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Abstract
The absorption rate of sulfur dioxide into aqueous suspensions of lignite fly ash was experimentally investigated using labscale continuously stirred tank reactor. The effects of SO2 inlet concentration, suspension concentration, and temperature
were evaluated and reported. Concurrent gas absorption and alkalinity leaching from ash particles produced 1.5 to 4.0
times higher concentrations of Ca and Mg alkalinity and thus much higher SO2 removal capacity compared to consecutive
leaching and gas absorption due to the role of pH and chemical changes associated with it. Data on SO2 solubility in ash
suspension and pH as well as stoichiometric relations among chemical reactions are used to correlate absorption rate to
alkaline metals leaching rate. Initial absorption was found to be a function of inlet SO2 concentration and independent of
suspension concentration due to quick surface leaching. In the later stages, the absorption rate becomes a strong function of
the leaching rate connected to alkalinity release from the interior surfaces of ash particles.
© 2020 Jordan Journal of Earth and Environmental Sciences. All rights reserved
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1. Introduction
Fly ash is a problematic fine powder waste captured by
air-pollution control equipment after fossil fuel combustion
processes in power plants and other industrial activities. Due
to its physical and chemical properties as well as massive
production rate, this material threatens human health and all
elements of the environment making fly ash management
with safe disposal a big challenge (Baig and Yousaf, 2017;
Blissett and Rowson, 2012). Several hundred million tons of
fly ash are produced annually from power plants worldwide,
with less than 50% being utilized and reused, mostly in civil
engineering (construction) and agricultural (ameliorating soil
conditions) applications (Yao et al., 2015). Fly ash particles
captured by air pollution collection devices are transported
via wet sluicing to lagoons, dry handling to landfill or reuse
destination (Ritter, 2016; Ahmaruzzaman, 2010).
However, fly ash has the potential to be a resource
material rather than being solely a hazardous waste. It can be
used as raw material for geopolymers having adsorption and
ion exchange properties to remove many air and water and
wastewater pollutants (Ge et al., 2018; Blissett and Rowson,
2012; Swanepoel and Strydom, 2002). One practical and
sustainable option for the power industry is the recycling
and utilization of fly ash as scrubbing medium in both
wet and dry flue-gas desulfurization (FGD) systems. Fly
ash is known to provide alkaline species upon leaching in
water which are capable of neutralizing acidic stack gases,
particularly, SO2, and the material has attracted researchers
over the past decades (Li et al., 2008). This capability
has been investigated, particularly by using fly ash as an
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inexpensive supplement to lime or seawater in conventional
wet scrubbing systems, or as the sole absorbent for FGD
of low-sulfur power plants (International Energy Agency,
2020; Back et al., 2019; Liao et al., 2012). More research is
needed for a better understanding of the kinetics of sulfur
dioxide scrubbing in fly ash media in order to design and
optimize the scrubbing process system. The main objective
of this study is to evaluate the rate of SO2 absorption into fly
ash suspensions at key operating conditions in a three-phase
stirred tank slurry reactor. A theoretical chemical and mass
transfer analyses are used to arrive at a simple correlation
for the rates of simultaneous alkalinity leaching and gas
absorption processes.
2. Methodology
Fly ash from lignite coal is used as a source of alkalinity.
The chemical composition for the ash used in this study is
given in Table 1 (Al-Haj Ali, 1989). A stirred vessel was used
to carry out both leaching and gas absorption experiments.
The reactor consisted of a four-liter vessel of Pyrex glass, 14
cm in diameter and 34 cm in height equipped with a fourbladed turbine impeller which is 6.4 cm in diameter and 1.27
cm in width. The impeller was fitted by a 1.27 cm motor
shaft which, in turn, was fitted by a mechanical seal and
bearings to the reactor cover. The cover was provided with
adequate ports for feeding the solid particles, temperature
measurement, liquid sampling and gas exit. The cover, shaft,
turbine, sparger, sampling pipe and fittings were all stainless
steel. A schematic diagram illustrating the experimental
setup is shown in Figure 1
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Table 1. Chemical composition (weight percent) of fly ash size cuts used in the study
SiO2

Al 2O3

Fe2O3

CaO

MgO

Na2O

K 2O

TiO2

MnO2

P 2O 5

LOI*

53-63μm

48.0

22.2

5.83

12.7

4.31

2.00

1.22

0.77

0.01

0.26

0.82

63-75μm

47.3

22.0

6.49

12.9

4.44

2.01

1.22

0.78

0.02

0.26

0.83

*Loss on Ignition

For absorption experiments, SO2 was diluted in
nitrogen to the desired inlet gas concentration by setting the
appropriate flow rates of SO2 while maintaining the flow rate
of nitrogen constant. Gases were fed to the reactor by means
of a 0.5 cm diameter stainless steel ring sparger installed
through the reactor cover. Before that, they passed through
a long tubing to allow for better mixing. The sparger ring
was provided with sixteen perforations, 0.05 cm diameter
each. Each gas was delivered at 1.36 atm. For leaching
experiments, only nitrogen was allowed to pass through the
reactor. SO2 and N2 flow meters were calibrated by the soapbubble method and wet-test meter, respectively. Effluent
gases from the reactor were passed through a twenty-liter
container with 20% sodium hydroxide to remove unreacted
SO2, followed by a vent to allow non-absorbed gases to pass
to the fume hood.

cover and it was completed within ten to twenty seconds.
Samples were withdrawn from the reactor at the desired
times (3, 5, 10, 15, 30, 45, 60 min … etc.) through a sampling
pipe into a vacuum filtration system. About 5-10 cm3 of
filtrate were collected through 0.45μm pore-size membranes
into a screw-capped test tube. Part of the filtrate was used
to measure the leachate pH and the rest was used for the
determination of dissolved metal concentrations.
Three types of analyses were performed on liquid
samples, namely, determination of dissolved Ca or Mg
concentrations released during leaching, both in the
absence and the presence of gas absorption using a Perkin
Elmer atomic absorption spectrophotometer; determination
of concentrations of absorbed sulfur S(IV) species was
done using iodometric titration, and measurement of pH
was conducted using a digital pH meter. The chemical
composition of ash particles (expressed as weight percent
of CaO and MgO among other components) are conducted
using X-ray spectrophotometry. The composition of the gas
feed to the reactor was analyzed by a Hewlett Packard gas
chromatography Model 5890A to verify the percentage SO2
in the N2/SO2 mixture set by adjusting the individual gas
flow rates (Al-Haj Ali, 1989).
3. Results and Discussion

Figure 1. Schematic diagram illustrating the experimental setup.

A variable speed stirrer capable of providing up to 2000
rpm of impeller speed was used. The speed was adjusted and
monitored using a strobe light. All the reactor experiments
were carried out at a constant temperature. Isothermal
conditions were maintained by immersing the reactor in a
constant-volume water bath. For the leaching experiments,
the pH of the water was adjusted to the desired level prior to
the addition of the solids. For the absorption experiments, the
pH of the water was not adjusted; rather it remained in the
range of 5.4-5.6 due to the acidic nature of aqueous species
present. The suspension pH was not controlled in order to
quantify the changes caused by ash leaching, gas absorption
or both. Initial pH was adjusted to 2.0 or 6.0 for leachingonly experiments (without SO2 absorption) using 2.0 N nitric
acid.
Ash suspensions were prepared by the addition of an
accurately weighted amount of ash powder to a volume of 2
L of distilled water in the reactor at the desired conditions of
the experiment (stirring, temperature and initial pH). Solids
were fed by a funnel through a designated port in the reactor

In the absence of SO2 gas, leaching experiments in the
reactor at specified conditions produced the results shown
in Table 2. The alkaline species leached out in significant
amounts from fly ash particles are Ca and Mg cations, with
Na and K cations being undetectable. Lower pH is favorable
to dissolve more Ca and Mg due to the effect of acid-base
interaction, which is also confirmed in other reported
studies (Gao et al., 2011; Gitari et al., 2009). Dissolved
calcium concentrations produced are quite higher than those
of magnesium, an observation which can be explained by
the fact that calcium hydroxide is far more soluble in water
than magnesium hydroxide. The solubility product (Ksp) of
Ca(OH)2 at 25⁰C is 5.02 x10 -6 mol/L compared to 5.61 x10 -12
mol/L for Mg(OH)2 (Lide, 2003). Therefore, these two metal
ions are responsible for the alkaline character of the ash
suspensions.
Table 2. Concentrations of dissolved alkaline metals after 60
minutes of leaching in reactor
Cation

Concentration (mg/L)
pH 2.0

pH 6.0

2+

164

55

Mg2+

35

1

Na+

nil

Nil

K+

nil

Nil

Ca
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Results of concentration (for dissolved sulfur or Ca
and/ or Mg) versus time obtained from experiments on SO2
absorption into pure water as well as leachate (solid-free)
and suspensions of fly ash will be presented and discussed
to illustrate the effect of selected operating conditions
on gas absorption rate. A theoretical analysis will also be
presented and applied to the experimental data. The total
concentration of S(IV), including both concentrations
of unhydrolyzed SO2(aq) and bisulphite ions (HSO3-), was
determined experimentally by the iodometric titration. Since
the reactor was purged with nitrogen before the SO2 flow
started and there was no oxygen in the feed gas, no oxidation
took place in the reactor and, therefore, no sulphate (SO42-)
was formed. The ash powder was added three minutes before
SO2 was sparged in and the pH increased to around 10. All
experiments showed that as soon as the gas was introduced
into the liquid phase, the suspension pH dropped sharply
due to the rapid absorption of SO2, and then it stabilized at a
value in the range of 5.4-5.6, which is considered to be initial
pH for absorption study. The pH profiles of the three-phase
system during simultaneous leaching and gas absorption
under selected process parameters are reported.

conditions including the temperature level. Due to the
insignificant influence of temperature on the absorption rate,
the process can be assumed to be controlled by mass transfer
rather than chemical reaction kinetics. Further experiments
were conducted at 40°C.
3.2 Absorption in Water, Clear Solution, and Suspension

The results of absorption experiments using the three
different media are shown in Figure 3. In one experiment,
inlet concentration of SO2 of 0.5 mol % was allowed to
equilibrate with distilled water in the stirred tank reactor at
40°C. The solution is saturated with dissolved unhydrolyzed
SO2 and bisulphite ions [total S(IV)] in 20-30 min levelling
off at 11 mmol/L. Another absorption experiment was
carried out in which the absorbing medium is a clear solution
of ash leachate. A leaching-only experiment was conducted
in the reactor using 10 g ash/L at initial pH of 5.5 and 40°C
for sixty minutes. The suspension was filtered, ash particles
were discarded, and a filtrate was added to the reactor as a
medium for SO2 absorption. The S(IV) concentration leveled
off at 45-60 minutes at 21 mmol/L, twice as much as S(IV)
in water.

3.1 Effect of Temperature

The effect of suspension temperature on the total
concentration of aqueous sulfur, S(IV), obtained by the
absorption of SO2 into lignite ash suspensions is shown in
Figure 2. The experiments were carried out at 20, 40, and
55°C while keeping the suspension concentration at 10 g/L
and the SO2 inlet concentration at 0.5 mol %. S(IV) values
obtained at 55°C are slightly less than those obtained at lower
temperatures, which can be attributed to lower gas solubility
at the gas-liquid interface. Other studies also indicated that
the negative effect of temperature on SO2 solubility is slightly
higher than its positive effect on diffusivity (Ma et al., 2019).
Figure 3. Comparing SO2 absorption into water, leachate solution
and suspension.

Figure 2. Effect of suspension temperature on absorbed S(IV)
concentration.

Temperature is expected to have a dual effect on the
overall process of SO2 removal by suspensions of sparingly
soluble solids. The dissolution of alkaline compounds in the
solid particles gets a small enhancement as temperature is
increased due to the increase in their solubility and ionic
diffusivities, while the solubility of the gas is decreased by
about 50% when the temperature is increased from 20°C to
40°C. The outcome of these two opposing effects will depend
on the characteristics of the medium and the experimental

In a third experiment, concurrent leaching from suspension
(at 10 g/L) and gas absorption are allowed to proceed for the
same conditions above. It can be seen that during the first 1015 minutes of contact, the rate of absorption was the same
regardless of the type of absorbing medium as indicated by
the initial slopes. After sixty minutes, the solution of leachate
solution absorbed twice as much SO2 as pure water at the given
conditions. When ash suspension was allowed to release the
alkalinity simultaneously with absorption, the amount of the
gas absorbed after sixty minutes (and later times) increased to
more than four times as much as that of the solid-free leachate
solution. This large difference in the absorption capabilities
of the suspension and leachate reflects a corresponding large
difference in the amount of available soluble Ca and Mg. Since
this alkalinity is produced by the continuous dissolution of the
alkaline metals in the ash, the concurrent use of a suspension
rather than a leachate solution is necessary to enhance
leachable alkalinity and maximize the scrubbing ability of
the ash. In order to achieve this, the conditions that favor
the dissolution of Ca and Mg, in particular, high suspension
concentration and a lower pH, should be maintained.
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3.3 Effect of Suspension Concentration

The effect of ash suspension concentration or slurry
density on the change of S(IV) concentration with time
is shown in Figure 4. The inlet SO2 concentration was
kept constant at 0.5 mol %. In the first 20-30 minutes, gas
absorption capability of the suspension is quite independent
of the amount of solids present due to the readily soluble
and sufficient Ca and Mg released from external particle
surfaces. After this initial period, S(IV) concentration
increased gradually with the increasing of suspension
concentration (5, 10 and 20 g/L) to level-off at different
times depending on the quantity of alkalinity provided by
each suspension concentration. The same trend is reported
by Liao et al. (2012) who experimentally studied the SO2
removal in coal fly ash slurries.

Figure 5. (a, b). Concentrations of Ca and Mg released from ash
suspensions during SO2 absorption.

Figure 4. Effect of suspension concentration on the amounts of
S(IV) absorbed.
3.4 Comparing Leached Metal Cations with and without
Absorption

The concentrations of Ca and Mg species released
from ash during SO2 absorption at different suspension
concentrations are shown in Figure 5 (a,b). To further
illustrate the significant differences between gas absorption
capabilities of concurrent absorption/ leaching and leaching
prior to absorption, the concentrations of Ca or Mg released
from ash in the absence of SO2 are plotted in Figure 6 (a,b).
A comparison of data in these two Figures indicate that
the concentrations of metals released during absorption
increased by a factor of 1.5- 2.0 and 1.5- 4.0 times for Ca
and Mg, respectively compared to those in the absence of
SO2. This comparison is based on values obtained at contact
times at 60 and 180 minutes, when the curves started to level
off. Moreover, dissolution of Ca and Mg in the presence of
absorbed SO2 continued for much longer times before the
concentrations reached a constant value. The large increase
in dissolved Ca and Mg concentrations can be explained by
fast chemical reactions between acidic species produced by
the hydrolysis of SO2 (bisulphite ions) with alkaline metal
ions (Ca2+ and Mg2+). These reactions are given and discussed
later along with the effect of pH on the concurrent leaching
and absorption processes.

Figure 6. (a, b). Concentrations of Ca and Mg released from ash
suspensions prior to SO2 absorption.
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3.5 Effect of SO2 Inlet Concentration

Results of S (IV) concentrations versus absorption
time at three different SO2 inlet concentrations (expressed
as mol percent SO2 in N2/SO2 mixture) and constant
suspension concentration (10 g/L) are plotted in Figure
7. At any given time, S (IV) increased with increasing the
SO2 gas inlet concentration since more SO2 will dissolve
in solution accordingly. Similar results are reported in the
literature including those of Ma et al. (2019) who studied SO2
scrubbing by seawater and Liao et al. (2012) who studied the
SO2 removal in fly ash slurries at inlet gas concentrations
1000-10000 mg SO2/m3.
A reactor model based on mass balance is useful in
expressing initial absorption rates, at which most of the gas
is removed in the early stages of the process. Based on the
assumption of a well-mixed gas phase, a mass balance for
SO2 over the entire gas volume in the reactor, Vg, at any time,
t, gives:
Q Cgf - Q Cg - r V L = Vg (dCg/dt)

(1)

concentration vs. time lines shown in Figure 8 (a), which are
calculated by linear regression (equations and correlation
coefficients given on the Figure), then plotted against the
inlet SO2 concentrations as shown in Figure 8 (b). The slope
of the resulting line is 3.0 min-1 (also from linear regression),
which is close to the ratio of Q/V L= 6.5 L.min-1/ (2L), or
3.25 min-1. Furthermore, equation (4) suggests that as long
as the SO2 removal is close to 100%, the rate of absorption
does not depend on the absorption medium. This conclusion
is essentially confirmed by the values of the initial rates
obtained from a number of representative experiments,
which are presented in Table 3. It is important to note that
these initial rates were obtained at high levels of solution pH
which prevailed at the beginning of the experiments.
Table 3. Initial rates of SO2 absorption for different media and
conditions
SO2 Inlet Concentration

Medium*

Initial Rate
(mmol/L/min)

0.5 mol % (0.005 atm = 0.195
mmol/L)**

Pure water

0.76

0.5 mol %

Clear leachate
solution

0.81

0.5 mol %

Suspension at
10 g/L

0.79

0.5 mol %

Suspension at
20 g/L

0.80

1.0 mol % (0.010 atm = 0.390
mmol/L)

Suspension at
10 g/L

1.52

1.5 mol % (0.015 atm =
0.585 mmol/L)

Suspension at
10 g/L

2.00

*Other conditions were fixed

3.6 The Role of pH

Figure 7 Effect of SO2 inlet concentration on the amounts of S(IV)
absorbed.

The accumulation term (dCg/dt) can be neglected because
of the small values of both the gas volume, Vg, and the rate of
change in the gas concentration with time. The gas volume
(or holdup) in the reactor was estimated to be about 100
cm3 which is only 5% of the liquid volume (2 L). Also, the
variation of exit gas-phase concentration, Cg, with time is not
high especially at the later stages of absorption, thus:
Cgf - Cg = r (V L/Q) = V L/Q (dCT/dt)		

(2)

Cg = Cgf - (V L/Q) (dCT/dt) 		

(3)

When the percentage of SO2 removal [calculated as {(Cgf
- Cg)/ Cgf} x100%] is close to 100 %, the exit concentration
of SO2 is very small compared to the inlet concentration;
therefore, Cg can be neglected. In general, SO2 removals
efficiencies close to 100% were obtained during the initial
stage of absorption when the liquid phase contained
abundant alkalinity. Assuming that the gas is well-mixed,
the absorption rate is given by:
dCT/dt = Q (Cgf/V L) 			(4)
The equation above suggests that if the volume of
the liquid and the volumetric flow rate are fixed, initial
absorption rate depends only on the concentration of SO2
in the feed. This is demonstrated by the slopes of S(IV)

** Using ideal gas law

The values of pH during SO2 absorption into ash
suspensions are given in Table 4 at different ash suspension
concentrations and SO2 inlet concentrations. It can be seen
that during the initial stage of absorption, there was a sharp
drop in the pH which lasted for few minutes, after which the
suspension pH stabilized at a value in the acidic range for the
rest of the experiment. This relatively constant pH level is the
resultant of the effects of the two concurrent processes of gas
absorption and leaching of alkaline metals. The hydrolysis
of absorbed (aqueous) SO2 to bisulphite ions results in
producing constant supply of hydrogen ions which will drive
dissolution of alkaline metal oxides through reaction with
hydroxide ions produced by the alkalinity leaching process.
Maintaining a low pH throughout the absorption process is
important to enhance and further the dissolution of alkaline
species from the ash particles (chemical equations given
below). The fact that the overall pH level is low eliminates
any possibility of absorbing a fraction of SO2 which is
present in the actual power plant flue gas in 50-100 times
as much as SO2. Moreover, carbon dioxide may be absorbed
in the scrubbing solution when the pH is higher than 7.0. In
industrial scale scrubbing processes and in the presence of
oxygen in the flue gas, lower pH will speed up the oxidation
from sulphite to sulphate (Poullikkas, 2015; National Lime
Association, 2003).
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Figure 8. (a, b). Initial SO2 absorption rates as a function of gas inlet concentration.
Table 4. Suspension pH during absorption into ash suspensions at different conditions
Time
(min)

Suspension concentration (g/L)
(SO2 inlet concentration = 0.5%)

SO2 inlet concentration
(Suspension concentration = 10 g/L)

5

10

20

0.5%

1.0%

1.5%

0

9.6

9.9

10.3

9.9

9.75

10.1

1

7.0

7.1

7.35

7.1

6.6

6.8

3

3.7

3.7

3.8

3.7

2.9

2.7

5

3.55

3.5

3.7

3.5

2.8

2.6

10

3.4

3.35

3.55

3.35

--

2.5

15

--

3.25

--

3.25

2.75

--

20

3.2

3.35

3.4

3.35

--

2.5

30

3.1

3.3

3.4

3.3

2.6

2.45

45

3.0

3.3

3.3

3.3

2.6

2.4

60

3.0

3.25

3.35

3.25

2.65

2.45

75

2.95

3.25

3.35

3.25

2.5

2.5

90

3.05

3.2

3.4

3.2

2.5

2.5

3.7 Solution Chemistry

The results discussed earlier have demonstrated that
after the initial drop from highly alkaline to acidic levels,
the pH was never greater than 4.5 in any of the absorption
experiments performed in this study. In this pH range, the
predominance diagram of sulfur species (Beyad et al., 2014)
shows that the only important species in the liquid phase are
the aqueous molecular SO2 and bisulphite ion. The sulphite
ion does not exist in the solution during this period due to
lower pH. Based on this, the following equations represent
the reactions taking place in the mixed three-phase system
(Slack et al., 1972):
Gas Absorption by water:
SO2 (g) ↔ SO2 (aq)

(5)

Absorbed Gas Hydrolysis:
SO2 (aq) + H2O ↔ HSO3- + H+

(6)

Metal Dissolution:
CaO (s) + H2O → Ca(OH)2 (aq) → Ca2+ + 2OHMgO (s) + H2O → Mg(OH)2 (aq) → Mg + 2OH
2+

1/2z MyOz + 1/2 H2O ↔ y/2z M2+ + OH-

(7)
-

(8)
(9)

Metal-Sulfur Reactions:
Ca2+ + HSO3- → CaSO3 + H+

(10)

Mg2+ + HSO3- → MgSO3 + H+

(11)

Acid-Base Neutralization:
OH- + H+ ↔ H2O

(12)

In the chemical model above, it is assumed that
alkaline ions other than Ca and Mg are negligible (Table
2). According to Uchida et al. (1975), the reaction between
absorbed gas (SO2) and dissolved solid species [Ca(OH)2 or
Mg(OH)2], is fast and thus the overall absorption process rate
is controlled by the slower step of diffusional mass transfer.
The fast reactions among aqueous species (Equations 10
and 11) do enhance the solid leaching rate and accordingly
the gas absorption rate. The total concentration of sulfur
compounds in solution [S(IV)] at constant pH is the sum of
the concentrations of molecular SO2(aq) and the bisulphite
ions, HSO3-:
CT = CA + CB

(13)

The solubility of SO2 gas in a solution (Equation 5) can
be expressed in terms of Henry’s law constant, H, defined
as CA/pSO2. Henry’s law constant for SO2 in water can be
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calculated from the following equation at 40°C (Rabe and
Harris, 1963):
H = exp [(2851.1/T) - 9.3795]

(14)

For a pressure of 1 atm, the solubility is 763 mmol/L
and for 0.005 atm it is only 3.8 mmol/L. Therefore, the main
component of S(IV) is bisulfite ions, that is, CA<< CB.
3.8 Stoichiometric Relationships

The constant pH after 10-15 minutes of absorption implies
that the hydrogen ion concentration is constant. To satisfy the
dissociation equilibrium constant of water (Equation 12), the
concentration of the hydroxide ion should also be constant.
Therefore, the rate of the generation of hydroxide ions by
the dissolution of metal compounds from ash (Equation 9)
is equal to the rate of the generation of hydrogen ions by the
hydrolysis of the dissolved SO2 (Equation 6). The latter rate
is also equal to the rate of generation of bisulphite ions from
the same reaction:
d[H+]/dt = d[OH-]/dt

(15)

-

d[H ]/dt = d[HSO3 ]/dt = dCB/dt

(16)

d[OH-]/dt = (y/2z) d[M2+]/dt = dCm/dt

(17)

+

From the abovementioned stoichiometric relations, the
following relationship equation between the rates of metal
leaching and bisulphite ions production is obtained:
dCm/dt = (y/2z) dCB/dt

(18)

Stoichiometric relations also indicate that the rate of SO2
absorption from the gas phase by the liquid medium should
be equal to the rate of increase in the total concentration of
S(IV) in solution, CT, and it is given by:
dCT/dt = dCA/dt + dCB/dt

(19)

Substituting for the bisulphite term from equation (18):
dCT/dt = dCA/dt + (2z/y) dCm/dt

(20)

Which can also be represented by:
R Absorption = R A + (2z/y) R Leaching

(21)

R A denotes the rate of transfer of molecular SO2 from
gas-liquid interface to bulk liquid (mmol SO2(aq)/L/min).
Both R Absorption and R Leaching were calculated based on the
experimental data of S(IV) vs. absorption time [Figure 4]
as well as dissolved calcium plus magnesium (leached out
during SO2 absorption) vs. leaching time [Figure 5 (a, b)].
The rates calculated using data obtained at different
suspension concentrations of 5, 10, and 20 g/L are plotted
according to the model expressed in equation 21 and the
results obtained from linear regression are given in Table 5.
The linear plots are shown in Figure 9, which indicates that
gas absorption rates are strongly dependent on alkalinity
leaching rates. In the special case of z/y = 1 (Equations
7-9) applicable to the leaching of calcium and magnesium
only, the slope is 2, which lies in the above range of slopes.
Other values for the slope may be obtained depending on the
complexity of the mixture where other sources of alkalinity

or acidity are involved. Figure 9 also indicates that the rate
of transfer of molecular SO2 from gas-liquid interface to bulk
liquid, R A, increased with the increasing of the suspension
concentration. This can be explained by the fact that at
higher alkalinity, hydrolysis reaction (Equation 6) is shifted
to bisulphite formation and more SO2(aq) is needed to maintain
the equilibrium. Overall, such a simple stoichiometric model
developed in this work can be useful in evaluating the
interdependency of gas absorption and alkalinity leaching
rates on each other in ash-based scrubbing media.

Figure 9. Correlation between SO2 gas absorption and alkalinity
leaching rates.

Table 5. Linear regression analysis of absorption- leaching rates
correlations
Condition

Slope (2z/y)

Intercept (R A)

Correlation
Coefficient (R 2)

5 g/L

4.968

0.011

0.990

10 g/L

1.986

0.345

0.987

20 g/L

1.404

0.478

0.967

5. Conclusions
Several conclusions can be deduced from this study.
Leaching of calcium and magnesium from ash particles
constitute the effective soluble alkalinity for SO2 absorption
through neutralization reaction. Leaching rate depends on
factors in the solid, liquid, and gas phases that determine
the extent of Ca and Mg dissolution and hence subsequent
gas absorption. In the initial stage of absorption (10-15 min),
absorption rate is independent of the aqueous medium and
function only of inlet gas concentration. The use of a solid/
liquid suspension rather than a leachate or extract solution
of ash is necessary to maximize the amount of alkalinity
for higher SO2 removal. Simultaneous alkalinity dissolution
and gas absorption result in a constant pH that is maintained
over most of the contact time between the three phases, and
the value of which depends on the conditions prevailing
in the reactor. The concentrations of total aqueous sulfur
species, or S(IV) increased significantly with increasing the
inlet concentration of SO2 and suspension concentration not
affected by suspension temperature or particle size within
the tested period of contact time of ninety minutes. The
overall conclusion is that fly ash-water suspensions are an
attractive and cost-effective medium for SO2 removal from
low-sulfur fossil fuel flue gas.
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Nomenclature
Cgf : Feed concentration of gaseous SO2, mmol/L of gas mixture,
Cg: Exit concentration of gaseous SO2, mmol/L of gas mixture,
Cm: Concentration of metal ions (Ca2+and Mg2+) from dissolution of
ash alkalinity, mmol/L,
CA: Concentration of aqueous SO2, mmol/L,
CB: Concentration of bisulphite ion (HSO3 ), mmol/L,
-

CT: Concentration of total dissolved sulfur (IV), both SO2 (aq) and
HSO3-, in the bulk liquid, mmol/L,
Ksp: Solubility product, mol/L
pSO2: partial pressure of SO2 in the gas feed to the reactor, atm,
Qg: Gas volumetric flow rate to the reactor, L/min,
R A: Rate of transfer of molecular SO2 from gas-liquid interface to
bulk liquid, mmol SO2(aq)/L/min,
V L: Volume of liquid phase in the reactor, L.
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