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Square-shaped absorption towers are compact and provide high volumetric efficiency, enabling the installation
of closed-loop flue gas desulfurization (FGD) in limited spaces of a ship. For FGD processes, diluted sodium
hydroxide (NaOH) has been considered as a viable absorbent. Thus, a square-shaped scrubber with square spray
nozzle distributor using a diluted NaOH solution was proposed for marine sulfur oxides removal, aiming to
reduce volume/space, weight, pressure drop, investment, and operating and maintenance costs while increasing
efficiency. A systematic methodology for the square-shaped FGD design was proposed, experiments to treat the
flue gas released from a marine diesel engine (720 kW) were performed, and simulation and sensitivity analyses
were conducted using Aspen Plus V10. Good agreement was observed between experimental and simulated
results. A liquid-to-gas mass ratio of approximately 4.32 kg.kg− 1 provided SO2 removal efficiency higher than 95
%. Most part of mass and heat transfers occurred in the bottom section of the scrubber and a low pressure drop
was achieved.

1. Introduction
Trade by sea represents more than 90 % of the total trade worldwide.
In transport activities, large ships frequently use cheap heavy fuel oil,
resulting in emissions of sulfur oxides (SOx) (the main constituent is
sulfur dioxide (SO2)), which can negatively affect human health and
marine ecosystems [1–3]. In this regard, the International Maritime
Organization (IMO) and several governments have implemented regu
lations to control the damages from sulfur emissions. In particular, a
maximum limit for equivalent sulfur emissions of <0.1 % in weight was
established for some coastal regions termed as sulfur emission control
areas (January 1, 2015). In addition, from January 1, 2020, sulfur
emissions for oceangoing vessels worldwide must be equivalent to those
emitted by fuel with sulfur content lower than 0.5 % in weight [4]. These
regulations have forced ship owners to search for solutions to meet the
requirements, not only for new ships, but more importantly for the
current fleet of vessels [5].

To effectively control SO2 emissions, flue gas desulfurization (FGD)
is a viable option, as wet processes represent approximately 87 % of the
processes used worldwide [6,7]. For coastal and naval applications,
open loop using seawater, closed loop using sodium hydroxide (NaOH),
or hybrid systems combining them can be considered [8–10]. Seawater
has been considered as a viable absorbent owing to its natural alkalinity
and large availability [4]. However, the seawater FGD process has
several drawbacks including the corrosive absorbent, large seawater
flow rate, large equipment size, and low vapor loading capacity because
SO2 solubility in seawater is lower than that in NaOH solutions [4,11,
12]. Furthermore, some countries have banned the discharge of process
water from open-loop scrubbers [13].
Thus, the closed-loop mode using NaOH is a suitable alternative
[14]. Mehta and Sharma studied the absorption of SO2 in NaOH solu
tions in spray columns for the determination of the true volumetric
gas-side mass transfer coefficients as a function of various pertinent
variables of the system [15]. Schmidt and Stichlmair investigated mass
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transfer in co-current spray scrubbers, including SO2 absorption in
NaOH [16]. Bandyopadhyay and Biswas developed a dual flow
scrubber, which operates in both spray and bubble flow regimes, and
they obtained a very high percentage of SO2 removal (99.0–99.5 %)
using diluted NaOH solutions [17]. Furthermore, the performance of a
counter-current spray tower for SO2 scrubbing using water and diluted
NaOH deploying an energy efficient critical flow atomizer was reported
[18]. Recently, the absorption of SO2 into highly concentrated NaOH in
a spray column to simulate flue gas was investigated [19]. Codolo and
Bizzo assessed the removal efficiency of SO2 in a spray tower using
different spray nozzles [20].
Flagiello et al. [11] tested SO2 equilibrium at 25 ◦ C and 1 atm in
seawater and basic solution obtained by adding NaOH to the seawater.
As a result, SO2 solubility was greater in basic solution than in seawater.
Recently, new developments as well as advanced and intensified con
figurations of FGD processes via process modifications such as modifi
cation and optimization of operating conditions, improvement of spray
and vapor distributors, adding internal columns, using square or rect
angular shape, using a pre-scrubber, multiple scrubber feed; process
integration such as combined treatment of SOx and other gases, and
waste heat recovery; and process intensification such as the use of
electrified sprays, swirling gas flow, and rotating packed beds were
reviewed [12].
The cylindrical shape of the absorber is the most employed for small
shop assembled and pressurized columns [21]. Other shapes could be
considered when the absorber is operated at low pressure, aiming to
simplify the field erection and packing installation [22], and reduce the
space occupied [23]. In this paper, a novel square-shaped closed-loop
scrubber with square spray nozzle distributor [24] is proposed for ma
rine application. This equipment includes a spray column to reduce
weight, a square shape to save volume or space, and square spray nozzle
distributor to cover the sectional area of a scrubber uniformly leading to
higher efficiency, which are crucial for marine applications. A system
atic methodology of the square-shaped FGD design is proposed. Design,
construction, experiment, and simulation were performed to evaluate
the proposed FGD process.

Fig. 1. Systematic procedure of scrubber design.

concentrations of SO2 in effluent gases.
Dissolution:
(1)

SO2 (g) ↔ SO2 (l)

Some dissolved acid gas molecules dissociate according to reaction
(2), and others directly react with hydroxide ions according to reaction
(3). In turn, hydrogen sulfite reacts with the additional hydroxide ions to
form sulfite, as shown in reaction (4).
SO2 + H2 O ↔ HSO−3 + H+

(2)

637
− 0.015T
T

2. Closed-loop square scrubber with spray

ln(K) = − 5.98 +

2.1. Proposed methodology

SO2 + OH− ↔ HSO−3

(3)

HSO−3 + OH− ↔ SO2−3 + H2 O

(4)

HSO−3 + H2 O ↔ SO2−3 + H3 O+

(5)

Fig. 1 shows the systematic methodology of the square-shaped FGD
design. As the first step, a literature survey on the availability of com
ponents in Aspen Plus, solubility or equilibrium data, reaction param
eters, requirements, and constraints of a marine FGD was performed.
Then, manual estimation using Cornell’s method [25] and/or a graph
ical method was used to design the scrubber before it was constructed.
Subsequently, a rigorous simulation and a sensitivity analyses were
performed to evaluate the scrubber and identify the variables affecting
its performance with actual feed conditions. Operating the pilot
scrubber is crucial for evaluating the real separation efficiency. Finally,
the simulation and experimental data were compared to validate the
proposed systematic methodology.

ln(K) = − 25.3 +

1333
T

Reaction (3) is very fast [27,28] while reaction (4) has a considerably
higher rate constant than reaction (3). Thus, both reactions can be
considered as instantaneous [28]. The above processes are related with
the dissociation of water (Eq. (6)) and NaOH (Eq. (7)):
H2 O ↔ H+ + OH−

2.2. Process description

ln(K) = 132.9 −

Existing FGD systems are coastal and commercial marine scrubbers
that usually consist of spray towers fed with pure seawater (open loop)
or water doped with an alkaline neutralizing agent (closed loop) [4,14,
26]. NaOH is commonly used as an alkaline agent [11,14,15] to
neutralize the sulfuric acid in the scrubber water. When SO2 is absorbed
into aqueous alkaline solutions, the diffusion of SO2 molecules from the
current gas phase core to the gas/liquid interface and the dissolution in
the washing agent should be initially considered, according to the
equality of the chemical potentials in the phases, as described by Eq. (1)
[19]. The dissolution process is considered to obey Henry’s law for low

(6)

13446
− 22.47ln(T)
T

NaOH ↔ Na+ + OH−

(7)

The oxidation reaction is as follows [14]:
H2 SO3 + 2NaOH + 1/2O2 ↔ Na2 SO4 + 2H2 O

(8)

Thus, the reaction is as follows [9]:
SO2 (g) + 2NaOH(aq) + 1/2O2 (g) ↔ 2Na+ + SO2−4 + H2 O
In addition, other reactions can be considered [11,29]:
2

(9)
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CO2 (g) ↔ CO2 (l)

(10)

CO2 + H2 O ↔ HCO−3 + H+

(11)

ln(K) = 231.46 +

12092
− 36.78ln(T)
T

CO2 + OH− ↔ HCO−3

(12)

HCO−3 + OH− ↔ CO2−3 + H2 O

(13)

HCO−3 + H2 O ↔ CO2−3 + H3 O+

(14)

ln(K) = 216.05 +

efficiency increases with an increase in the pH value; however, higher
pH values increase the amount of NaOH and the initial investment and
operating costs of the scrubber [33]. Therefore, optimal operating
conditions were found at a pH value in the range of 7 − 8 [33]. In this
study, during the experiment and simulation, the pH value of the solvent
was maintained at approximately 8.
The L/V ratio is an important variable in design of scrubber.
Increasing L/V increases the driving force in the column, however, using
a larger amount of liquid leads to higher operating cost for pumping. In
this work, the liquid rate for marine scrubber was designed at 1.5 times
the minimum rate. Furthermore, the flow rate of liquid can be varied
during operation using globe valve.
To size the scrubber, equations in textbooks [25] were used. In
particular, the capacity of a column is determined by its cross-sectional
area. Thus, the scrubber size can be estimated:

12432
− 35.48ln(T)
T

The reaction parameters adopted are based on the study by Flagiello
et al. [11] and remaining reactions were specified with computing K
from Gibbs energies. Fig. 2 shows a simplified closed-loop FGD process
in which water is recirculated through the scrubber with no discharge at
sea. Heat transferred from the exhaust gas to the wash water is removed
using a heat exchanger in the recirculation loop. The sodium sulfate
formed is usually dissociated in the water discharged from the scrubber.
A water cleaning unit is necessary to clean the discharged water. The
flow rate of fresh water with the addition of NaOH in a closed-loop
system is approximately half of that in an open loop using seawater
[14]. The scrubber gas permeates through a mist eliminator to avoid
entrained liquid droplets before being released to a stack. Considering
the process, it is easier to use aqueous NaOH than limestone because
NaOH does not require storage space, and manipulation of limestone
and gypsum powders should be avoided [9].

[
VW∗

=

K4 ρV (ρL − ρV )

]1/2

13.1Fp (μL /ρL )0.1

(15)

∗
Where VW
is gas mass flow rate per unit column cross-sectional area, kg/
m2s; Fp is packing factor, m− 1; μL is liquid viscosity, Ns/m2; ρL , ρV is
liquid and vapor densities, kg/m3.

A=

QW
VW∗

(16)

Where A is column area required, m2; QW is gas mass flow rate, kg/s.
√̅̅̅
a= A
(17)
Where a is column size, m;
To estimate the column height, Cornell’s equation can be used:
/
a 1.11 Z 0.33
HG = 0.011ψ h (Sc)0.5
) (
)
(18)
(L∗W f1 f2 f3 )0.5
V (
0.305
3.05

2.3. Design and optimization of square spray column
Spray towers have traditionally been used in several applications
such as low pressure drop is essential, a high degree of separation is not
required, and there are solid particles and precipitating solvents [22,
30]. They have advantages such as low pressure drop, lightness, simple
construction and operation, and low investment, operating, and main
tenance costs [31,32]. In addition, as the scrubber wash water has
corrosion potential, in this study, a spray tower was used for SOx
removal.
To design the scrubber, several main design variables including the
operating pressure, operating temperature, pH condition, liquid/gas
ratio (L/G), number of stages or height were optimized. The objective is
that the outlet SO2(ppm)/CO2(%) should be less than 4.3. As the solu
bility of SO2 in diluted NaOH solution is high, operation at atmospheric
pressure should be satisfactory [25]. Furthermore, the operating tem
perature of scrubber is designed at 35 ◦ C because decreasing tempera
ture increases the solubility of the solute and the alkaline neutralizing
agent can be cooled using cooling water. In addition, the SO2 removal

Z 0.15
)
HL = 0.305ϕh (Sc)0.5
L K3 (
3.05
HOG = HG + m

Gm
HL
Lm

Z = HOG NOG

(19)
(20)
(21)

Where HG is height of gas-phase transfer unit, m; HL is height of liquidphase transfer unit, m; (Sc)V is gas Schmidt number = μV /ρV DV ; (Sc)L is
liquid Schmidt number = μL /ρL DL ; Z is column height, m; K3 is per
centage flooding correction factor; ψ h is HG factor; ϕh is HL factor; L∗W is
liquid mass flow rate per unit column cross-sectional area, kg/m2s; f1 is
liquid viscosity correction factor; f2 is liquid density correction factor; f3
is surface tension correction factor.
A marine scrubber must be able to withstand waves. Thus, it should
be designed to withstand motion, limiting the column height. In this
work, the height of scrubber must not exceed 10 m.
3. Materials and methods
3.1. Materials
Fresh water with the addition of NaOH was used as an alkaline
neutralizing agent. NaOH 5% was purchased from Hanwha Solutions.
3.2. Diesel engine
In the scrubber experiment, a Shinko marine diesel engine (Fig. 3a)
with a power of 720 kW was operated with high sulfur fuel oil con
taining 3.5 % in weight of sulfur. Fig. 3b shows the effect of the engine
speed on the flow rate of flue gas. During the scrubber experiment, an

Fig. 2. Schematic diagram of the closed-loop FGD process.
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Fig. 3. (a) Marine engine and (b) influence of engine speed on the flow rate of
flue gas.

Fig. 4. Squared spray scrubber.

engine speed of 800 rpm was fixed.

4. Results and discussion
4.1. Simulation

3.3. Spray column

The simulation was performed using the simulator Aspen Plus V10.
The Electrolyte Non-Random Two Liquid model (Elec-NRTL), which can
estimate the activity coefficients of the ionic species [11], was used for
all simulations in this work. A rate-based approach using an RADFRAC
model with number of theoretical plates of 5 was used to simulate the
scrubber. Fig. 5 shows the influence of the gas velocity, flue gas tem
perature, and L/G ratio on the removal efficiency. The simulated results
indicate that the removal efficiency reduces from approximately 97 % to
92 % when the flue gas velocity increases from 0.5 m/s to 2.5 m/s
(Fig. 5a). In addition, the influence of flue gas temperature within
30–90 ◦ C is negligible (Fig. 5b). Furthermore, the removal efficiency
increases with increasing L/G (Fig. 5c).

The square spray tower, with a cross section of 800 × 800 mm,
length of 11,400 mm, and operated at 35 ◦ C and 1 atm, was constructed
after the design phase (shown in Fig. 4). The liquid flow rate, L, was
supplied at the top by a centrifugal pump (Hyub Sung Eng. Co. Ltd.)
controlled by a globe valve. A mist eliminator YORK 431 produced by
Hanbal Masstech was installed to avoid droplets being entrained by the
flue gas. For spray scrubbing, a good atomizer should produce a fairly
uniform spray with drop diameters sufficiently small to generate a large
interfacial area of contact and sufficiently large to prevent excessive
entrainment [31]. In this study, the square spray nozzle distributor with
spray nozzle HHSQ (spray angles of 75◦ ) manufactured by Spray System
Co. Ltd. was used.

4.2. Scrubber operation
3.4. Analytical methods

Due to strict environmental regulation from domestic government
with pilot scale, several limited real operation runs were carried out to
validate the simulation results after designing step and sensitivity ana
lyses using simulation. The flue gas from the engine was quenched in a
venturi scrubber before entering a cyclone to remove particulate matter
(PM). Table 1 shows the flue gas composition and conditions. The
industrial-scale scrubber unit (shown in Fig. 4) constructed at the
Hanbal Masstech company was used to scrub SO2 from the flue gas. The
system was started by activating the fresh water pumps to wet the col
umn. When the column was wetted, the engine was activated to generate
flue gas, which was fed into the scrubber unit. Note that NaOH was
continuously pumped into the fresh water tank to maintain the pH

The Testo 350 exhaust gas analyzer equipped with an electro
chemical sensor was used to measure SO2 based on the principle of ion
selective potentiometry [34]. The experimental SO2 removal efficiency
(ηSO2 ) was calculated as follows:

ηSO2 =

∘
CSO
− CSO2 (g)
2 (g)
0
CSO
2 (g)

(22)

Where C◦ SO2 (g) and CSO2 (g) are the inlet and outlet SO2 concentrations,
respectively. The pH value of the absorbing solution was measured using
the DAEYOON DWS-7000B pH meter model.
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around 8. A stable flow rate of the flue gas was achieved after approx
imately 30 min to 1 h. During the process, the scrubber temperature
increased, leading to an increase in the fresh water temperature. To
maintain the operating temperature at 35 ◦ C, fresh water was pumped to
the air cooler system. Water losses were compensated for by new addi
tions of fresh water.
The analyses of the flue gas inlet and outlet were performed using the
Testo 350 exhaust gas analyzer. The results showed that under the
designed operating conditions, the outlet SO2 was 5 ppm, resulting in an
outlet SO2(ppm)/CO2(%) ratio of 0.64. Note that SO2 was partly
removed by the venturi scrubber, which was also reported by Atay et al.
[35]. It was possible to achieve an absorption efficiency higher than 95
% by using a liquid-to-gas mass ratio of approximately 4.32 kg.kg− 1. The
results also showed that the unit had small pressure drops (0.5 mbar).
Note that when running a closed loop system, the sulfate and PM
from the combustion process accumulates in the scrubber water. To
avoid an increase in salinity and contamination of the system, sulfate
and PM must be removed continuously. This is done by bleeding off
scrubber water from the system and adding seawater or fresh water to
replace the lost volume [14]. Before discharging the bleed-off water, a
cleaning process is required. The cleaning process is performed in a
water cleaning unit (WCU) and the sludge is led to a sludge tank. WCU
can be accomplished by adding a coagulant or using a membrane or a
filter. In this work, a filter is used.
4.3. Comparison between simulation and experimental results
The experimental outlet SO2 ppm was compared with the simulation
results obtained using the Aspen Plus software, which were based on
actual conditions. Excellent agreement was observed between the
experimental and simulated performances. In particular, the real oper
ation indicated an outlet SO2 of 5 ppm, which is similar to the simulated
outlet SO2 of 4.3 ppm (Fig. 6). Note that both the SO2 composition and
the temperature rapidly reduced in the bottom section, indicating that
mass and heat transfers mainly occur in this section.
The results indicated that the higher the inlet SO2, the higher the
outlet SO2 and the SO2(ppm)/CO2(%) ratio (Fig. 7). Fortunately, in the
investigated range, the SO2(ppm)/CO2(%) ratio satisfies the regulation
for exhaust gas cleaning systems [36]. This implies that, in this range,
the designed scrubber can comply with the IMO regulation. Note that
L/G in these cases is 4.32.
Economic feasibility of the proposal can be considered for future
work to compare several advanced solutions for marine desulfurization
process. In addition, due to different removal methodology and mech
anism, removal of SOx and NOx are accomplished with high treatment
efficiency in different independent equipment. Such a system has
drawbacks, such as the requirement for a large installation area, a

Fig. 5. Influence of the (a) flue gas velocity, (b) flue gas temperature, and (c) L/
G on the removal efficiency of SO2.
Table 1
Flue gas conditions.
Flue gas conditions
Component

Mole Fractions (%)

H2O
CO2
O2
N2
SO2
NO
NO2
CO
Soot
Flow rate (kg/h)
Temperature (◦ C)
Pressure (bar)

25.2
7.8
10.0
56.9
100 ppm
138 ppm
13 ppm
271 ppm
0.01
1967.6
64
1.1

Fig. 6. SO2 profile in scrubber.
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complex system, and high investment and operation costs [37].
Furthermore, selective catalytic reduction (SCR) extensively applied to
remove NOx requires high investment and operation costs [38]. Thus,
integrating treatment of SOx with NOx is expected to be more compact
and reduce investment and operating costs. As a result, the simultaneous
removal of NOx and SOx will be the scope of future works.
5. Conclusions
A compact, light, and effective square scrubber equipped with square
spray nozzle distributor was proposed for marine SOx removal in this
study. Through the proposed systematic methodology, the design, con
struction, simulation, sensitivity analyses, and experiment were suc
cessfully accomplished. The results indicated a good agreement between
experimental and simulation results. The proposed square scrubber
system can achieve high SO2 removal efficiency with low water con
sumption and low pressure drop. In particular, an SO2 removal effi
ciency higher than 95 % was achieved using a liquid-to-gas mass ratio of
approximately 4.32 kg.kg− 1. The simulated and experimental results
show that most part of mass and heat transfers occurred in the bottom
section of the scrubber. In addition, the experimental results indicated
that the unit exhibited comparatively low pressure drop. Comparison of
the proposed configuration with several advanced solutions for marine
desulfurization process as well as the simultaneous removal of NOx and
SOx will be the scope of future works.
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