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ABSTRACT

A gas cyclone-liquid jet absorption separator integrates the functions of cyclone separation, liquid jet atomization, and
absorption separation. This study employed this device to conduct a wet flue-gas desulfurization experiment on a gas
mixture consisting of air in room temperature and sulfur dioxide (SO,) to explore this device’s prospect of tail gas
purification. Sodium hydroxide (NaOH) and sodium carbonate (Na,COs) solutions at various concentrations were used as
absorbents under room temperature. The changes in the SO, removal efficiency and air pressure drop were investigated
with parameters including total gas flow, SO, concentration in the flue gas, and absorbent flow. The SO, removal
efficiency increased to a certain extent as the absorbent concentration, total gas flow, and absorbent flow increased. The
maximum SO, removal efficiencies of NaOH and Na,CO; were 85% and 77%, respectively. Under identical experimental
conditions, the changes in SO, removal efficiencies of NaOH and Na,CO; exhibited essentially identical trends, in which

NaOH exhibited a 5%—8% greater SO, removal efficiency than Na,CO;.
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INTRODUCTION

According to the United Nations Environment Programme
estimate, the global annual sulfur dioxide (SO,) emissions
are approximately 100 million tons, of which approximately
20 million tons are emitted in China (Klimont et al., 2013).
Currently over 200 desulfurization techniques exist that
can be divided into three kinds according to before, during,
or after combustion (Vincent et al., 2012; Peng et al., 2016).
Among these methods, wet desulfurization is mature,
efficient, and relatively easy to operate. It has been developed
to second and third generations, accounts for up to 85% of
the market share in the desulfurization industry, and has
been the research focus in current studies on desulfurization
technology (Chang et al., 2004; Lian et al., 2004; Pisani and
Moraes, 2004).

Bjerle et al. (1972) examined the effect of limestone
dissolution on SO, absorption using a laminar jet tower,
and Uchida and Ariga (1985) studied wet desulfurization
through a stirred reactor. Brogren and Karlsson (1997)
constructed a utility boiler desulfurization system model on
the basis of chemiosmosis. Sada et al. (1981) examined the
mass transfer enhancement process of magnesium sulfate on
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limestone desulfurization using a double stirring reactor,
and analysed the enhancement process on the basis of a
double response surface model. Dudek et al. (1999)
reconstructed the tower foundation under the flue gas inlet
of a desulfurization absorption tower, and designed the tower
base with an inclination of 30° to numerically simulate the
flow field. Strock and Gohara (1994) investigated the effect
of factors such as liquid-phase suspension, liquid-phase
distribution, and flue gas velocity in the sieve plate column
on desulfurization efficiency through a sieve sprinkler
modelled in 1:8 scale. Watson et al. (1999) attempted to add
a canopy over the flue gas inlet in the desulfurization tower
to obtain a more uniform flow field distribution. Currently, the
main instruments used in wet desulfurization include rotating
packed beds, impinging stream reactors, and absorption
towers, and the desulfurization rates of these three instruments
are > 80%, > 90%, and 68%—90%, respectively (Chang et al.,
2011; Gong and Yang, 2011; Wang et al., 2015; Kobayashi
et al., 2016). Absorption towers are widely used in the
desulfurization industry, but they exhibit problems such as
a large land area required, high operation cost, and equipment
corrosion and fouling (Michalski, 2000; Bao et al., 2012;
Zhu et al., 2015). Although some wet flue-gas desulfurization
(WFGD) technologies are available, more cost-effective
and efficient equipment and technologies still need to be
developed for the industry environment.

A gas cyclone-liquid jet absorption separator harnesses
the coupling effect of liquid jet and gas cyclone flow fields
to substantially increase the contact area between the gas
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and liquid without altering the gas—liquid cyclonic separation
effect, continuously renewing the absorptive material on
the droplet interface. It increases the mass transfer coefficient
of the effective interfacial area and maintains the continuous
absorption of the droplet interface of the gas, thereby
improving the desulfurization efficiency. This study conducted
an WFGD experiment using a gas cyclone-liquid jet
absorption separator with sodium hydroxide (NaOH) and
sodium carbonate (Na,CO;) as the alkali absorbent. A novel
WFGD technique employing the aforementioned device was
developed for actual industrial applications by investigating
the effects of parameters such as various concentrations of
absorbents, sulfur content in the flue gas, and flow rates of
flue gas and absorbents on the SO, removal efficiency of
the gas cyclone-liquid jet absorption separator.

EXPERIMENT

Gas Cyclone-Liquid Jet Absorption Separator

The gas cyclone-liquid jet absorption separator improves
on the cyclone separator design by adding jet holes on the
cylinder. In addition, the cylinder structure, the cone
structure, inlet, and central exhaust pipe were optimized to
integrate the coupling effect of the liquid—gas flow, and the
absorption and separation functions.

The total length of the device (H) was 900 mm. The
lengths of the upper cylinder (H;), cone (H), and lower
cylinder (H;) sections were 500 mm, 350 mm, and 100
mm, respectively; the upper (D;), and lower (D,) diameters
were 100 mm, and 45 mm, respectively. The upper cylinder
and the outer tube formed a jacket with a 110 mm diameter
(D)). The absorbent was injected through four inlet openings
uniformly distributed in the middle section of the jacket to
produce radially stabilised axisymmetric jets toward the
central axis of the separator. The length of the upper cylinder
jet holes section (#) was 290 mm. Eight circular holes with
diameters (d) of 2 mm were uniformly distributed in each
of the 30 circles, which had an axial distance (/) of 10 mm
and a rotation angle of 15°. The cross-sectional shapes of
the inlet of typical cyclone separators are usually circular
or rectangular. Cui et al. (2010), Ma ef al. (2013) and Zhang
et al. (2016) reported that a narrow rectangular inlet (with
the long side parallel to the cyclone axis) can improve the
separation efficiency. In this study, a rectangular inlet with
length and width of a = 55 mm and b = 25 mm, respectively,
was adopted. The main design parameters of the central
exhaust pipe consisted of the insertion depth (S) and pipe
diameter (D,). Previous studies have revealed D,/D; = 0.25—
0.5 as a suitable range for the central exhaust pipe (Ma et al.,
2014; Zhang et al., 2016), and the present study adopted
0.45 for the D,/D, ratio (i.e., D, = 45mm). In addition, the
present study adopted 0.7 for the S/H ratio (i.e., S = 630
mm) suggested in Bogodage et al. (2016) and Safikhani
and Mehrabian (2016).

Figs. 1(a) shows the structure size parameters of the
device. To facilitate the observation clarity of the gas—liquid
contact reaction and the reaction degree, the gas cyclone—
liquid jet absorption separator was manufactured with
organic glass, as shown in Figs. 1(b).
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Wet Flue-Gas Desulfurization Experiment

The WFGD experimental system in this study consisted
of a gas cyclone-liquid jet absorption separator, an air
blower, a liquid circulation pump, a liquid circulation tank,
liquid and gas flowmeters, liquid and gas pressure gauges,
and a U-shaped manometer. In addition, laboratory standard
SO, gas, NaOH solution, and Na,CO; solution were used.
Fig. 2 and Table 1 show the experimental system and the
equipment information.

In this experiment, the flue gas was simulated with a
mixture of ambient air and SO,. Prior to the experiment, 15 L
of absorbent at a predetermined concentration (cp) was
poured into the circulation tank and stirring, and the
circulation pump was opened to transfer the absorbent flow
(Qv) to the jacket in the separator at an initial flow rate.
The pressurized absorbent generated radially stabilised
axisymmetric jets through the jet holes while adjusting the
gate at the bottom to form liquid-sealing to ensure a stable
discharge of the mixed gas through the central exhaust pipe
for at least 5 min. At the beginning of the experiment, the
mixed gas was injected at a predetermined flow rate (Qg)
and entered the gas cyclone—liquid jet absorption separator
tangentially through the inlet to form a strong cyclonic
absorption reaction. Subsequently, the purified gas was
discharged from the central exhaust pipe, and the sulfide-
containing absorbent flowed out from the bottom of device
into the circulation tank. The experiment was conducted at
room temperature. The intermittent operations consisted
20-min experiments and the SO, removal efficiency and
corresponding parameters were measured every 10 min under
the stable state. Each experiment was repeated at least 5 times,
and the mean value was used as the experimental result.

Experimental Principle and Methodology

In this experiment, the NaOH and Na,COj; solutions
absorbed the SO, in the mixed gas, and NaOH was used as
the absorbent to explain the experimental principle of the gas
cyclone-liquid jet absorption separator. The desulfurization
process was essentially the mass transfer process of SO,
and the process of material diffusion. The mechanism can
be explained by the two-film theory (Sai ef al., 2010; Sun
et al.,2010; Zhang et al., 2016).

When the mixed gas (containing SO,) entered the top of
the separator through the tangential inlet, a strong cyclonic
field was formed. Simultaneously, the absorbent entered
the jacket and was ejected through the holes in the middle
section under pressure, and the streamlined absorbent was
radially sprayed into the separator to form numerous droplets
through continuous impact, collision, and separation with
the mixed gas under high-speed tangential rotation (Fig. 3).
The SO, molecules moved, diffused, and came into contact
rapidly with the outer edges of the absorbent droplets, as
shown in Figs. 4(a). After the transient reaction, the SO,
molecules dissolved and were diffused on the droplet surfaces
and reacted with the droplets continuously, as shown in
Figs. 4(b). Subsequently, the SO, molecules formed sulfurous
acids after reaching the liquid films from the droplet surfaces,
and reacted with NaOH or sodium sulfite (Na,SOs). Through
the coupling effect of gas and liquid flow fields in the
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Fig. 1. Gas cyclone-liquid jet absorption separator (a. Dimension figure, b. Real figure).

separator, the absorption and reaction process was completed,
as shown in Figs. 4(c).
The main chemical equation in the process is:

2NaOH + SO, — Na,S0; + H,0 (1)

Consequently, the generated Na,SO; reabsorbed SO, as
in the following equation:

Nast3 + S02 + HQO i 2NaHSO3 (2)
The overall reaction equation is thus:
NaOH + SO, — NaHSO;3 3)

This experiment measured the SO, content in the purified
flue gas through an SO, detector and calculated the SO,
removal efficiency of the novel separator, #, as follows:

~ Cs6in ~ CsGout

x100% “4)
CSG.in

where csg i and csg ot are the concentrations of injected

and purified SO, in mg m, respectively.
RESULTS AND DISCUSSION

Effect of Absorbent Concentration on SO, Removal
Efficiency

This study examined the effects of absorbent concentration
on SO, removal efficiency when the total gas flow, inlet
SO, concentration, and absorbent flow rate were controlled
and held constant and the total amount of absorbent was
greater than the amount required for the SO, reaction. Fig. 5
illustrates the experimental results and demonstrates that
the SO, removal efficiency increased as the absorbent
concentration increased. When the absorbent concentration
reached > 8000 g m >, the change in # flattened out. The
maximum 7 when NaOH and Na,CO; were used as the
absorbents were 81.7% and 74.1%, respectively. In addition,
the SO, concentration in the tail gas decreased as the
absorbent concentration increased. When the absorbent
concentration increased to > 8000 g m, the change in the
SO, concentration in the tail gas stabilised. The minimum
SO, concentrations when NaOH and Na,CO; were used as the
absorbents were 517 mg m > and 366 mg m >, respectively. As
the absorbent droplets generated by the cyclonic flow field
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Fig. 2. Novel WFGD experimental system.
Table 1. Equipment information of the experimental system.
. Model . Accuracy .
Equipment Name Number Quantity Range Class Material
SO, Flowmeter Rotor Flowmeter LZB-4WB 1 03-3Lmin' 0.1 Anticorrosion
Glass
Gas Flowmeter Vortex Flowmeter KKF83E 1 35-350m’h" 1.0 Metal
Gas Pressure Gauge =~ Dwyer Pressure Gauge DPGA-04 1 0-5 psi 0.002 Metal
Liquid Pressure Gauge Dwyer Pressure Gauge DPGA-04 1 0-5 psi 0.002 Metal
Liquid Flowmeter Rotor Flowmeter LZB-25F 1 100-1000 L h™" 20 Anticorrosion
Glass
Air Blower GOORUI Air Blower GHBH 001 1 0-175m’ h' — Metal
Circulation Pump Magnetic Pump 20CQ-12 1 0-3m’h’ — Stainless Steel
U-shaped Manometer U-shaped Manometer — 1 0-6000 Pa 5 Glass
SO, Detector SO, Detector TH2000-SO2 1 0-2000 ppm 1 Metal
Ion Chromatograph lon Chromatograph DX-600 1 — <2% —

increased, the reaction opportunities between the gas
molecules and absorbent droplets rapidly increased. When
the absorbent concentration was low (i.e., < 8000 g m ),
the number of droplets per unit area fell and absorbed fewer
SO, molecules, resulting in a high SO, concentration in the
tail gas and a low #; when the absorbent concentration was
> 8000 g m°, the number of droplets reached saturation in
SO, absorption per unit area, resulting in the minimum SO,
concentration in the tail gas and the maximum #.

Effect of Inlet SO, Concentration on SO, Removal
Efficiency

This study examined the effects of inlet SO, concentration
on SO, removal efficiency when the total gas flow, absorbent

flow, and absorbent concentration (8000 g m™) were
controlled and held constant and the total amount of the
absorbent was always greater than the amount required for the
SO, reaction. Fig. 6 illustrates the experimental results and
demonstrates that # continued to decrease as the inlet SO,
concentration increased from 1500 mg m > to 5000 mg m .
The maximum # when NaOH and Na,CO; were used as the
absorbents were 83.2% and 76.5%, respectively. The SO,
concentration in the tail gas increased as the inlet SO,
concentration increased. The maximum SO, concentrations
when NaOH and Na,CO; were used as the absorbents were
1106 mg m™ and 1554 mg m, respectively. When NaOH
was used as the absorbent, increasing the inlet SO,
concentration yielded third soluble products such as Na,SO3
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Fig. 3. Droplets formed by gas—liquid interaction.

Sulfur dioxide molecules

Sulfuric acid root

and NaHSO;, and Na,SO; continued to react with SO,.
According to Egs. (1)—(3), a portion of SO, reacted with
Na,SO; and the molar ratio between the reactants decreased
from 2:1(SO; reacted with NaOH) to 1:1(SO, reacted with
Na,S0s). Qin et al. (2016) argued that a decreased molar
ratio between the reactants decreases the SO, removal
efficiency and increases the SO, concentration in the flue
gas. In addition, the absorption reaction continues to yield
by-products that decrease the absorbent concentration per
unit volume of liquid. SO, the insufficient mass transfer
force of the SO, absorption reaction results in a continuously
decreasing of SO, removal efficiency.

Ion analysis of the NaOH and Na,COj; absorbents was
conducted using the DX-600 ion chromatography system
after the absorption reaction. The total gas and absorbent
flows were held constant, and the most common experimental
conditions were selected (inlet SO, concentration: 2000

/
o
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bsorbent droplets

(b)

Sulfurous acid root

(©)

Fig. 4. Interaction between SO, and droplets.

mg m °, absorbent concentration: 8000 g m °, and the total
amount of absorbent was always greater than the amount
required for SO, to react). Figs. 7-8 illustrate the analytical
results. The resolved peaks are denoted with the ion names
and corresponding values whereas the rest are unresolved
peaks. The peak areas of sulfate (SO, *), sulfite (SO, *), and
carbonate (CO, ) ions were calculated through integration
and compared with the peak area of the standard
corresponding ion. Subsequently, the concentrations of SO, *,
SO, 2, and CO,” in both NaOH and Na,CO; absorbents
were obtained through the external standard method, as
shown in Table 2. The adjusted SO, removal efficiencies
were calculated according to the data in Table 2, and the
SO, removal efficiencies of NaOH and Na,CO; were 82%
and 79%, respectively. In contrast to the test results using
the gas detector, the margins of error were 0.61% and 6.04%,
respectively. The chromatography analysis yielded more
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Fig. 6. Effect of inlet SO, concentration on SO, removal efficiency.

favourable results than the gas detector did; the errors were
caused by the difference in the accuracy of the measuring
methods.

Effect of Total Gas Flow on SO; Removal Efficiency and
Pressure Drop

This study examined the effects of total gas flow on SO,
removal efficiency when the inlet SO, concentration,
absorbent flow, and absorbent concentration were held
constant and the total amount of absorbent was always

greater than the amount required for the SO, to react. Fig. 9
illustrates the experimental results and demonstrates that #
continued to increase as the inlet total gas flow increased
from 43 m* h™' to 86 m® h™'. The maximum 5 when NaOH
and Na,CO; were used as the absorbents were 85.4% and
78.1%, respectively. The SO, concentration in the tail gas
decreased as the total gas flow increased. The minimum SO,
concentrations in the tail gas when NaOH and Na,CO; were
used as the absorbents were 291 mg m > and 437 mg m°,
respectively. This experimental result could be interpreted
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Fig. 8. Carbonate, Sulfite and Sulfate ion distribution chromatogram of Na,CO; absorbent after reaction.

Table 2. DX-600 chromatography analysis.

Type of ion CO;" (mgL™) SO;* (mgL™) SO, (mgL™)
NaOH absorbent — 1406.38 438.50
Na,CO; absorbent 3933.70 1343.06 462.03




2712 Wang et al., Aerosol and Air Quality Research, 17: 2705-2714, 2017
86 600
@
Q4 D\D ./
i / 4550
82 |- i ®
._____....—o>< {500 o
-~ 80k ——NaOH 1) T £
< o —M=HaL0; 1 \D {450 &
=73 L —0O=—NaOH St ont ?
i’ . i b, A y
-'E‘_NaZLOS CSG__DL[[ ./ J 400 12"
76 |- _\“*‘O T ~
O - 350
74 | A, \
O
72 b ./ T~ 300
’?U I | 1 | | 1 1 1 | 1 2)0

40 45 50 55 60 05 70 75 80 85 90
0, (m* b
(csGin=2000 mg m™>, O, =800 Lh™", c,= 8000 g m™)
Fig. 9. Effect of total gas flow on SO, removal efficiency.

as two contrasting phenomena. First, as the total gas flow
increased, the absorbent droplets generated by the cyclonic
flow field decreased in size, thereby improving the
atomization and increasing the mass transfer area between
the SO, molecules and absorbent droplets. The droplet
surfaces were continuously renewed, resulting in a decreased
SO, concentration in the tail gas and increased #. Conversely,
as the total gas flow increased, the duration that the mixture
gas stayed in the separator decreased, resulting in decreased
reactions between the SO, molecules and the absorbents
and decreased 5. The experimental results revealed that the
first phenomenon dominated the second one.

Fig. 10 demonstrates that the air pressure drop of the
separator, Ap, and Ap difference increased significantly as
the total gas flow increased from 43 m® h™' to 86 m* h™'.
This result is consistent with that of Gu ef al. (2016). As
the density of Na,CO; is slightly higher than that of NaOH,
when the total gas flow <70 m® h™', pressure drop of NaOH
and Na,CO; was almost the same, when the total gas flow
> 70 m’ h', pressure drop of Na,CO; was slightly higher
than that of NaOH. The greater the pressure drop in the device
was, the greater the energy consumption was. The actual
gas processed is generally subject to economic calculations.
The unique structure of the separator in the present study
can improve the SO, removal efficiency in practice through
a serial connection, or prevent an increase in air pressure or
decrease in SO, removal efficiency through parallel
connections and increased flue gas capacity.

Effect of Absorbent Flow on SO, Removal Efficiency

This study examined the effects of absorbent flow on
SO, removal efficiency when the total gas flow, inlet SO,
concentration, and absorbent concentration were held constant
and the total amount of the absorbent was always greater

than the amount required for SO, to react. Fig. 11 illustrates
the experimental results, demonstrating that # increased as the
inlet absorbent flow increased from 600 L h™' to 1100 L h".
When the absorbent flow reached 1000 L h™', the change in
n flattened out. The maximum # when NaOH and Na,CO,
were used as the absorbents were 84.9% and 77.3%,
respectively. In addition, the SO, concentration in the tail
gas decreased as the absorbent flow increased. When the
absorbent flow was increased to 1000 L h™', the change in
SO, concentration in the tail gas stabilised. The minimum
SO, concentrations in the flue gas when NaOH and Na,CO;
were used as the absorbents were 303 mg m* and 454 mg m™,
respectively. As the absorbent flow increased, the absorbent
droplets generated by the cyclonic flow field rapidly
increased. The increased reactions between the SO, molecules
and the droplets decreased the SO, concentration in the tail
gas and increased #. In addition, as the absorbent flow
increased, the increased injecting velocity strengthened the
turbulence. Consequently, the stronger absorption led to the
decrease of the SO, concentration in the tail gas and an
increase of 7.

CONCLUSIONS

This study conducted a WFGD experiment on an SO,—
air mixture at room temperature using a gas cyclone-liquid
jet absorption separator and NaOH and Na,COs; as absorbents.
The SO, removal efficiency increased as the absorbents
concentration increased and stabilised at 8000 g m . The SO,
removal efficiency decreased as the inlet SO, concentration
increased. The SO, removal efficiency increased as the
inlet total gas flow increased. The SO, removal efficiency
increased as the absorbent flow increased and stabilised at
1000 Lh™".
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The WFGD experiment was conducted at a flue gas flow of
50-85 m® h', inlet SO, concentration of 1500-3000 mg m>,
absorbent flow of 800 L h™!, and absorbent concentration at
8000 g m>. The maximum SO, removal efficiencies of
NaOH and Na,CO; were 85% and 77%, respectively. Under
identical experimental conditions, the changes in SO, removal
efficiencies of NaOH and Na,CO; exhibited essentially
identical trends, in which that of NaOH was 5%—8% greater
than that of Na,COs.
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