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a b s t r a c t

A novel process to remove fine particles with high efficiency by heterogeneous condensation in a wet
flue gas desulfurization (WFGD) system is presented. A supersaturated vapor phase, necessary for con-
densational growth of fine particles, was achieved in the SO2 absorption zone and at the top of the
wet FGD scrubber by adding steam in the gas inlet and above the scrubbing liquid inlet of the scrub-
ber, respectively. The condensational grown droplets were then removed by the scrubbing liquid and
a high-efficiency demister. The results show that the effectiveness of the WFGD system for removal of
fine particles is related to the SO2 absorbent employed. When using CaCO3 and NH3·H2O to remove SO2
eterogeneous condensation
ine particles
emoval

from flue gas, the fine particle removal efficiencies are lower than those for Na2CO3 and water, and the
morphology and elemental composition of fine particles are changed. This effect can be attributed to the
formation of aerosol particles in the limestone and ammonia-based FGD processes. The performance of
the WFGD system for removal of fine particles can be significantly improved for both steam addition
cases, for which the removal efficiency increases with increasing amount of added steam. A high liquid
to gas ratio is beneficial for efficient removal of fine particles by heterogeneous condensation of water

vapor.

. Introduction

Fine particles (PM2.5) emitted from coal combustion are of envi-
onmental concern because they often consist of toxic components
nd can easily enter the human respiratory tract [1]. Although con-
entional dust removal devices such as electrostatic precipitators,
yclones and wet scrubbers have achieved high efficiencies, they
ace a strong challenge in reduction of PM2.5 emission. In prac-
ice, large amounts of fine particles are emitted into the ambient
ir, but increasing clean air demands require efficient removal of
ne particles from coal-fired flue gas. Control of fine particles by

mproving the removal effect of present flue gas cleaning systems,
nd developing multi-pollutant control processes would be a sig-
ificant technological achievement in this field.

At present, most large coal-fired power plants are equipped
ith WFGD systems downstream to an electrostatic precipitator.
s the scrubbing effects of reagent solution, particulate matter can

e removed simultaneously in a WFGD system. Wang et al. [2]
ave investigated the effectiveness of wet limestone-based FGD for
emoval of fine particles from a coal-fired power plant. The results
howed that the grade removal efficiency declined, as expected,

∗ Corresponding author. Tel.: +86 25 83795824.
E-mail address: ylj@seu.edu.cn (L. Yang).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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© 2009 Elsevier B.V. All rights reserved.

with decreasing particle size, and fine particles in the outlet of
the WFGD system comprised about 47.5% unreacted limestone and
7.9% gypsum product. Meij [3,4] found that after a wet limestone-
based FGD system, all of the particulate matter emitted could be
ascribed to PM2.5, and consisted of about 40% coal-fired fly ash,
10% gypsum particles and 50% evaporated droplets saturated with
gypsum. For a wet ammonia-based FGD, Yan et al. [5] reported that
the number concentration of PM2.5 in the outlet of the scrubber
was significantly higher than that in the inlet. Consequently, for
coal-fired power plants equipped with WFGD systems, both the fly
ash and aerosol particles formed during the SO2 absorption process
must be removed simultaneously. However, for the conditions pre-
vailing in a wet FGD scrubber, the particle impaction and separation
forces are weak for PM2.5, so that a considerable portion of these
particles may escape from the WFGD system, thus presenting an
extremely difficult air pollution control problem.

The removal efficiency of fine particles can be considerably
improved if they are enlarged by a pre-conditioning technique. One
approach to pre-conditioning is the heterogeneous condensation
of water vapor with fine particles acting as nucleation centers [6,7],
for which a supersaturated water vapor environment is required.

When the degree of supersaturation exceeds a critical value Scr,
the particles can be activated and grow into larger droplets that
can be efficiently removed by inertial effects. Heterogeneous
condensation of water vapor as a pre-conditioning technique
for fine particle removal has been investigated for decades [8,9].

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ylj@seu.edu.cn
dx.doi.org/10.1016/j.cej.2009.09.026
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ubmicron particles can be efficiently separated from saturated
arm gas streams in packed or sieve plate scrubbers trickled with

old water [10,11]. Heidenreich et al. [12,13] investigated the
emoval from saturated gas streams of submicron particles such
s residual particles, quartz particles, and paraffin oil droplets,
sing a cascade of packed columns trickled with water which was
lternately colder or warmer than the gas. Removal efficiencies
igher than 90% were achieved in this manner. However, these
rocesses cannot be directly applied to removal of fine particles
rom coal-fired flue gases, because either a large amount of steam

ust be added or the flue gas must be cooled significantly to
chieve a saturated vapor phase at the inlet of the scrubber, due
o the low moisture content and high temperature of flue gas
treams [14]. In a previous study, we calculated the moisture
ontent profiles of flue gas during scrubbing, and found that at the
onditions prevailing in a wet FGD scrubber an unsaturated humid
as stream can also achieve supersaturation by simultaneous mass
nd energy transfer between the gas and liquid phases [15].

Heterogeneous condensation as a pre-conditioning technique
s especially suitable for gas streams with high moisture content.
n the wet FGD process, the hot flue gas contacts normal tempera-
ure scrubbing liquid. Simultaneous mass and energy transfer takes
lace, causing the gas phase temperature to decrease and the liq-
id phase to evaporate, entering the gas phase. Consequently, the
elative humidity of flue gas can be greatly raised, allowing the flue
as after scrubbing approaches to be saturated with water vapor at
temperature of about 45–60 ◦C. Thus it is possible to produce a

upersaturated vapor phase by improving the operating conditions
f the WFGD system [15,16]. As soon as the degree of supersatu-
ation exceeds Scr, fine particles can be activated and subsequently
row to droplets with a size of some microns, which can easily
e separated by means of a standard inertial separator, such as a
et scrubber or demister. To improve the removal of fine particles

y heterogeneous condensation of water vapor in a WFGD system,
he effectiveness of the WFGD system for removal of fine particles,
nd the influence of SO2 absorbent species, liquid–gas ratio and the
mount of steam added were investigated in the present study.

. Experiments
.1. Experimental set-up

The experimental set-up is shown schematically in Fig. 1. Flue
as with volume flux 70 N m3 h−1 was generated by a coal-fired

Fig. 1. Schematic diagram o
g Journal 156 (2010) 25–32

boiler. Before entering a cyclone, the flue gas passed through a
buffer vessel, where a stirrer and an electric heater ensured con-
stant particle concentration and size distribution, and regulated the
temperature of the flue gas. In the cyclone, large particles with
aerodynamic diameter larger than 10 �m were separated from
the flue gas. Steam was injected into the humidity conditioner to
adjust the moisture content of the flue gas. Heat preservation was
used for the buffer, the cyclone, the humidity conditioner and the
pipelines. After passing through the humidity conditioner, the flue
gas entered a spray scrubber where it passed countercurrent to the
scrubbing liquid containing SO2 absorbent. The scrubber, which
was made of polycarbonate pipes and plates with excellent heat
resistance, was divided into an SO2 absorption zone and a con-
densational growth zone. The diameter and height of the scrubber
were 150 mm and 2500 mm, respectively. Two high-efficiency wire
mesh demisters were installed in the scrubber to remove the grown
droplets.

In the experiments, three kinds of SO2 absorbent, namely
Na2CO3, CaCO3 and NH3·H2O, were used to simulate the
double-alkali, limestone-based and ammonia-based processes,
respectively. The removal effect of water scrubbing was also inves-
tigated for comparison. A supersaturated vapor phase was achieved
in two ways. The first method was increasing the moisture content
of flue gas by injecting steam into the humidity conditioner (i.e. in
the gas inlet of the scrubber), in combination with gas–liquid mass
and energy transfer, to make the gas stream supersaturated in the
SO2 absorption zone. The second method was adding steam to the
cold, humid flue gas from which SO2 had been removed, to achieve
a supersaturated vapor atmosphere at the top of the scrubber.

2.2. Sampling and analytical methods

At the inlet and outlet of the scrubber samples of gas were
withdrawn isokinetically to measure particle size distribution
and concentration in real time, using an electrical low pressure
impactor (ELPI, Dekati Ltd., Finland). The ELPI has 13 stages (12
channels), and the measurement size range was 0.023–9.314 �m
aerodynamic diameter. Due to the high moisture content of the
sample gas stream, a special sampling set-up was used [14]. The

sample gas was routed through a sampling gun to a cyclone where
particles with aerodynamic diameter larger than 9.314 �m were
separated. The sample gas was then diluted with particle free, hot
dry air (dilution ratio 8.18:1) prior to entering the ELPI measure-
ment system. In this way condensation of water vapor on the wall

f experimental set-up.
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3–5 �m. It follows that efficient removal of fine particles can be
Fig. 2. Size distribution of coal-fired fine particles.

f sampling pipelines and on the impact plate of the ELPI was
voided.

The particle samples for morphology and elemental analysis
ere also taken isokinetically from the inlet and outlet of the scrub-

er, and were observed using field emission scanning electron
icroscopy/energy dispersive spectrometry (FESEM-EDS, Model

EI SIRION 200). SO2 concentration was measured using a Delta
000CD-IV flue gas analyzer (MRU GmbH, Germany).

.3. Coal-fired fine particles

Coal-fired fine particles were generated by a coal-fired boiler
urning anthracite. Fig. 2 shows the particle size distribution mea-
ured by the ELPI, and displays a unimodal distribution in the
umber concentration, which may be attributed to the combus-
ion condition, coal and boiler type employed. Yi et al. [17] found
hat the fine particles number size distribution shows a great dif-
erence among the power plants in China, and bimodal distribution
haracteristics is not evident for some power plants. In addition,
he unimodal distribution characteristics is also related to the
efinition of concentration (number concentration or mass con-
entration). In our experiments, the mass size displayed a bimodal
istribution occasionally. As can also be seen from Fig. 2, the fine
articles were mostly in the submicron size range with maximum
umber concentration at 0.07 �m, and the number concentrations
ere of the order (2.0–3.0) × 107 cm−3.

. Results and discussion

.1. Influence of WFGD system on morphology and elemental
omposition of fine particles

Fig. 3 shows SEM/EDS analysis results of fine particles before and
fter scrubbing. Most particles in the raw flue gas appeared to be
pherical, and the main elements were O, Al, Si and C, together with
esser proportions of Ca, S, Fe, K, Na etc. (the source of the Pt signal
s the platinum coating that was applied to the particle samples
or SEM analysis), as shown in Fig. 3(a). From these results, it can
e concluded that the coal-fired fine particles are mainly insoluble
luminosilicates, which are not perfectly wettable substances and

igher supersaturation is required to activate the particles [18].
ig. 3(b) shows that after the wet limestone-based FGD particles
ith block structure appeared, and the elemental concentrations of
a, S and O increased. This means that the fine particles at the outlet
f the limestone scrubber probably contained sulfates and sulfites,
g Journal 156 (2010) 25–32 27

and unreacted limestone. The micrograph in Fig. 3(c) indicates that
the particle morphology after ammonia-based FGD was markedly
different from that before scrubbing. Most particles had regular
crystal structures, with some fine particles adsorbed on their sur-
faces, and some cubic and prismatic crystals were formed, which
are normal crystal habits for (NH4)2SO4 and (NH4)2SO3. Moreover,
the elemental concentrations of S and O significantly increased,
and N was detected. These changes arise because before scrubbing
the fine particles are mostly submicron coal-fired fly ash particu-
lates, formed primarily by vaporization–condensation as spherical
structures [19]. During the ammonia-based process, however, crys-
talline particles such as (NH4)2SO3, NH4HSO3 and (NH4)2SO4 can
be formed through chemical reaction between SO2 in the flue gas
and gaseous ammonia volatilized from ammonia solution [20,21].
In addition, the solid particles can also be generated by evaporation
of salt solution droplets under the effect of the hot flue gas. When
Na2CO3 was used to remove SO2 from flue gas, the morphologi-
cal characteristics of the fine particles were not distinctly different
from that of water scrubbing, but the elemental concentrations of
Na, S and O were somewhat increased.

3.2. Effectiveness of WFGD system for removal of fine particles

The fine particle number removal efficiencies for the WFGD sys-
tem are given in Fig. 4. In these experiments, the liquid to gas ratio
(L/G) was 15 L N m−3, and the initial particle number concentra-
tion (CN) was about (2.0–3.0) × 107 cm−3. It can be seen that the
effectiveness of the WFGD system for removal of the fine particles
was related principally to the reagent employed, and the effect of
liquid-to-gas ratio seems to be relatively weak except for NH3·H2O
as reagent. The removal efficiency for the wet limestone-based pro-
cess was lower than that for water scrubbing. This can probably be
attributed to the presence of sulfate and sulfite products, and to the
unreacted limestone particulate matter in flue gas, leading to the
increase of fine particle concentration. The double-alkali process,
using Na2CO3 as SO2 absorbent, has some ability to remove fine
particles, which is only slightly lower than that of water scrubbing
under the same conditions. This is due to the fact that the solu-
bility of sodium salts is much higher than that of calcium salts, so
that they form crystals with difficulty and the particle number con-
centration does not increase significantly. For the ammonia-based
process, the negative removal efficiencies reflect the formation of
fine particles across the scrubber. However, the extent of fine parti-
cle formation decreases with an increase in L/G. The reason for this
trend is that the mole ratio of NH3 to SO2 was kept constant in the
experiments, so that the concentration of ammonia in solution was
reduced and NH3 thus volatilized to a lesser extent with increasing
L/G, and fewer aerosol particles were formed.

3.3. Improved removal of fine particles by heterogeneous
condensation

In coal-fired power plants equipped with the WFGD system,
the aerosol particles formed during the SO2 absorption process
must be removed in addition to the fly ash. From Fig. 4 it is appar-
ent that the effectiveness of the WFGD system for removal of fine
particles is limited. In general, conventional wet FGD systems are
relatively inefficient in removing PM2.5, whereas removal efficien-
cies of 70–80% can be achieved for particles with size larger than
attained if the fine particles are enlarged to a size of the order
several microns by a pre-conditioning technology. For the WFGD
system heterogeneous condensation of water vapor, with the fine
particles acting as nucleation centers, is especially suitable for this
purpose, and may be realized in two ways, as follows:
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submicron particles can be enlarged to droplets with mean diame-
ig. 3. SEM/EDS analysis results of fine particles from WFGD inlet and outlet flue ga
H3·H2O solution scrubbing.

1) Condensational growth and removal of fine particles in the SO2
absorption zone.

To illustrate the degree of supersaturation achieved by com-
bining steam addition to the inlet flue gas with gas–liquid mass
and energy transfer, numerical calculations of saturation pro-
files in the SO2 absorption zone were performed, assuming that
the particle number concentration CN is 2.0 × 107 cm−3, and
neglecting the formation of aerosol particles during desulfur-
ization. Fig. 5 gives the saturation profiles for different amounts
of added steam, where the inlet gas temperature TG,in is 120 ◦C,
the inlet scrubbing liquid temperature TL,in is 40 ◦C, and the
liquid–gas ratio L/G is 15 L N m−3. The result shows that the
gas is unsaturated for conventional SO2 absorption without
steam addition. Supersaturation in the SO2 absorption zone can

be achieved by introducing sufficient steam into the inlet gas.
With addition of 0.06 kg steam per N m3 flue gas, the maxi-
mum supersaturation of about 1.35 can be achieved. As soon
as the supersaturation of the vapor phase exceeds the corre-
sponding critical value, the fine particles will be activated and
FGD inlet, (b) WFGD outlet with CaCO3 slurry scrubbing and (c) WFGD outlet with

grow to larger droplets. The resulting droplets can be effectively
removed by the scrubbing liquid and demister.

(2) Condensational growth and removal of fine particles in the top
of the scrubber.

During wet FGD the relative humidity of flue gas can be greatly
increased, allowing the gas, from which SO2 has been removed,
approach to be saturated with water vapor at about 45–60 ◦C.
Hence, a supersaturated vapor phase can be attained by adding
a little steam to the high-humidity gas stream. Heidenreich and
Ebert [6] have shown that with a mass of condensable water vapor
of 5.5 g m−3 and particle number concentration 1.0 × 105 cm−3, the
ter 3 �m within 30–50 ms. Therefore, the space for condensational
growth of fine particles could be a small zone as a result of the high
growth rates, which offers the possibility of using the upper zone
above the scrubbing liquid inlet of the scrubber as a condensational
growth chamber.
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Fig. 5. Saturation profiles in SO2 absorption zone at different amounts of added

F
(

ig. 4. Removal performance of WFGD system on fine particles at L/G = 15 L N m−3,
N ≈ (2.0–3.0) × 107 cm−3.

.3.1. Grade removal efficiency
Fig. 6 shows the grade number removal efficiency of fine parti-

les by the WFGD system for three cases, which can be described as

ithout steam addition, steam addition in the gas inlet, and steam

ddition above the scrubbing liquid inlet. For the cases with steam
ddition, the amount of steam added, ms, was 0.06 kg steam per
m3 dry flue gas, in both cases. It is obvious that the effectiveness

f WFGD system for the removal of fine particles, especially sub-

ig. 6. Fine particle grade removal efficiency by WFGD system with different reagents at
b) Na2CO3 solution scrubbing, (c) CaCO3 slurry scrubbing and (d) NH3·H2O solution scru
steam under the following conditions: CN = 2.0 × 107 cm−3, TG,in = 120 ◦C, TL,in = 40 ◦C,
L/G = 15 L N m−3.

micron particles from 0.1 to 1.0 �m in diameter, was significantly
improved for both steam addition cases. The reason is that super-
saturated vapor phase, necessary for the condensational growth of
fine particles, can be achieved either in the SO absorption zone or
2
at the top of the scrubber. Thus vapor can be condensed on the par-
ticle surface, and the enlarged particles can be effectively removed
by inertial forces.

L/G = 15 L N m−3, CN ≈ (2.0–3.0) × 107 cm−3, ms = 0.06 kg N m−3. (a) Water scrubbing,
bbing.
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Moreover, it can be seen from Fig. 6 that smaller particles
<0.1 �m) have low removal efficiency, not only before steam addi-
ion also after steam addition. For the former case, it may be related
o the size distribution characteristics of the particles employed,
hich is mostly in size below 0.1 �m with a maximum number

oncentration at 0.07 �m, as shown in Fig. 2. On the one hand,
he removal effect of scrubbing liquid and demister on small par-
icle (<0.1 �m) increases with decreasing particle size due to the
nhancement of diffusional forces. On the other hand, the particle
umber concentration can also be reduced by Brownian coagula-
ion, which is most noticeable in the size range of 0.07–0.1 �m as a
esult of high number concentration. Wang et al. [2] also obtained
imilar results by investigating the removal effect of WFGD system
n fine particles from a coal-fired power plant. Kim et al. [22] found
hat the particles smaller than 0.1 �m tend to collide and adhere
nto larger particles by mechanisms of diffusional deposition and
rownian coagulation. For the cases with steam addition, heteroge-
eous condensation of vapor causes the fine particles to grow into

arger droplets, and the water vapor is more susceptible to conden-
ate on the larger particle and hence the vapor amount condensated
ncreases with the initial particle size. However, further studies will
till be needed to confirm the results by investigating the influence
f particle size distribution on grade removal efficiency using other
article source.

Fig. 6(a–d) also indicates that with steam addition the fine par-
icle removal efficiency with Na2CO3 reagent is higher than those
ith CaCO3 and NH3·H2O reagents, which is the same as that with-

ut steam addition (see Fig. 4). When using Na2CO3 to remove SO2
rom flue gas, nearly all of the sodium salt products, such as Na2SO4
nd Na2SO3, are dissolved due to their high water solubility, so that
o aerosol particles are formed in the scrubber. However, when
aCO3 is used as the reagent the product sulfates and sulfites tend
o form fine crystals as a consequence of their slight solubility in
ater, and unreacted limestone particulates can also be present.

he fine particles in flue gas are then a mixture of sulfates, sulfites,
nreacted limestone and coal-fired fly ash. For NH3·H2O reagent,
rystalline particles such as (NH4)2SO3, NH4HSO3 and (NH4)2SO4
ay be formed mainly through gas phase reaction between SO2

n the flue gas and gaseous ammonia volatilized from ammonia
olution, and most particles formed can be ascribed to PM2.5, as
hown in Fig. 6(d). Consequently, the fine particle number con-
entration for CaCO3 and NH3·H2O reagent is higher than that
or Na2CO3 reagent. With an increase in the particle number, the
mount of condensable water vapor is distributed among more par-
icles and the droplets grow to a smaller size. Since the inertia of
roplets decreases with decreasing size, the removal efficiency of
he droplets by the scrubbing liquid and demister is lowered.

.3.2. Influence of the amount of added steam
Fig. 7(a and b) shows the total number removal efficiency of

ne particles by the WFGD system with steam addition in the gas
nlet and above the scrubbing liquid inlet, respectively. The removal
fficiency appears to increase slightly (except with NH3·H2O as
eagent) when the amount of steam added is less than 0.02 kg m−3,
nd then to increase rapidly. For example, when the amount of
team added in the gas inlet increases from 0.02 to 0.08 kg N m−3,
he removal efficiency increases from 50% and 40%, to 85% and
7% for Na2CO3 and CaCO3 reagent, respectively. With increasing
team addition both the degree and the zone of supersaturation
ise, leading to the amount of condensable water vapor increasing.
onsequently, the more steam that is added, the larger the con-

ensational droplets will be and the easier they can be removed
y inertial forces. Moreover, due to the formation of aerosol parti-
les in the limestone and ammonia-based processes, the removal
fficiency is lower than those with Na2CO3 reagent and water
crubbing. Yan et al. [14] have shown that removal efficiencies
Fig. 7. Removal efficiency of fine particles as a function of the amount of steam
added at L/G = 15 L N m−3, CN ≈ (2.0–3.0) × 107 cm−3. (a) Steam addition in the gas
inlet and (b) steam addition above the scrubbing liquid inlet.

higher than 50–60% can be achieved for coal-fired fine particles
with mean diameter 0.30 �m at 0.15 kg N m−3 steam addition. In
their experiments, a heterogeneous condensational chamber was
set upstream to the wet scrubber, and the fine particles were
first enlarged by heterogeneous condensation of water vapor then
removed by the wet scrubber. On the basis of the results obtained
with the present novel process, it is clear that the amount of steam
added can be significantly reduced. The main advantage of steam
addition in the gas inlet of scrubber is that not only supersaturation
and subsequently particle condensational growth can be realized,
but also removal of the grown droplets takes place simultaneously.
For the case of steam addition above the scrubbing liquid inlet, a
high-efficiency demister is necessary.

Fig. 7(a and b) also indicates that when NH3·H2O is used as
reagent, the removal efficiency of fine particles increased rapidly
from about −40% to more than 40% with addition of 0.02 kg N m−3

steam. The reason is that a large quantity of soluble salts such as
(NH4)2SO3, NH4HSO3 and (NH4)2SO4 can be formed during the
ammonia-based FGD process, so the fine particles are actually a
mixture of coal-fired fly ash and water-soluble ammonium salt par-
ticles. Due to the reduction of the vapor pressure caused by the

solution effect, soluble particles can be activated at a much lower
degree of supersaturation compared with insoluble particles. In a
high humidity environment, soluble particles can deliquesce and
gradually form solution droplets by absorbing moisture from the
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rises with increasing amount of added steam. Number concen-
ig. 8. Removal efficiency of fine particles as a function of liquid-to-gas ratio at
s = 0.06 kg N m−3, CN ≈ (2.0–3.0) × 107 cm−3. (a) Steam addition in the gas inlet and

b) steam addition above the scrubbing liquid inlet.

as, so that condensational growth can occur under unsaturated
onditions [23,24]. Fan et al. [25] found that higher mass content
f the soluble salt favors the growth of the embryo droplet. For
ther reagents, however, the fine particles are all insoluble and a
igher degree of supersaturation is required. In that case addition
f 0.02 kg N m−3 of steam is insufficient to activate the insoluble
articles.

.3.3. Influence of liquid-to-gas ratio
In the WFGD process the liquid-to-gas ratio is an impor-

ant operational parameter that can influence SO2 removal and
as–liquid mass and energy transfer characteristics. The number
emoval efficiencies of fine particles for steam addition in the gas
nlet and above the scrubbing liquid inlet are shown in Fig. 8(a
nd b) as a function of liquid-to-gas ratio. It is apparent that par-
icle removal efficiency increased with increasing liquid-to-gas
atio for both cases of steam addition. For example, when using
a2CO3 as reagent, with an increase in liquid-to-gas ratio from
.0 to 20 L N m−3 the removal efficiency increased from 54% to
6% and 84%, for steam addition in the gas inlet and above the

crubbing liquid inlet, respectively. In both cases, a supersaturated
apor phase can be achieved in the scrubber and the effectiveness
f the WFGD system for removal of fine particles is improved by
eterogeneous condensation of water vapor. For the former case,
g Journal 156 (2010) 25–32 31

higher liquid-to-gas ratio intensifies the energy and mass transfer
between the scrubbing liquid and the gas stream, thus the degree of
supersaturation of the vapor phase increases and particle enlarge-
ment by heterogeneous condensation is enhanced. Consequently,
the removal of fine particles is improved. For the latter case, the
temperature of the flue gas at the outlet of the SO2 absorption
zone decreases with increasing liquid-to-gas ratio. In the experi-
ments, the gas temperature of condensational growth zone was in
the range of 45–60 ◦C, which accords with the flue gas tempera-
ture at the outlet of desulfurization towers in power plants. With
the same moisture content of gas stream, the degree of supersat-
uration increases as the gas temperature decreases, more particles
are activated, and the amount of condensable vapor for each par-
ticle increases. Thus the removal efficiency by inertial forces is
improved.

By contrast, the fine particle removal performance is scarcely
influenced by the liquid-to-gas ratio without steam addition,
except for NH3·H2O as reagent (see Fig. 4). This can be attributed
to the difference in the particle removal mechanism. Without
steam addition, the fine particles with sizes mostly in the submi-
cron range (see Fig. 2) are removed mainly by diffusional forces,
and the effect of liquid-to-gas ratio is relatively unimportant. For
NH3·H2O reagent, the increased removal efficiency with increase in
the liquid-to-gas ratio is due to the decreased formation of aerosols
in the SO2 absorption process, as discussed in Section 3.2. The
influence of the liquid-to-gas ratio is thus related to occurrence
of heterogeneous condensation in the scrubber. When the flue gas
achieves supersaturation and fine particles can be enlarged by het-
erogeneous condensation, a high liquid-to-gas ratio is beneficial to
the removal of fine particles.

Additionally, it is also necessary to investigate the influence
of the temperature of condensation growth zone on the removal
efficiency. On the one hand, Scr necessary for heterogeneous con-
densation of water vapor on particle surface would decrease with
the increase in temperature. On the other hand, the supersaturation
degree decreases with increasing temperature when the addition
amount of water vapor keeps constant. However, it was impossible
to perform such research based on the experimental system shown
in Fig. 1.

4. Conclusions

A novel process to improve the effectiveness of the WFGD sys-
tem for removal of fine particles is presented, based on enlargement
of fine particles by heterogeneous condensation of water vapor. To
achieve a supersaturated vapor phase in the SO2 absorption zone
and at the top of the wet FGD scrubber, steam was injected into
the gas inlet and above the scrubbing liquid inlet of the scrubber.
Experimental results indicate that the SO2 absorbents used have
an important influence on the effectiveness of the WFGD system
for removal of fine particles. Use of CaCO3 and NH3·H2O to remove
SO2 from flue gas gives fine particle removal efficiencies lower than
is attained by use of Na2CO3 and water scrubbing. The lower fine
particle removal efficiencies are a consequence of the formation of
aerosols in SO2 absorption process. Moreover, the morphology and
elemental composition of the particles are changed. A supersatu-
rated vapor phase, necessary for the condensational growth of fine
particles, can be achieved by means of steam addition in the gas
inlet or above the scrubbing liquid inlet of the scrubber, and both
coal-fired fly ash and aerosol particles formed in the SO2 absorp-
tion process can be efficiently removed. The removal efficiency
tration removal efficiencies of at least 60–70% can be attained by
adding 0.06 kg steam per N m3 flue gas. The influence of liquid-to-
gas ratio is related to occurrence of heterogeneous condensation
in the scrubber. When the flue gas becomes supersaturated and
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ne particles can be enlarged by heterogeneous condensation, a
igh liquid-to-gas ratio is beneficial to the removal of fine parti-
les. The novel process offers the fundamentals of simultaneous,
fficient removal of coal-fired fly ash and aerosol particles formed
n SO2 absorption. It has a high potential for industrial application
y incorporation in the WFGD process, and exhaust steam and sec-
ndary steam from power plants can be used as vapor source when
he technique is used in a real coal-fired power plant. To develop
he novel technology, the experiments were also carried out using
rotating-stream-tray scrubber, and the results indicate that the

emoval performance of WFGD system on fine particles can also
e improved by heterogeneous condensation. Additionally, further
tudies are planed to investigate the influence of particle size dis-
ribution and the temperature of condensation growth zone on
emoval efficiency.
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