.1.8. General removal mechanism considerations. While all of the above particle
removal mechanisms can act at the same time, they have more marked effects for
specific particle sizes. Figure 1 shows schematically the effect of particle diameter on
the efficiency of the various capture mechanisms [8]. It can be seen here that if the
contributions of the various mechanisms are summed, there exists a particle diameter
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Figure 1. Relative extent of particulate removal mechanisms as a function of diameter. Adapted from [8].
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for which the particulate matter removal is least efficient. In general, allowing for
variations in the material of which the particulate matter is composed, the diameter
range of 0.2-2 pm presents the most difficulty for air pollution control equipment,
In Fig. 1, the removal efficiency on the y-axis is defined as the ratio of the particulate
matter concentration in the gas stream entering a system to that leaving it.

1.1.9. Additional considerations. In addition to the technologies summarized above,
there are a few more technical options to consider for the removal of airborne partic-
ulate matter. Process control equipment can be used to optimize the performance of
almost all types of existing equipment.

Changes can be made to processes which generate particulate emissions. For exam-
ple, cleaner burning fuels or combustor temperature controls can significantly reduce
the amount of particulate matter created and carried by flue gases, thereby making its
removal less difficult.

Modelling of unit performance can also be beneficial. An understanding of how
all the relevant variables interact can point to system modifications which enhance
particulate matter removal from gas streams. A review and analysis of various perfor-
mance models for filters and electronic air cleaners was done by Lawless et al. [10].
Computational fluid dynamic (CFD) simulations have recently been made to evaluate

dust laden gas stream two-phase flow patterns inside air pollution control equipment
[11, 12].

2. RECENT ADVANCES IN UNIT OPERATIONS FOR ATRBORNE PARTICULATE
CONTROL

Described below are the various conventional technologies that have been developed
to remove particulate matter from gas streams. The capture mechanisms described
previously are exploited in these units or processes. -

Each unit operation will be treated in its own section. They will be introduced
with a generic description of the process and equipment. This is then followed by a
discussion of specific recent innovations and technology developments. The emphasis
in this section is on the design and operation of the physical equipment. Section 3
discusses particulate emission control from a process perspective.

Figure 2 is a graphical guideline, mapping a suggested treatment method for a
particle-laden gas stream defined by a desired particulate removal level and operat-
ing filtration velocity [3]. There is a rough monotonic correspondence between the
filtration efficiency and the pressure drop across the filter for a given flux.

2.1. Cyclones

The general principle of inertial separation is that the particulate laden gas is forced to
change direction. As the gas changes direction, the inertia of the particles causes them
to continue in the original direction and be separated from the gas stream, exploiting
the inertial separation mechanism.
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Figure 2. Unit operation map for airborne particulate treatment, with parameters of filiration efficiency
and filtration velocity. Adapted from [3].

Cyclones, where the gas is forced to spin in a vortex through a tube, are the most
common types of inertial separators. A typical cyclone configuration is shown in
Fig. 3.

Inertial separators are widely used for the collection of medium-sized and coarse
particles. Their relatively simple construction, low pressure drops and absence of
moving parts mean that both the capital and the maintenance costs are lower than
for alternative methods. In general, however, cyclone efficiency drops if the fines
content of the particulate matter is significant. They are typically used as precleaners
upstream of other devices to reduce particulate loadings and to remove larger, abrasive
particles.

Conventional cyclone separators are seldom capable of the necessary removal effi-
ciencies for an entire particle size range of an industrial gas cleaning application under
present PM10 guidelines, if designed according to standard elementary cyclone theo-
ry [13]. The deviation between prediction and performance arises from the presence
of secondary currents within the cyclone body, which disturb the predicted process
of separation. Primary flow character can be restored by attention to the detailed
design of the cyclone, including the geometry of the separation chamber, the position
of openings, use of flow guides within the cyclone, the dimensions and the geometry
of the hopper, bleeding and bypassing of the gas, use of multicyclones, and means for
dust agglomeration. Alternatively, a ‘dust strand’ cyclone can be designed, exploiting
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Figure 3. Simplified schematic of a cyclone.

the secondary flows (Dean vortices) which attain higher local solids concentration,
enhancing particle removal [14].

Some innovative modifications have been made to conventional cyclone units. The
application of an external electric field to a cyclone unit filtering low resistivity silica
roughly doubled the collection efficiency of particles less than 5 pm in diameter at
low flow rates [15]. Built-in particulate matter removal capability was considered
with the design of a cyclonic suspension combustor for the burning of pulverized coal
or coal-water slurry {16]. Cyclonic separators are also being considered as diese!l soot
collectors. A unit designed by Kudos Corp. in the UK involves spinning a gas through
a tube while also spinning the tube itself, to separate particles down to 0.1 pm. This
system exploits secondary flows (Rankine vortices) and operates at rotation rates of
60000 rp.m. [17]. Tt has yet to be field tested. A competing system makes use
of a spray electrode which charges (presumably, neutralizes) particles so that they
agglomerate and are captured by a cyclone, Between 75 and 90% of the particulate
emissions, down to diameters of about 0.6 um, were captured by this system during
tests with a Peugeot diesel engine [18].

2.2. Electrostatic precipitators (ESPs)

ESP is a particle control device that uses electrical forces to move particles out of the
flowing gas stream and onto collector plates. The particles are given an electric charge
by forcing them to pass through a corona, a region in which gaseous ions flow. The
electrical field that attracts the charged particles to the walls comes from electrodes
maintained at high voltage in the center of the flow channel. This arrangement
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is shown schematically in Fig. 4. Chapter 10 of [4] contains a number of good
illustrations showing the construction and configuration of entire ESP units.

Once the particles are collected, they must be removed from the plaies without
any appreciable reentrainment into the gas stream. This is usually accomplished by
knocking them loose from the plates, allowing the collected layer of particles to
shide down into a hopper. Some precipitators remove the particles by intermittent or
continuous washing with water.

ESPs have enjoyed very widespread use for fine particulate matter removal appli-
cations. They are a mature, established technology and the move for innovation in
the ESP area appears somewhat less urgent than elsewhere. Nevertheless, there is
still significant and interesting activity for updating ESP technology for the improved
collection of ultrafine particulates. Quite extensive reporting on recent work appears
regularly [19, 20].

In view of the present large number of ESP installations, a considerable market exists
for retrofit opportunities. The tightening of emissions standards for SO; and NO, and
sub-10 pm particulate matter may impact on the capabilities of the ESP infrastructure,
An overview of some of the issues facing the ESP user community, and an introduction
to some of the basic types of retrofit options was given by Offen and Altman [21].
Beyond the need to condition the flue gas, typical upgrade options include enlarging
the ESP, sectionalizing the ESP (dividing flue gas passages into a greater number of
segments which can individually be operated at more optimum levels), spacing the
collector plates further apart, implementing process control and/or improved rapping
and collection equipment [22]. Two independent studies, focussing on the techno-
economics of ESP use found that with the increasing use of high-resistivity coals,
ESPs cannot compete with pulse-jet fabric filter systems when particulate emissions
regulations allow only 0.01 Ib/MBtu [23, 24].

HIGH VOLTAGE

DISCHARGE ELECTRODE
CLEAN GAS
| EXIT
.
,—/’L/
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L,-—/ 2
N GROUNDED

COLLECTING PLATE

Figure 4. Schematic of a typical electrode and collector arrangement found inside an electrostatic pre-
cipitator.
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A number of recent papers detail specific physical modifications to ESPs to handle
high-resistivity flyash. Case studies are discussed where existing ESP installations
were rebuilt to house large plate heights and wider plate spacings [25]. The ESP can
be placed downstream of a non-leaking, high dust load gas-gas heater (with water
as the heat exchange medium) to reduce the gas temperature through the ESP to the
90-100°C range rather than the conventional 130-140°C range [26]. Pilot testing
has shown that the decreased temperature decreases the electrical resistivity of the
dust, improving collection efficiency. Hitachi has introduced two new configurations
for ESPs [27]. The moving electrode ESP has the plates sectioned into short panels
that circulate like a vertical conveyor belt. The dust is collected by rotating brushes
in a hopper zone where no gas flows and particulate matter reentrainment is minimal.
They have also developed a ‘saw-edged’ wire that shows superior static discharge
characteristics, useful for rapidly charging submicron particulate matter which is more
abundant when the boiler fuel is oil instead of coal. Operating experience with
intermittent energization of the ESP to suppress back corona and thus increase ESP
efficiency for the capture of high-resistivity particulate matter was reported [28, 29].
Examples were cited on gas stream treatment from coal-fired boilers, oil-fired boilers,
Kraft pulp boilers and iron-ore sintering plants.

A novel two-stage ESP with an electrostatic agglomerator between the stages has
been tested at the laboratory scale [30]. A gquadrupole AC electric field is applied to
the remaining fines after the first ESP stage, inducing oscillatory motion and electrical
polarization, which have been shown to increase submicron mean diameters by 400%
and increase collection efficiency from 95 to 98%. A system has been designed with
flow diversion during rapping to minimize fines entrainment [31]. Cost estimates
for this technology show that this technique provides benefits for emissions limits
below 50 mg/Nm3. Special horizontal strip collectors without baffles have been
shown to increase ESP performance on large installations [32]. Seoul-Sharp-CED
has developed what they term a ‘SUPER-ESP’ [33]. By separating the charging and
collecting functions, both steps can be done independently in a more consistent and
optimized way. A high particle charge can be imparted for any level of resistivity, and
then these particles can be subjected to the appropriate electric field for collection. The
temperature can be controlled in the separate charging area to modify the resistivity.
Instead of an ESP with several long conventional sections, a smaller ESP results from
this configuration when a number of charging and short collector pairs are used. For
low-resistivity particulate matter this design can provide a unit about one-third the
physical size of a conventional ESP and the size is further reduced to one-sixth for
high-resistivity particulate matter.

The electrical nature of precipitators make them especially suitable for digital con-
trol. A recent expert system controller employing fuzzy logic allows some of the
more difficult operations to be run in a more optimized fashion, such as diagnosing
faults, start-up and shutdown routines as well as controlling the operating efficien-
cy |34]. Field testing has shown significant emissions reductions as well as lowered
energy consumption. Other types of controllers for spark rate and spark anticipation
can better enable existing ESP units to handle flue gas and flyash variability in an
energy efficient manner {35].
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Wet ESP systems continue to play a key role for specialized particulate matter
removal applications. For certain lower temperature applications (below the dew-
point) only wet electrostatic systems can be used. Dissolving chemical agents in the
wash liquid can provide a means to fix unwanted gaseous components along with the
suspended particulate matter [36]. In Japan, Mitsubishi Heavy Industries Ltd have
developed and tested a ‘high velocity’ wet ESP, capable of working at face veloci-
ties of 10 m/s, thereby allowing its installation within existing plant configurations in
some cases [37]. Wet ESPs are well suited to applications such as coal-fired mag-
netohydrodynamic systems where the fines content in the flue gas is substantial [38].
As a retrofit option for waste incineration plants, wet ESPs have been added after a
wet scrubber to treat particulate matter and acid gas. A unit known as the SonicKleen
wet ESP system consists of a bundle of hexagonal (to save space) downflow tubes
made of a conducting steel alloy, which contain discharge electrodes [39]. Condensed
liquids from the gas stream irrigate and help carry particulates to the bottom of the
unit.

Various innovations have been made to address specific application needs. The
final particulate matter cleanup from wood fired boilers is often done with ESPs
since the flyash has a low resistivity. Rapping for such systems is of paramount
importance as resins and unburned material may be present on the collector surface,
and any sparking could cause it to ignite. Sonic homs were installed and tested,
replacing rappers for cleaning precipitator internals for wood fired applications [40].
Emissions of particulate matter with sonic horn rapping were shown to have decreased.
An optional way of treating diesel soot is with an electrostatic agglomerator [41].
A corona-less pipe-type ESP is used to collect and agglomerate diesel soot particles
which grow into larger particles and may be collected downstream with a simple
inertial device.

A number of theoretical models have been developed recently to characterize ESP
behaviour. The performance of existing ESPs can be enhanced with improved feed
stream distribution through their internal volume. A CFD study was conducted to
help design a flow distributor for ESPs used in the cement industry [42]. The design
recommendations were used to bring a dry-process cement plant into regulatory com-
pliance in Indiana, USA. On a more micro-scale, a CFD study was made on ionic
wind, which is the secondary flow that develops under mass conservation requirements
when ionized gas drifts towards the collecting plate. It was found that ionic wind
effects are significant for superficial flow velocities under 0.6 m/s and a collection
efficiency reduction of over 10% may occur when the superficial flow velocity falls
below 0.2 m/s [43]. Conditioning the carrier gas often increases the feed stream
humidity. The influence of humidity on the charge density and the electric field in a
precipitator was modelled and solved with good results [441.

2.3. Fabric filters

Fabric filters remove dust from a gas stream by passing the stream through a porous
fabric. Dust particles form a porous cake on the surface of the fabric. It is normally
this cake that actually does the bulk of the filtration.
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The manner in which the dust is removed from the fabric is a crucial factor in the
performance of a fabric filter system, so that flux losses from excessive pressure drop
with a thick cake are balanced against dust leakage occurring with too thin a cake.

Fabric filter systems are frequently called baghouses, since the fabric is usually
mounted in cylindrical bags. The two most common baghouse designs are the reverse-
air and the pulse-jet types. These names describe the affiliated fabric cleaning system.

There has been an increasing recent trend towards selecting fabric filters for new
equipment installations and upgrades in existing plants. Improvements in fabric filter
performance, simplicity of operation and low capital cost have been motivating factors.
The most significant innovations have come in the area of fabric materials.

Since the late 1980s, baghouse installations have begun to appear featuring pulse-jet
fabric filters (PJFFs). These systems are quickly replacing conventional reverse-gas-
cleaned baghouses (RGB), as the most widely used fabric filter unit. PJFFs are
characterized by their use of periodic short, powerful bursts of air to clean the bags,
allowing the unit to be operated at two to three times the face velocities of the reverse-
gas-cleaned systems. In general they exhibit improved pressure drop characteristics
and can be retrofitted into ESP casings. See Fig. 5.
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Figure 5. Schematic of a pulse-jet fabric filter baghouse. The filter bags on the left-hand side are shown
in filtration mode and those on the right-hand side are shown in the pulse-jet cleaning mode.
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A three-part series of papers was published to provide an overview of the per-
formance and operating experiences with PJFFs for coal-fired boilers, a leading ap-
plication [45-47]. Extensive data on various PJFF installations were provided. In
general, these units operate below 0.03 1b/MBtu (0.054 mg/Kcal) which is the US
EPA particulate matter emissions standard. Woven felts such as Dralon T®, Ryton
and Nomex were recommended bag materials. Teflon bags have shown some diffi-
culty with particulate matter collection, possibly owing to the large fibre diameters,
despite their ability to operate in hotter and more corrosive atmospheres. Part 2 of
the series reported on pilot tests for fossil fuel installations, including oil-fired boilers
with uniformly good resuits. Higher frequency bag cleaning was required for high ash
coals. Part 3 of the series provides an economic comparison with ESPs and RGBs.
ESPs could only compete with PJFF systems with low-resistivity feeds. Compared
to RGBs, the PJFF systems offer a 10% less levelized cost over a 30 year plant life
according to this analysis.

There are some commercial PJFF systems available. The OPTIPULSE system from
ABB 1s aimed at steelmaking applications [48]. The Hosokawa Micropul system was
designed with inlet gas diffusers to provide uniform face pressures over the filter bag
surface, giving an overall improvement in performance [49, 50]. Similarly, filter cage
designs made from perforated metal sheet, rather than wire mesh, subject pulse-jet
bags to less stress and prolong their lives [51].

Baghouses are often employed to collect particulate matter from some of the feed
conditioning processes discussed in Section 3.3. Filter bags made from 3M Nextel
312 woven alumina/boria/silica ceramic fibre have been installed in the SNRB pro-
cess and have been successfully tested at temperatures up to 590°C against the EPA
standards [52, 531.

The fabric materials themselves are of course the subject of considerable research.
The extra mechanical demands placed on pulse-jet systems make glass-based filter
media prone to failure. As a consequence of this, there have been numerous synthetic
felts developed for some of these applications, such*as industrial boilers, combusting
fluidized beds and incinerators [54]. Polytetrafluoroethylene (PTFE) or Gore-Tex®
filter materials have been developed. Some early work shows that the favourable
PTFE surface properties permit easy dust layer removal, and operation at temperatures
up to 260°C. Fine particulate matter still poses a problem, with 50% escape at
0.86 pm [55]. Pulp and paper bark boilers present special problems as these gas
streams can contain incandescent particles. Temperature resistance up to 600°C is
provided with Biothermica stainless steel fabric filters. A fault-free 4-year test was
conducted at an industrial site with this material [56, 57].

On a more fundamental level, there have been studies conducted on some of the
detailed fabric properties. A parametric study was conducted on the effects of yamn
processing and weaving variables on the filtration efficiency of woven glass fabrics.
It was found that processing conditions which keep the glass filaments in the yarn
bundle separated produced the best performance [58]. A number of commercially
available conductive fabrics have been designed to reduce electrostatic charge in dust
collectors where flammable dusts are present, such as in flour mills, wood working
operations and polyvinyl chloride manufacturing [59].
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An alternative to the filter bag is the filter ‘box’ or cartridge filter. These units are
made of stff corrugated filter materials, which can offer much higher filter surface
area compared to baghouses of the same footprint. Many of the technical capabilities
are similar to baghouses, but their design makes them inherently less cleanable. They
are rated for particulate matter loadings of about 25% of that for baghouses [60].

Owens-Corning Fiberglas have been developing a vanadium/titanium catalyst coated
woven glass fabric for simultaneous NO, and particulate matter control. Over 90%
NO; removal has been obtained, but many operaiing parameters required to achieve
this level economically have yet to be resolved [61, 62].

Fabric filter systems can be eclectrostatically enhanced. An early study showed
that an electric field can alter the dust deposition pattern inside a bag, giving a
lower pressure drop [63]. A number of analytical and experimental investigations
of this phenomena are reviewed by Rao and Murthy [64]. A portable electrostatic
cartridge-type filter has recently been developed, for applications such as cooking
odour conirol and smoke treatment. Over 98% particulate matter capture has been
achieved at diameters between 0.01 and 1.0 pm; however face velocities must be less
than 0.1 m/s [65].

2.4. Wet scrubbers

In these units, a particle laden gas stream is subjected to a spray of liquid which
contacts and captures the solid maierial. A variety of geometries and designs are
available for implementing this technique. The mechanisms of impaction, interception
and diffusion all play a role in particulate matter capture in wet scrubbers.

Condensation scrubbers can be considered to be a subclass of wet scrubbers. In
condensation scrubbers, usually supersaturated water vapour is brought into contact
with particulate matter and liquid condensation occurs on the surface of the solids.
This can create a nucleation site for agglomeration with other wetted particles. The
mass of the particles grows in this way and they can be more readily collected by
inertial impaction or even gravity settling. The thermophoresis mechanism is also
exploited in condensation scrubbers [9].

Wet scrubber technologies continue to enjoy favour for particulate matter removal,
especially in coal-fired power generation applications where the flue gas also contains
SO, and NO; and can be removed simultaneously by the scrubbing liquid. Con-
ventional units include venturi scrubbers, mechanically aided scrubbers, pump-aided
scrubbers, wetted-filter type scrubbers and tray or sieve type scrubbers. An overview
of recent work in this field is provided in an NTIS bibliographic database [66]. See
Fig. 6.

Some recent developments in wet scrubbing equipment are in the area of rotary or
centrifugal designs. One such system, based on a Confined Vortex Scrubber (CVS), for
fine particulaie removal from combustion flue gases has been developed and consists
of a cylindrical vortex chamber with multiple tangential flue gas inlets [67]. Water
is introduced into the chamber and is confined within the vortex chamber by the
extremely high centrifugal forces generated by the gas flow. The confined water
forms a layer through which the flue gas is forced to bubble, leading to collection
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Figure 6. Compenents of a standard venturi scrubber. The outlet is often connected te a mist eliminator
where the water and gas streams are separated.

efficiencies in excess of 99.5% for fine flyash of diameter 3 pm and 98% for 0.3 um
diameter particles. A commercial unit known as the Rotorfilter™ makes use of
scrubbing water in conjunction with a series of rotating airfoils, arranged so that the
two streams carrying the liquid and solid phases contact each other at right angies.
In this way, particulate capture occurs in recirculation regions created by the chevron
shaped spokes [68]. These units are designed for small industry and can handle
between 50 and 500 m> gas per minute. Upwards of 99% of particulates at 0.25 um
diameter can be recovered. A system designed for the power industries employs a
jet bubble reactor and vessels made from fibreglass reinforced plastics to withstand
the corrosive elements in the streams {69]. Downstream from an ESP, this scrubber
was able to remove upwards of 90% of the escaping particulate matter while also
achieving good SO, control.

New developments continue to occur with venturi scrubbers. A special integrated
system has been designed with a two-fluid nozzle which can be controlled to enhance
particle removal, aided by impingement plates in the vessel [70]. Another such system,
aimed at acid gas control which scrubs particulates as well, is integrated with a steam
stripper to remove and separate saleable SO, and VOCs [71]. A multi-staged system
using a saturated vapour chamber to aid in the nucleation of water-wettable sub-
micron particulate matter can achieve 99% removal at 0.15 pm, with high turbulence
contributing to particle capture at the scrubber walls [72].

Some recent work has been carried out on the electrification of wet scrubbing sys-
terns. An ionizing wet scrubber has been developed to remove fine particulate matter
down to 0.05 pm, while simultaneously removing acid gases [73]. Its main area of
application is waste incineration. The unit combines the principles of wet scrubbing
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and electrostatic precipitation, charging and agglomerating particulate matter with
subsequent collection by inertial impaction and image force attraction within an irri-
gated packed bed. A scrubber with oppositely charged rotating brushes downstream
of an ionizing atomizer to remove particulate matter is presently in the development
stage [74]. This design targets particulate matter below 5 pm diameter, and can
operate at comparatively low liquid addition rates. Treatment of metal fume from a
hazardous waste incinerator in an ionizing wet scrubber was investigated [75]. Col-
lection efficiencies ranged from 22 to 71% and were generally higher for less volatile
metals. A fundamental study has modelled a complex interdependence of the applied
field, the particle charge and the direction of the field relative to particle motion for
electrified wet scrubbers [76]. Additionally, a fundamental study examining the influ-
ence of surface electric properties of spray droplets and particulates, in conjunction
with surfactant addition for dust suppression has been carried out {77]. The most im-
portant effect for enhanced particulate matter capture was an elevated droplet charge
for cationic droplet solutions.

Some recent work has addressed sector-specific wet scrubbing needs. Mist elimina-
tors used in flue gas desulfurization are expected to have some difficulty complying
with anticipated 0.002 1b/MMBtu (14 mg/Nm?) emissions regulations [78]. Tt has
been shown that horizontal flow configurations can upgrade the performance of sys-
tems, which may need to remove upwards of 99.5% of PMIO dust. A two-stage
scrubber designed for the aluminum industry has been shown to remove over 99% of
particulate matter as well as HCl and more than 90% of Cl; from aluminum reduc-
tion cast-house furnace offgas [79]. Irrigation with chemical cleansing agents allow
scrubbed materials to be recycled into the reduction process.

Finally, a less recent, but rarely implemented technology is that of counterflow
inertial impaction wet scrubbers [S]. An early study for the collection of alunite dust
(an alumino-silicate) had two colliding axisymmetric dusty gas streams, sprayed with
fluid at the impaction zone. Deceleration of the particles and turbulent mixing at the
impaction zone bring about agglomeration of the particulates, whereby they drop out
of the stream and can be removed [80].

2.4.1. Condensation scrubbers. Condensation scrubbers can be considered a sub-
class of wet scrubbers, although there are key differences in the mechanisms employed
to remove particulate matter. In the case of condensation scrubbers, the particles travel
in a vapour saturated gas stream, where vapour condenses on their surfaces and acts as
an agglomerating agent. One such design, for the treatment of sub-0.25 m particulate
matter from municipal wastewater incinerators is documented [81]. Existing wet
scrubbers can be retrofitted to operate in the condensation mode. A similar design
for municipal waste incinerators makes use of flue gas moisture mixed with a cold
gas stream resulting in flux force condensation scrubbing [9].

2.5, Granular bed filters (GBFs)

In an analogous fashion to wet scrubbers, a particle laden stream can be passed
through a bed of solid material where the particulate matter is captured. The bed can
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be stationary, moving or fluidized. The collector material typically possesses some
favourable surface properties (o enhance capture of the particulate matter. Granular
bed filters are often used when waste water problems posed by wet scrubbing systems
are unacceptable, such as for fluorine control in some aluminum plants. Fluidized
GBFs are currently under consideration for hot gas cleanup applications, especially
as an alternative to ceramic candle filters which have had a tronblesome debut. A re-
cent study has found that the economic performance of GBFs compares favourably to
candle filters for coal-fired power generation facilities [82, 83]. These units are me-
chanically simple and require less fine-tuning and maintenance. The moving collector
bed has some by-product value and also eliminates the need for costly filter media
cleaning. More than 97% of flyash can be removed by GBFs at a face velocity of
1.6 m/s (based on the standpipe cross-section), but they are known to have problems
collecting particulate matter under 2 pm. At face velocities over 4 m/s, the collection
efficiency drops to about 80% [84].

Moving GBFs have also been investigated combined with electrostatic enhancement.
The basic unit developed by the Combustion Power Co. performed well for particulate
matter over 2 wm. Various field strengths, both under AC and DC mode were tested.
The AC enhancement at 75 Hz produced a slight optimum. DC operation also showed
very promising initial results, but its implementation is considered to be less practical
[85, 86]. At low face velocities (0.11 m/s), upwards of 98% of 0.5 pum flyash could
be collected. The efficiency drops off to 50% at face velocities near 0.7 m/s.

A novel system has been developed with a fluidized GBF exiting across a metal
filter screen [87]. A sketch of the unit is shown in Fig. 7. The screen surface can be
cleaned by momentarily interrupting the gas flow. The pressure drop in this system
is low, although material finer than about 1.5 um is difficult to capture. This system
allows relatively high face velocities, over 2.5 m/s.

There are a few instances where GBF systems provide a good particulate matter
removal solution. Most traditional air pollution control devices are ineffective for
collecting submicron metal fume, which often arises in waste incineration. One
approach has been to test various sorbents in a fluidized bed filter [88]; another has
been to use activate charcoal packed beds [89].

A number of fundamental studies have been conducted recently to further the under-
standing of granular bed filters. Fine material was found to be more readily collected
at elevated temperatures [90]. Reynolds number effects were considered in another
study [91].

Sometimes granular bed filters are referred to as dry scrubbers, but more often dry
scrubber means a somewhat similar, but different type of unit. A number of systems
exist where the stream dust may be removed, but then a sorbent is introduced for NO;,
and/or SO, removal. This creates a need for subsequent particulate matter removal
from the gas stream. In view of this, the sorbent material can be chosen so that
it is sufficiently large and uncohesive to be easily separated by low pressure drop
baghouses. With an appropriate choice of sorbent, the sulfur and nitrogen containing
product can be used to make a number of saleable by-products [92, 93]. An electron
beam dry scrubber exists in which the electrons generate OH™ radicals which oxidize
SO, and NO, into sulfuric and nitric acid, precursors for making fertilizers [94].
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Figure 7. Fluidized granular bed filter fitted with metal screen to prevent filter material entrainment.
Adapted from [87].

2.6. Ceramic filters

Ceramic filters are rigid barrier filters constructed with pgre sizes designed to remove
fine airborne solids. The physical properties of the ceramic material allow these units
to be operated under high temperatures and in corrosive environments as well as being
suitable for cleaning with corrosive agents. They are made in two standard formats:
dead-end low density ‘candle’ filters and multi-channel cross-flow modules.

In the rapidly evolving field of hot gas filtration, ceramic filter elements have proven
to be suitable for efficient particulate removal, with the ability to perform in harsh
environments. Ceramic membranes were first used in the 1940s for uranium enrich-
ment, yet it took until the mid-1980s for particulate matter removal applications from
gas streams to first appear. General overviews of this fleld are provided by Eggerstedt
et al. [95] as well as by White et al. [96]. Recently, ceramic materials have also found
their way into hot gas applications as structural filter components, replacing exotic
alloys and simplifying design approaches. A number of different ceramic filtration de-
vices are currently available, each with advantages and disadvantages. These devices
include ceramic cross flow or ceramic membrane filters, ceramic fabric filter bags,
and porous ceramic filter tubes or ‘candles’. In addition, these designs are available in
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different ceramic materials, each having properties which may or may not be suitable
for a given process application.,

Despite the roughly 40% higher cost per unit filtration area compared to bag filters
(1991), ceramic units are gaining popularity [97]. In addition to benefits previously
mentioned, they can also handle heavy dust loadings and face velocities upwards of
3 cm/s, compared to about 1.5 cm/s for fabric systems. Provided that the system
selected is cleanable, the unit life can be several times longer than with other materials.

High-efficiency particulate air (HEPA) filters have been in existence for over 50
years. They are typically made of glass microfibres and are used for very high
efficiency removal of submicron particulate matter. HEPA filters are suitable for

applications where a very high level of air purity is required or for the removal of
hazardous particulate materials [98].

2.6.1. Candle filters. Figure 8 shows a schematic unit where ceramic candle filters
are used to remove particulate matter from a gas stream [3]. Here, the filter medium
is provided in the form of long, hollow tubes or ‘candies’, closed at one end and
hung vertically from a support plate so that the gas passes from the outside inwards.
A dust cake accumulates on the outside surface of the candle and is cleaned at reguiar
intervals with a strong pulse or jet of gas sent from the inside out via the pulse nozzles.

There are two common types of filtration media used in ceramic candles. The first
is a high-density sintered or bonded granular silicon carbide (SiC). The other type
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Figure 8. Simplified schematic of a ceramic candle filter unit with pulse air cleaning.
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is primarily a low-density alumina (Al;O3) in the form of bonded fibres. The low-
density units show less resistance to flow, are less prone to thermal shock and are
less expensive [99].

The most attractive feature of ceramic candle filters is their ability to perform
gas cleaning at high temperatures, presently near 1000°C. The demand for hot gas
cleaning is strongest in coal-fired power plants using pressurized fluid bed combustion
(PFBC) or integrated gasification combined cycle (IGCC) processes. Conventional
bag filters have thermal tolerances which require that gas streams be cooled, typically
by diluting the stream with atmospheric air. Direct hot filtration eliminates the need
for extra process equipment, reduces the gas volume for treatment and allows waste
heat to be recovered, giving a 2-3% increase in operating efficiency {100].

The Schumacher SiC candle filters were some of the first to undergo extensive testing
in pilot facilities. In 1988 at Grimethorpe in the UK, a pilot hot gas particulate removal
systern using ceramic candle filters was built in a PFBC test facility [101]. Early tests
were conducted with Schumalith SC40 model candles (mean pore size 100 pwm), as
well as the DiaSchumalith F40 candles which are made with an additional surface
layer of alumina fibres. The DiaSchumalith F40 candles were found to be superior
because they were able to work in a surface filtration mode at higher face velocities
and required lower stresses for dust cake detachment. The F40 candles were used in
most subsequent work at Grimethorpe where they gave promising dust removal results
over 800 h tests conducted at 850°C and 10 bar pressure [102]. Further testing at
Grimethorpe revealed that extended use with cold pulse cleaning caused the candles to
lift and descend repeatedly resulting in fractures both in the candles and their sealing
gaskets [103]. A similar pilot test was reported by Schumacher themselves, with
over 4000 h at temperatures between 780 and 850°C. At temperatures above 700°C
more than 99.999% of all particulate matter was removed, with the most penetration
occurring 1n the 0.2-0.4 pm size range (¢f. Fig. 1) [104].

Increasingly, demanding testing of the DiaSchumalith F40 has been reported more
recently. Concerns over performance have focussed on candle integrity over repeated
hot-cold cleaning cycles. The strength of the candle was found to decrease by 2.2%
over a 4 month period at tests conducted at 850°C. A thermal shock (temperature
change) of over 600°C was found to occur by numerical simulation of the cleaning
pulse flow inside the candle [105]. By 1993, new tests had shown improved versions
of the DiaSchumalith F40 candles, but still a recommendation for hot pulsing was
made to minimize the severe materials duty [106]. Other tests have revealed that
breakage of candle filters arose from the mechanical stresses associated with lifting
and dropping. Specifically, the deterioration mechanisms were the oxidation of SiC
to form cristobalite (SiO;), microcracking and crystallization in the glass bond necks
and glass/SiC interface and pitting of the glass bond by CaS0,4 [107]. Service lives of
up to about one year could be expected from the SiC candle filters. The thermal shock
resistance of the DiaSchumalith F40 filters was compared to other SiC candles made
by Refracton as well as candles from Asahi Glass Co. made of cordierite [108, 109].

Schumacher SiC candle filters have been pilot tested for hot gas cleaning at a low-
level-waste incinerator at a German nuclear facility, and were found o be promising
when the feed stream particulate matter contains very little submicron material [110)].
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Fibrous, layered, low-density alumina-silica based candle filters made by Foseco
(Foseco Cerafil 20001) have been tested for PFBC hot gas cleaning [111]. These tests
were conducted at temperatures up to 740°C and typically upwards of 99.9% of the
particulate matter was removed. The nominal pore size for these units is less than
10 pm [3]. Although none of the filters in these tests failed, the testing period of
340 h was considered too short to comment on their durability.

Candle filters made of B-cordierite by the Asahi Glass Co. were tested on PFBC
dusts [112]. Of note is that these candles filter from the inside out, using a positive
pressure rather than suction. At comparable permeation rates, they were found to
give a downstream dust level under 3 p.p.m.w., compared to less than 1 p.p.m.w.
for the Schumacher SiC candles. The Asahi filters were tested for over 2000 h at
temperatures up to 880°C. Likely due to their quite large physical size (length of
5.8 m} and being fastened to the vessel at both ends, the thermal shocks related to
the pulse cleaning produced a much higher rate of filter mechanical failure compared
with other candles. An update on the status of the Asahi candle filters was provided
by Higashi and Maeno [113].

Testing has been conducied on surface treated SiC candles (Lay Cer 50/5) made by
the Industrial Pump and Filter Manufacturing Co. (USA) [114]. They have a nominal
pore size of 24 pm, were tested at 870°C and gave a filtration efficiency near 100%.
This study focussed on the nature of the cake buildup on the filter surface and how
different operating conditions related to the pressure—flux relationship.

Westinghouse has developed a new housing unit for candle filters and has tested the
DiaSchumalith F40 candies [115]. They were expected to replace the SiC filters with
alumina/mullite candles. A project sponsored by the US DOE is being conducted
to develop practical hot gas filter designs that meet the operational requirements of
PFBC [116].

The economics and process options to consider for implementing ceramic candle
filter systems are discussed by Zievers ef al. [117].

2.6.2. Cross-flow filters. Particulate filters can also be made from dense sintered ce-
ramic constructed into box-like structures. Such designs include separate passageways
for the feed and cleaned gas which are linked by the porous ceramic filter material,
Figure 9 shows a schematic sketch of one corner of a generic block shaped ceramic
cross-flow filter. As can be seen, this arrangement gives a very high filtration area
to volume ratio compared to configurations used in other technologies. All the other
benefits attributed to ceramic candle filters in the previous section apply to ceramic
cross-flow filters [95]. Backflow pulsing is used to clean the particulate matter which
cakes on the passage walls,

The emission of soot from diesel engines has posed a problem from a regulatory
standpoint. To meet these standards, and since it is not practical to cool exhaust
gases from a vehicle, various particulate traps making use of ceramic cross-flow filter
technology (and other types of ceramic filters) have been being investigated since
the early 1980s [118—120]. The proposed EPA air quality standards for 1994 have
renewed interest in this topic [121].
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Figure 9. Simplified schematic of a ceramiec cross-flow filter. Shown here is the top corner of a box-
shaped unit.

The Asahi Glass Co. has developed a new particulate trap system [122, 123]. Tt
features both a cross-flow type ceramic filter and reverse cleaning regeneration, The
filter 1s made up of thin plate elements of modified cordierite. Each plate has a row of
some two dozen open-end, oval-sectioned channels. A periodic reverse jet cleaning
by compressed air injection removes the particulate from the filter wall and drops it
into the vessel bottom. It is burned by an electric heater. The trap efficiency of this
system ranges from 88 to 95%. The durability has been confirmed by both laboratory
tests and field tests with public buses in Los Angeles, USA.

NGK Insulators Ltd also produce a cordierite diesel particulate trap [124]. Recent
attention has focussed on cleaning requirements under specified combustion flow rates
with minimal thermal shock. The NGK unit has been tested extensively on buses in
Italy and performed well in principle [125]. It was recommended that the cross-flow
filter unit be enabled with continuous filter loading control, to bring particulate matter
collection efficiency to acceptable levels for practical operating conditions.

In North America, General Motors in cooperation with Corning have developed a
cordierite wall-flow filter for light duty diesel engines [126]. The thermal durability
was lested and designed to achieve a required 120 000 vehicle miles (192 000 km),
without exceeding the 0.13 g/mile particulate emissions regulation. The use of Corn-
ing particulate traps on heavy diesel equipment in underground mines has been shown
to improve air quality [127].

In related research on filter regeneration, it has been shown that it is possible to pro-
vide a more uniform energy input to a filter by incorporating microwave-susceptible
materials in the filter body and then using RF (microwave) energy to initiate combus-
tion [128]. This method gives improved control over the soot combustion and lower
thermal stresses within the filter.

For generic air pollution control applications, preliminary commercial units have
been made available by CeraMem (USA) [129]. The particulate matter removal
ability is near 100% with nominal pore sizes from 0.5 to 0.004 um, depending on the
surface membrane coating used. A set of 36 modules each with external dimensions
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of 12 x 12 x 30 cm and over 3.4 m? filter area was able to clean satisfactorily the
0.28 m*/s flue gas at 120°C from an EPRI baghouse facility over a period of 1100 h.
Testing on hot gas streams from a magnetohydrodynamic (MHD) power generation
combustor revealed some unit sealing problems along with unsatisfactory pressure
drops and face velocities [130]. Ceramic cross-flow filters for MHD plants were,
however, still considered to be a promising technology. A recent advance was the
use of a catalytic vanadia coating for simultaneous NO and particulate matter removal
from hot gas streamns [131]. The US DOE is also investigating a catalytic mixed metal
oxide coating on ceramic cross-flow filters for integrated SO, NO, and particulate
matter removal {132].

A cross-flow ceramic filter unit has been under development by Westinghouse and
Coors Ceramics [133]. It underwent tests at 900°C for periods of 1000 h with various
types of PFBC flyash. In general, particulate matter removal was quite high, but post
test inspection revealed a number of material flaws. When the mean size of the
airborne particulate matter fell below 5 pm, the flow resistance from the dust cake
and the required cleaning pulse intensity increased markedly.

A new product by CeraNova and Specific Surface Corp. uses a novel powder pro-
cessing method to tailor ceramic cross flow filter elements [134]. They employ a
‘three-dimensional printing’ process, whereby functional ceramic components are cre-
ated dircctly from computer generated model structures which control a fabricating
unit which ‘prints’ the monolith, layer by layer. The composition within each build-
plane can be selectively controlled by varying the composition of powder and sus-
pending fluid. An ink jet printing head is used to meter the materials. In this way the
microstructure can be controlled by the relative influence of cohesive and capillary
forces of the materials introduced to each layer. Functioning filters have vet to be
made in this way, but sample monoliths have been prepared in the laboratory.

3. RECENT PROCESSING INNOVATIONS

In addition to improvements made on air pollution control equipment, there has
been much recent attention given to addressing airborne particulate emission removal
and/or reduction from an integrated perspective. Research and development on pro-

cess modifications aimed at producing a higher quality gas emission are discussed
below.

3.1. Hybrid systems

The need for simultaneous control of particulate matter and toxic gases, or even
particulate matter of variable size and character often, results in the use of hybrid
systems. These systems comprise either a single unit or a process in which various
particulaie matter collection methods are employed in series to obtain significantly
reduced solids emissions.

For the purpose of this treatise a hybrid system will be considered to be a single
physical unit which combines two or more particulate matter removal technologies.
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A technology developed by EPRI in the US combines electrostatic precipitation with
fabric filtration. This system is known as the Compact Hybrid Particulate Collector
(COHPAC) [135]. The baghouse follows the ESP, either in series or actually inside
the ESP housing. In a COHPAC system, the air leaving a power plant flows first
through an ESP, then through a baghouse. The initial ESP treatment significantly
reduces the concentration and often imparts some electric charge to the particles
entering the baghouse. The charged particles are more liable to repel each other as
well as the fabric filter material, so that the level of pore clogging is reduced and
bag cleanability is increased. For these reasons, the face velocity in the COHPAC
baghouse can be four to eight times higher than in conventional installations. In turn,
the increased throughput allows a much smaller physical unit size [136]. A number
of pilot and commercial scale tests of the COHPAC system have been made. The
particulate matter emission requirements were met satisfactorily, but bag life concerns
were raised, perhaps owing to the comparatively higher face velocities to which the
bags are subjected [137].

A few miscellaneous hybrid-type technologies have been developed. A process and
apparatus for treating particulate matter and acid gas in one unit has been patented
{138, 139]. Here, the exhaust gas (i.e. from sintering plants or fuel-fired plants) is first
de-dusted in a cyclone stage, then after carefully controlled moisture addition, passed
to an ESP stage where the particulate matter collected is humnidified but essentially
dry, thus allowing it to be separated from the acid gas. A small industrial module
has been developed which combines centrifugation and wet scrubbing for particulate
matter removal, followed by passing the gas stream through activated carbon sponge

bags for demisting [140]. The demisting step can include acid gas fixation and/or
odour removal.

3.2. Feed sampling and process control

The electrical nature of ESPs makes them well suited for implementing on-line control
systems, principally for power efficiency. Some of these control strategies have been
noted in Section 2.2. On-line monitoring of emissions to the atrmosphere for regulatory
compliance is a different matter and some technologies for this purpose have recently
been developed.

A prototype ESP device was developed containing a total-reflection X-ray fluores-
cence spectrometer (TXRF), intended to detect heavy elements and metals [141]. At
flow rates under 1.3 1/min, essentially 100% of submicron particulate matter is col-
lected and the concentration of HAPs in the stream may be accurately monitored.
An on-line air sampling apparatus has been developed for measuring VOC concen-
trations in gas streams [142]. Two initial filtration stages remove particulate matter
above 2.5 pum in diameter, at which point impaction separators make size classes be-
low 2.5, 1.5, 0.8 and 0.32 um. The captured particulate matter can then be analyzed
for adsorbed VOCs. Some devices have been developed for on-line measurement of
particulate concentrations in gas streams. A glass fibre filter has been incorporated
into a gravimetric device for continuous sampling of particulates down to 0.01 xm in
size. The glass fibres have superior optical characteristics which can be exploited for
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other analytical measurements and are available with this sampler [143]. Similarly a
conceptual design has been patented featuring a series of impinging collectors which
provide a gas stream particulate concentration and size distribution [144]. Practical
operating ranges have not yet been established.

The BHA Group have a line of continuous particulate monitoring devices using a
modulated LED light signal which responds only to moving particulates, so it remains
unaffected by accumulation of dust or moisture [145]. The extent of signal modulation
can be calibrated to dust concentration in the gas stream. A primary intended use
is in baghouse installations as a monitor for filter bag leaks or failures. Another
potentially useful device for baghouse installations is the Hansentek™ spark detector
and extinguisher [146]. Sparks of diameters down to 0.4 pm can be detected by
infrared sensors and an appropriate extinguisher can be triggered to eliminate them.
Such a system would allow the introduction of fabric filters to control particulate
emissions from wood-fired pulp and paper boilers, Fabric filters have been slow to
gain widespread use in this sector due to the risk of fire from airborne micro-embers.

Process control systems have found a more limited application in particulate control
instaliations. The Harwell Laboratory in England has been developing an expert
system for the control of fabric filters [147]. The state of the art in this area is
somewhat rudimentary because the primary operating variable, the pressure drop at
steady state, is not readily predictable. Using on-line pressure drop measurements,
the flow, compressor pressure and pulse periods can be adjusted in real time, and
carly results have shown up to 20% savings in power consumption.

3.3. Feed stream conditioning

Often the performance of air filtration units can be enhanced if the particulate matter
in the feed stream entering these units is given some preliminary treatment. Feed
stream ‘conditioning’ may consist of such treatments as injecting additives to the
stream, irradiating it or subjecting it to acoustic shock. The objectives typically are to
modify the surface properties to improve the particulate matter collection efficiency
or to agglomerate the particulate matter to larger, more readily removable entities.

A well known conditioning approach is the injection of SOs into the exhaust streams
from low-sulfur coal burning power plants, which is known as flue-gas conditioning
(FGC). The presence of the SO3 reduces the resistivity of the flyash in these streams
for easier capture by ESPs. A review of recent advances in this area is provided by
Krigmont and Coe [148]. Some innovations include hot-side injection, co-injection
of ammonia (dual-conditioning}, and dual-conditioning in front of fabric filters where
the resulting filter cake drag can be significantly reduced. A patented process was
designed where NH; and SO; are injected at a ratio of 2:1, in concentrations of 1 to
100 p.p.m. [149}. Fabric filter pressure drops for cleaning flyash from Pittsburgh #8
and Monticello coal samples were found to be typically two to three times lower,
and the particulate matter capture was also improved. This result was followed up by
tests in Australia which showed opposite results, where a highly cohesive filter cake
was reported [150]. The disparity in the results was attributed to differences in the
coal and fabric materials.
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Tests have been conducted with a number of different sulfur and ammonia containing
conditioning compounds for ESP feeds. Regarding cost effectiveness, ammonium
sulfate [(NH4)2804] in low dosages was found to perform best for low sulfur coal
flyash [151].

A related technology is known as sorbent injection. In this case, solid sorbent
particulates such as silicates, calcium salts, limes, etc. are injected into a gas stream
to adsorb SO, from the gas. A recent review presents six such commercial pro-
cesses [152]. A follow up article on high-temperature sorbent injection reports that
the electrical resistivity of the particulate matter is increased substantially and the
performance of the electrostatic precipitator is degraded accordingly. The resistivity
may be brought back to an acceptable level by the use of flue gas humidification
or conditioning with SO3. Certain mixtures of ash and highly reactive sorbent do
not appear to respond to SOs conditioning. Various catalytic additives were viewed
as a potential means to make high-temperature sorbent injection a more viable pro-
cess [153]. Sorbent injection puts increased loads on particulate matter collection
equipment and also modifies the particulate properties, especially with humidified
sorbent injection. Recent research has focussed on designing sorbent systems which
possibly benefit, or at least do not hinder the performance of the particulate matter
removal equipment. The ADVACATE process developed by the US EPA uses a spe-
cially prepared calcium silicate sorbent which appears to be quite cohesive and enters
the system in an agglomerated state which aids the overall particulate matter control
by not introducing additional submicron material [154]. Babcock & Wilcox have de-
veloped a sorbent process designed to work in front of baghouses [155]. It is known
as the SO;-NO,-Rox Box™ system (SNRB) and is an advanced air pollution control
process that significantly reduces sulfur oxide (SO,), nitrogen oxide (NO,) and par-
ticulate emissions from coal-fired boilers [156]. The process uses a high-temperature
catalytic baghouse for integrating SO, reduction by injecting an alkali sorbent (such
as hydrated lime or sodium bicarbonate), NO, removal through ammonia injection
and selective catalytic reduction, and particulate collection.

The Westinghouse ILEC (Integrated Low Emissions Cleanup) system represents a
different approach to feed conditioning. The use of ceramic filters is envisioned for
particulate control at temperatures above 900°C in direct coal-fired turbine applica-
tions. Some adhesive flyash particles will be emitted that could form a difficult-to-
remove filter cake. The ILEC process injects sorbent particles to either remove the
adhesive particles before they reach the ceramic barrier filters, or modify the adhesive
nature of the filter cake so that it is more easily removable [157].

From a more fundamental perspective, a recent review is available on how the
performance of fabric filters and electrostatic precipitators used to collect ash from
the combustion of coal depends on bulk properties of the ash, such as cohesivity or
electrical resistivity [158]. A number of recent findings have been cited; the surface
of flyash was found to be extremely complex in terms of chemical species; sorbent
materials can be added to enhance surface charge properties for streams treated by
ESPs; NH3 added alone or with SO; changes the cohesivity of ash, reducing rapping
emissions from ESPs; small sized sorbent particulates have been found to act as steric
inhibitors to reduce cohesivity of coal ash cleaned by fabric filters; a humidified stream
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in fabric filters will exhibit a lower pressure drop due to the higher porosity in the
dust cake, which forms more compact ash agglomerates. A US DOE experimental
program is now underway to follow up on characterizing the mechanisms at work in
flue gas conditioning [159].

Acoustic agglomeration has been recently employed to enlarge the size of submi-
cron material so that they can be removed more readily by ESP. At present, some
laboratory testing has shown improved results on model systems [160, 161]. Some
theoretical analyses suggest that orthokinetic, hydrodynamic and turbulent mecha-
nisms contribute to an increase of particle—particle collisions for systems subjected
to acoustical vibration [162, 163]. A numerical simulation was run to model bimodal
(flyash with sorbent) acoustic agglomeration, with some comparison to experimental
data provided. The net effect of the contributing collision mechanisms was estimated
by curve-fitting; no modelling of the adhesion process between particles was provid-
ed [164]. The US DOE is aiming to develop acoustic agglomeration methods that
would allow the use of conventional cyclones to achieve very high particulate collec-
tion efficiency and eliminate the need for barrier fillers, which have been problematic
in view of durability and economics for proposed direct coal-fired turbines [165].
A patent has been procured [166] and initial testing is underway [167].

Yet another novel technology to be investigated is known as the electron beam
precharger [168], also envisioned for coal flyash removal. An electron beam is em-
ployed to ionize gas molecules in a precharger region, producing a bipolar plasma of
ions and electrons in a continuous state of formation and recombination. When sub-
jected to a strong electric field, the plasma is separated into two monopolar fractions.
Only the negative fraction is used and is drawn across the duct to charge the dust to
very high levels, which facilitates its removal by ESP. The electron beam precharg-
er was found to improve the particulate collection efficiency of a conventional ESP.
Testing has also been conducted to compare pulse charging instead of direct current
charging, which can be done at higher strength where it should create a more stable
environment for free electrons to precharge particles.

3.4. Process modifications to reduce emissions

As part of an overall strategy o comply with environmental standards, a preferred
longer term solution is simply to modify the process which emits the particulates
to lower emission levels. Thus, reduced load is placed on the particulate removal
equipment. Without augmentation of existing equipment, lower emission levels of
particulate matter can be attained.

For example, in the steelmaking industry, it has been demonstrated that by reducing
the quantity of lime added to the furnace early in the oxygen blowing cycle, the
resulting slag becomes more viscous and foamy, reducing particulate emissions by
up to 59% [180].

The chrome electroplating process produces a toxic hexavalent chromium emission.
Changes in four process conditions were implemented with the objective of reducing
emissions from the process [181]. These included the freeboard height of the electro-
plating bath, elimination of compressed air for bath agitation, the use of floating balls
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on the tank surface and an anti-mist bath additive. In four different test facilities using
their existing common particulate matter control equipment, reductions in chromium
emissions of 85-95% were observed, all meeting the quantitative industry objective
of 0.006 mg/Ah.

Unfortunately at this time, there are not many examples of such processes in the
literature, but use of emission reduction strategies is expected to increase in the future.

3.5, Sector-specific airborne particulate matter control considerations

A subject receiving considerable attention recently is the treatment of emissions from
incineration sites. Medical, municipal and industrial wastes being incinerated have
been subject to increasingly tight regulations due to the potentially toxic content
of the emissions. The wet ESP system (also described in Section 2.2) has been
found to be an effective means for reducing particulate and toxic emissions from
sewage sludge incinerators under the proposed Part 503 US EPA (February 1989)
regulations {169]. Part 503 would limit arsenic, beryllium, cadmium, chromiurn, lead,
mercury and nickel contents of particulate emissions to maximum concentrations of
6.3, 423, 1.8, 233.9, 125.1, 135.5 and 72.6 mg/kg, respectively, The US EPA has
projected that more than 50% of the existing sewage sludge incinerators will be out of
compliance with these proposed regulations. Pilot testing with a post-scrubber feed
consisting of particulate matter which was 50% below 0.6 um, was able to increase
the overall particulate matter removal efficiency from 98.3 to 99.88%. Equipment
options and cost considerations are discussed for clean air act compliance for waste
incinerators [170]. A study of the the nature and composition of incinerator generated
particulate matter as related to fuel type was done by Hackfort and Borchardt [171].

A short review is available which discusses particulate matter treatment in the miner-
al processing industries [172]. Four main sources of pollution are considered: mining
and site treatment, smelting, recycling and large scale combustion processes. Atten-
tion is given to process modifications which reduce particulate matter emissions or
produce gas streams more amenable to particulate matter removal. A paper devoted
to recent developments in iron ore sintering discusses environmental aspects includ-
ing particulate control [173]. Pertinent ESP and scrubbing systems are noted as well
as some processes by British Steel and Lurgi which have been updated to produce
lower particulate matter emission levels. The US DOE conducted a study provid-
ing an overview of particulate matter control technologies for hot gas steams from
coal-fired installations [174]. The major particulate control device issues addressed
included the integration of the particulate control devices inio coal utilization systemns,
on-line cleaning techniques, chemical and thermal degradation of components, fatigue
or structural failures, blinding, collection efficiency as a function of particle size, and
scale-up of particulate control systems to commercial size.

Particulate control is also an issue in the pulp and paper sector. Powers et al.
conducted a survey of applicable technologies for magnesium or ammonium sulfite
recovery furnaces in pulp mills [175]. Wet systems are recommended in this case as
simultaneous SO, removal is also desired. Normally, pulp mills have a waste water
treatment system, so transfer of airborne contaminants to an agueous stream does not
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pose an additional environmental concern. Successful systems tested on a pilot scale
were wet ESPs from Fluid-Ionics and Beltran, and Monsanto’s Dynawave Scrubber.
A similar approach is taken in the particleboard industry. Fine particulate cleaning
has been successful with wet ESPs for treating the gas stream from a sander dust
fired drum dryer [176].

With tightening environmental regulations, recovery of heavy metal emissions is
becoming a more crucial issue. Of the 189 HAPs regulated under the new Clean Air
Act, 11 are heavy metals and most are captured as PM10. The viability of various
existing and emerging technology for particulate heavy metal capture is discussed by
Nudo [177]. A general overview on the scrubbing of inorganic toxics is given by
Meclnnes ef al. [178]. Wet scrubbing or absorption are the most common particulate
matter removal methods for nonmetallic inorganics, while ESPs and baghouses are the
primary effective means of controlling metals. A special venturi scrubber operated at
a larger pressure drop when compared to standard venturi scrubbers, was designed to
remove heavy metals from waste incinerator gas streams down to US EPA guideline

levels [179]. The increased operating costs of this system may hinder its widespread
acceptance.

4. SUMMARY

In general, many of the conventional process units used for airborne particulate con-
trol are considered to employ effective mature technology. The choice of specific
units and the way they are inserted into an engineering design depend on the source
of the airborne particulates and the final emission requirements. A survey of recent
relevant scientific and engineering literature on this subject has revealed that most
of the research and development in this area is incremental, and is often undertak-
en to achieve site specific objectives to reach compliance with tightening emissions
regulations, i.e. air pollution control units are typically installed as add-ons and some
research may be done to fine tune the unit to function properly for each specific gas
stream in question. Most reports of new technologies describe enhanced versions of
conventional units, which are sometimes improved by combining capture mechanisms
that are normally exploited in isolation (i.e. electrification of fabric filters).

The US Clean Air Act Amendments of 1990 did not specifically update regulations
for all particulate emissions, but there is growing expectation that stricter legislation is
forthcoming in this area [182]. As stated previously, particulate emission compliance
at present does not pose a serious technological challenge. However, particulate
emissions are often concentrated in the 0.1-2.0 pum diameter range, since existing
process units are collectively least efficient in removing solids of this size from gas
streams. Further, the list of 189 Hazardous Air Pollutants targeted for control in
the US Clean Air Act Amendments contains many heavy metals and heavy organics
which exist as submicron particulate matter [183]. Health related studies recommend
cleaning of sub-2.5 pum particulates, since material in this size class is respirable and
contributes to human illness.

The US EPA has an Air and Energy Engineering Research Laboratory which also
monitors trends and developments in air pollution control. They cite development
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occurring in the process design area where variations of combinations and sequences
of particulate control units can produce some desired benefit [1]. The concept of
process design and integration is increasingly important for new installations where,
for example, novel heat-resistant filter materials may be used for particulate removal
at elevated temperatures so that the heat energy may be more efficiently retained.

Coupled with process design are methods to reduce the at-source ernission of par-
ticulates so that their post-processing requirements are minimized. For regulations
which allow emissions as mass per unit of energy generated (i.e. fossil fuel based
power stations), upgrading of the fuel source prior to combustion may become in-
creasingly necessary. Scrubbers and agglomerating systems where particulates and
gaseous toxics are simultaneously removed are also under consideration.

One area where new advances are being made in airborne particulate control tech-
nologies is that of filter materials. Many of the fabrics used in baghouses are now
available with higher thermal and chemical resistance, longer service life and finer
particle diameter control. Cross-flow, pulsed-jet, ceramic tubular and rigid candle-
type filters are also employed and show promising results. Many of these filter types
offer the advantage of being readily and easily cleaned. Ceramic cross-flow particulate
traps have been shown to perform at levels meeting 1994 EPA standards.

For the problematic submicron particles, much attention has been devoted to ag-
glomeration of these particles to form larger conventionally treatable units. Modi-
fications to wet scrubbing have been made with a pre-treatment step where the gas
stream was subjected to a condensing steam injector which induced particle agglom-
eration [81]. Similar pre-treatments are being studied for streams sent to ESPs [184].

Other new directions in particulate control relate to the sources generating the pol-
lution. Municipal waste incineration is a relatively recent process and poses difficulty
owing to the variability in the feedstock. Special catalytic scrubbers and process
design combinations have been studied for particulates from waste incineration.

From the present scientific and technical perspective, the following trends can be
identified as emerging in the development of advanced fine particle control technolo-
gies.

(1) Process modelling, simulation and control for improved performance.

(2) As aresult of, or closely related to (1), are opportunities to integrate several tech-
nologies through process models which identify synergy between the techniques.

(3) Size enlargement techniques which move sub-3 pm particles into the larger more
treatable range.

(4) Filtration modules and materials applicable to high temperature situations and/or
which are cleanable and anti-fouling.
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