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Abstract 

Chemical plants are major sources of air pollutants. Three 

major air pollutants emitted from plants are SOx, NOx and 

Suspended Particulate Matter. The amount of pollutants 

emitted from any plant depends upon the type of the fuel used, 

burning method and type of control equipment. Major source 

of pollutants in ambient air from sulphuric acid plant is stack, 

which release SO2. During the combustion process, sulphur 

reacts with oxygen and formed SO2 and SO3. The aim of this 

project is to reduce the amount of SO2 released in ambient air 

(below 10 ppm). We are using the process which involves 

scrubber, thermal oxidizer, quencher and chimney. Our priority 

is to design all the equipment to get the desired output of SO2 

from the stack. Almost 99% of removal of SO2 in flue gas has 

been observed using this process in an industrial facility in 

Southern California. 

Keywords:Air Pollution, SO2 emission reduction, Scrubber, 
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INTRODUCTION: 

Chemical plants are major sources of air pollutants [1]. Three 

major air pollutants emitted from plants are SOx, NOx and 

Suspended Particulate Matter. Air pollution can be controlled 

by using higher stacks, by using scrubbers where we can scrub 

with water, soda ash, lime slurry or salt solution, using porous 

ceramic filter tubes, using electrostatic precipitator and sonic 

agglomerators. Major source of pollutants in ambient air from 

sulphuric acid plant is stack, which release SO2. During the 

combustion process, sulphur reacts with oxygen and formed 

SO2 and SO3 
[2][3]. Sulphur dioxide affects the environment in 

number of ways like acid rain, corrosion and causes severe 

damages to health. These emissions cause health problems, 

reduce visibility and contributes to acid rain problems. The 

three constituents of flue gases, which mainly affect acidity of 

the rain are CO2, SO2 and NOX 
[4]. The SO2 emitted to the 

environment combines with water to form sulphuric acid, this 

results in acid rain. During the rainy season, acid formed in the 

atmosphere falls on to ground. This rain increases the acidity 

of the lake, well water and rivers. When acidity is increased 

above a particular level (pH < 5), then fish population dies 

totally [5]. Due to acid rains, the metals like Mercury, Lead in 

earth crust are gradually dissolved and are found in the body of 

fishes and enter into human body and cause many diseases 

[6][7]. The concentration of acid rain completely destroys the 

agricultural potential of the land and disturbs the aquatic life. 

The technique used here for removal of sulphur dioxide from 

the exhaust flue gas includes Thermal Oxidizer, Quencher and 

Alkali Scrubber. Therefore, the aim of this project is to reduce 

the amount of SO2 released in ambient air (below 10 ppm). 

Therefore, our environment becomes eco – friendly [7][8]. 

At present, almost 99% of removal of SO2 in flue gas has been 

observed using this process in an industrial facility in Southern 

California. 

PROCESS: 

The technique used here for removal of sulphur dioxide from 

the exhaust flue gas includes Thermal Oxidizer, Quencher and 

Alkali Scrubber. A schematic diagram of the whole process is 

shown in Figure 1. 

 

Figure 1: Process Flow Diagram 

 

Process occursin each equipment is described briefly as 

follows: 

A. Thermal Oxidizer: 

Thermal oxidizer is a process unit which reduces the amount of 

hazardous gas or VOC by decomposing it at a high temperature 

and releases it into the atmosphere. Generally VOC forms CO2 

and H2O. Temperature required for decomposition of most 

hydrocarbons is between 540OC and 650OC. Here, the inlet of 
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thermal oxidizer is the mixture of hot air and the SO2 gas. 

Therefore, the thermal oxidizer will oxidize SO2 gas to SO3 by 

reacting with air at higher temperature (about 650OC to 

1200OC) and some of the SO2 remains unconverted. The 

unconverted SO2 and the SO3 gas is then sent to the quencher. 

Design Temperature of thermal oxidizer should be higher than 

the decomposition temperature of the particular gas. The 

design of thermal oxidizer is depend upon Temperature, 

Residence time of the gas to be processed and turbulence [16][17]. 

Data obtained from the material balance of the thermal 

oxidizer is shown below.  

Inlet flow rate of tail gas +  air +  fuel mixture =
54224.7 Kg/hr  

Inlet concentration of SO2 =  1500 ppmv 

Inlet concentration of SO3 =  1200 ppmv 

Outlet flow rate of tail gas +  air mixture =  54150.5 Kg/hr 

Outlet concentration of SO2 =  233 ppmv 

Outlet concentration of SO3 =  2900 ppmv 

Maximum attainable temperature =  1200℃ 

 

We are putting a heat exchanger to reduce the outlet gas 

temperature to about 650OC for the effective working of the 

quencher. Therefore the input temperature of the quencher will 

be 650OC. 

 

B. Quencher15: 

Word Quencher means sudden cooling. Inlet gas from the 

thermal oxidizer is at higher temperature and must first be 

quenched to saturation using an evaporative quencher. A 

proprietary low pressure drop quencher is used to rapidly 

quench the gas. The quencher uses open pipe injection ports 

with large orifice to elemental potential for plugging. In other 

words, there are no nozzles in the quencher. The internal 

design creates a small pressure drop which promotes water – 

gas mixing to fully saturate the gas. Because the quencher is 

initially a low pressure venturi, large particles will be collected 

and entrained in the water.   

Here, the temperature of SO3 gas decreases rapidly and SO3 

gas converts into particulate form and only unconverted SO2 

from the thermal oxidizer will remain in gaseous form here. 

The unconverted SO2 is then sent to the alkali scrubber for 

further reduction in SO2 concentration by treating it with 

NaOH solution. Design of the quencher is carried out as 

follows. 

From the Material balance, 

Inlet flow rate of tail gas +  air mixture =  54150.5 Kg/hr 

Inlet concentration of SO2 =  233 ppmv 

Inlet concentration of SO3 =  2900 ppmv 

Outlet flow rate of tail gas +  air mixture =  54096.3 Kg/hr 

Outlet concentration of SO2 =  233 ppmv 

Outlet concentration of SO3 =  10 ppmv 

Now we assume,  

Superficial velocity (VS) =  1.29 m/s 

Gas density (ρG) =
PMavg

RT
                                                       (1) 

                                 =
1 × 28.11

0.08206 × (923)
 

                                 = 0.3711 kg/m3 

Mass flow rate of gas (W𝐺) =  54150.5 Kg/hr 

Area of the quencher: 

Area =
WG

3600 ×  VS  ×  ρG

                                                       (2) 

          =
54150.5

3600 × 1.29 × 0.3711
 

          = 31.42 m2 

Diameter of the quencher: 

Area =  
π

4
D2                                                                                (3) 

Diameter =  √
4 × Area

π
                                                          (4) 

                   = √
4 × 31.42

π
 

                   = 6.3248 m 

Log Mean Temperature Difference: 

Inlet and Outlet Temperature of gas and liquid streams: 

Inlet temperature of gas stream (Gin) =  650℃ 

Outlet temperature of gas stream (Gout) =  170℃ 

Inlet temperature of liquid stream (Lin) =  5℃ 

Outlet temperature of liquid stream (Lout) =  165℃ 

∆TLMTD  =
(Gin −  Lin)  − (Gout  −  Lout) 

ln (
Gin− Lin

Gout − Lout
)

                         (5) 

                 =
(650 −  5)  − (170 −  165)

ln (
650−5

170−165
)

 

                 = 131.6923℃ 

Superficial mass velocities: 

For gas stream, 

G =  
mass flow

area
                                                                          (6) 

    =
54150.5

31.42
 

    = 1723.528 Kg/m2  ∙  hr 
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Let mass flow rate of liquid (W𝐿) =  300 Kg/hr 

L =
mass flow

area
                                                                           (7) 

    =
300

31.42
 

    = 9.5485 Kg/m2  ∙  hr 

 

Rate of heat transfer: 

Q =  mO  ×  CP  ×  ∆TLMTD                                                    (8) 

Where, 

mO is molal flow rate of liquid (cooled water) stream =
16.67 kmol/hr 

Cp = 91.1
J

Kmol
∙  K 

Q is heat rate required to vaporize the water to discharge   

temperature 

∆TLMTD  =  131.6923℃ 

Q =  16.67 ×  91.1 ×  131.6923 

    = 199952.8 J/hr 

 

Height of the quencher: 

Z0.5 =
Q

0.43 ×  G0.8  ×  L0.4  ×  ∆TLMTD

                              (9) 

        =
199952.8

0.43 × 1723.5280.8  ×  9.54850.4  ×  131.6923
 

        = 3.6880 

Z =  13.6012 m 

 

Volume of quencher: 

V =  Area × Z                                                                           (10) 

    = 31.42 ×  13.6012 

    = 427.33 m3 

 

C. Alkali Scrubber15: 

Hot gas from the thermal oxidizer is first cooled in evaporative 

quencher using re-circulated water. Water that has not 

evaporated flows from the quencher into the packed bed 

absorber. Schematic diagram of two stage scrubber is shown in 

Figure 2. 

The gas passes through the first stage packed bed to remove 

the majority of the SO2 in the gas stream. Scrubbing water is 

collected in the sump and is re-circulated back to the top of the 

first stage packed bed and to the quencher. Dilute solution of 

sodium hydroxide is metered into the scrubber re-circulation 

line to neutralize acid gases in the gas stream. 

After the first stage, the gas passes through a second packed 

bed stage. The second stage acts as a polishing step to achieve 

the low outlet concentration of SO2. Two stages are separated 

by a trap-out tray. A dilute solution of plant supplied sodium 

hydroxide is metered into second stage re-circulation line and 

it is controlled based on the pH of second stage sump. Blow-

down stream is taken from the re-circulation line for purging of 

absorption products. Water is added to system to make up 

blow-down and evaporation losses. 

 

 

Figure 2: Two Stage Scrubber15 

 

After passing through the packed bed the gas passes through a 

mist eliminator at the top of the scrubber. Entrainment 

separator collects any water droplets that were entrained in the 

gas stream during scrubbing. The gas then passes through the 

interconnect duct, fan and chimney before being released in the 

atmosphere. 

The packing material used here has a large void spaces free for 

material to collect, low pressure drop and high mass transfer. 

The large void space provides additional tolerance for 

particulates in the gas stream. Design of the scrubber is carried 

out as follows. 
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Figure 3: Packing Material having large void space and free to 

wide surfaces15 

 

GS  =  Molar flow rate of air,kmol/h 

G1 =  Molar flow rate of incoming air −
tail gas mixture, kmol/h 

y1  =  Mole fraction of tail gas in incoming air −
tail gas mixture  

Y1 =
y1

1 −  y1

kmol of tail gas

kmol of air
                                                (11) 

G2 =  Molar flow rate of outgoing air − tail gas mixture, 

kmol/h 

y2 =  Mole fraction of tail gas in outgoing air −
tail gas mixture  

Y2 =
y2

1 − y2

kmol of tail gas

kmol of air
                                                (12) 

x2 =  Mole fraction of tail gas in incoming solvent =  0 

X2 =
x2

1 −  x2

kmol of tail gas

kmol of NaOH
                                                (13) 

L2 = LS =
Molar Flow rate of NaOH at top, entering the scrubber,  

kmol/h  

L1 = Molar flow rate of (NaOH  SO2) leaving the scrubber from bottom, kmol/h 

X1 =  Mole fraction of tail gas in NaOH leaving the absorber 

X1 =
x1

1 − x1

kmol of tail gas

kmol of NaOH
                                                 (14) 

Average molecular weight of tail gas + air mixture, 

Mavg = 28.1147 (From the material balance) 

Density of air + tail gas mixture, 

ρG =
PMavg

RT
                                                                                 (15) 

      =  
1 × 28.1147

0.08206 × (170 + 273)
 

      = 0.7736 Kg/m3 

G1 =
mass flow rate of tail gas + air mixture

average molecular weight of tail gas + air mixture
 

      =
54096.3

28.11
 

      = 1924.45kmol/h 

Y1 =  Mole fraction of tail gas in incoming air −
tail gas mixture  

Y1 =
0.0233

1 −  0.0233

kmol of tail gas

kmol of air
 

       =  0.0239 
kmol of tail gas

kmol of air
 

GS =  Molar flow rate of air,kmol/h 

GS =  G1(1 −  y1)                                                                        (16) 

      =  1924.45 (1 –  0.0239) 

      =  1879.61kmol/h 

To find the value of Ls, first the minimum amount of solvent 

required Lsmfor the desired separation is to be determined. 

Phase equilibrium equation 

y = mx =  
pv

pt

x                                                                              (17) 

At 25°C, vapour pressure of acetone is given by, 

lnpv

= A −
B

T + C
                                                                         (18) 

pv  =  0.07 

Where, pv= Vapour pressure of acetone at 25°C, Torr 

T = Temperature, K 

y =  0.07x                                                                                      (19) 

 

Table 1:Equilibrium Data Calculation 

Y x X Y 

0.000000 0.000000 0.000000 0.000000 

0.001000 0.014492 0.014705 0.001001 

0.002000 0.028983 0.029848 0.002004 

0.003000 0.043475 0.045451 0.003009 

0.004000 0.057966 0.061533 0.004016 

0.005000 0.072458 0.078118 0.005025 

0.006000 0.086949 0.095230 0.006036 

0.007000 0.101441 0.112893 0.007049 

0.008000 0.115932 0.131135 0.008065 

0.009000 0.130424 0.149986 0.009082 

0.010000 0.144916 0.169475 0.010101 

0.011000 0.159407 0.189637 0.011122 

0.023300 0.337653 0.509784 0.023856 
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Figure 4:Graph of table 1 

 

Solute balance at minimum solvent rate, 

Gs(Y1 −  Y2) =  Lsm(X1m −  X2)                                             (20) 

 

Lsm  =  Minimum amount of solvent required,kmol/h 

X1m  =
Value of X1 corresponding to the minimum amount of   

solvent  

Value of Xlmcan be obtained from the graph. Here, the curve of 

Y vs X (equilibrium Curve Fig. 9.12) (Bhatt & Thakore, 

Introduction to process equipment design) is concave 

downward. Hence, the tangent is drawn from (X2,Y2) pointand 

is allowed to intersect the horizontal line at Y1. 

Intersection point is (X1m,Y1) 

X1m =  0.40 (From Fig. 9.12) (Bhatt & Thakore, Introduction 

to process equipment design) 

1924.45 (0.0239 − 0.0010) = Lsm(0.40 − 0) 

Lsm = 113.05 kmol/h 

Ls =  1.5Lsm                                                                               (21) 

Ls = 1.5 × 113.05 

Ls = 169.57 kmol/h 

Lsm =
Minimum wetting rate required to form a liquid film over   

all the packing  

But minimum wetting rate required can be calculated after 

finding the tower diameter. Tower diameter can be determined 

after deciding the actual amount of solvent. Hence, it requires 

trial and error calculations. 

Let LS =  2000 kmol/h =  8000 kg/h 

LW  =  Mass velocity of liquid, Kg/(m2∙s) 

Lw =  
(

Ls

3600
)

π

4
D2

                                                                                (22) 

Lw =  
(

8000

3600
)

π

4
D2

 

Lw =  
2.22
π

4
D2

 

Molar flow rate for air-tail gas mixture at the top, 

G2 = Gs(1 + Y2)                                                                          (23) 

G2 =  1879.61(1 + 0.0010) 

G2 =  1881.49 kmol/h 

Average molar mass of treated gas mixture at the top, 

Mavg = 28.1112 (From the material balance) 

Density of treated gas mixture at top,  

ρ𝐺 =
PMavg

RT
                                                                                  (24) 

ρ𝐺 =  
1 × 28.1112

0.08206 × (170 + 273)
 

ρ𝐺 = 0.77 Kg/m3 

GW  =  Mass velocity of tail gas, Kg/(m2∙s) 

GW =  
(

G2×Mavg

3600
)

π

4
D2

                                                                        (25) 

GW =  
(

1881.49×28.1112

3600
)

π

4
D2

 

GW =  
14.69

π

4
D2

 

FLG =
LW

GW
√

ρG

ρL

                                                                            (26) 

FLG =

2.22
π

4
D2

14.69
π

4
D2

√
0.77

1035.95
 

FLG = 0.004 

(From fig 9.5) (Bhatt & Thakore, Introduction to process 

equipment design) KF = 0.22 

Let actual velocity of gas = 66% of folding velocity 

√
K

KF

× 100% = 66% 

K =  (0.66)2 × 0.22 

K =  0.10 

Pressure drop = 39.074 mm H2O/m of packing – acceptable 

(from fig. 9.5) (Bhatt & Thakore, Introduction to process 

equipment design) 
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Now, 

φ =
Density of NaOH

Density of water
                                                               (27) 

φ =
1035.95

1000
 

φ = 1.04 

Viscosity of NaOH at 20°C, µL= 0.4 cP = 0.4 x 10-3kg/(m ∙ s) 

Select 32 mm polypropylene Jaegar Tri Packs as packing, 

Packing factor FP= 25 m-1 

GW =  √
KρGρLg

FPφμ0.2
                                                                        (28) 

GW =  √
0.10 × 0.77 × 1035.95 × 9.81

25 × 1.04 × (0.4)0.2
 

GW =  5.91 Kg/(m2 ∙ s) 

Tower area required at top =  
Mass flow rate of treated gas

GW

 

Tower area required at top =  
(

1881.49×28.1112

3600
)

5.91
 

Tower area required at top = 2.49 m2 

Tower diameter required at top =  √
4 × area

π
                (29) 

Tower diameter required at top =  √
4 × 2.49

π
 

Tower diameter required at top = 1.78 m 

Average molecular weight of tail gas + air mixture at bottom, 

Mavg = 28.1147 (From the material balance) 

Density of air + tail gas mixture, 

ρG =
PMavg

RT
                                                                                (30) 

      =  
1 × 28.1147

0.08206 × (170 + 273)
 

      = 0.7736 Kg/m3 

Gs(Y1 −  Y2) =  Lsm(X1 −  X2)                                              (31) 

1924.45 (0.0239 − 0.0010) = 2000(X1 − 0)  

X1 = 0.0220 

Similar calculations can be done to determine the bottom 

diameter of the column, 

Thus, the bottom diameter of the column = 1.84 m 

The general arrangement of the equipment is shown in Figure 

5. 

 

Figure 5: General Arrangement15 

 

COST ESTIMATION: 

As the process involves two equipment more than normal 

scrubbing process, it increases the total cost of the 

arrangement. But, on the other hand the number of beds 

required is less as the modified packed beds are used and it 

also decreases the alkali consumption. 

Ultimately, we can say that this arrangement will increase the 

initial cost but will reduce the operating cost.  

 

RESULT: 

Normal exit SO2 concentration from the NIRMA Sulfuric Acid 

plant is about 28.3 ppm having the inlet of about 70 ppm in the 

alkaline scrubber. By applying this arrangement, the exit 

concentration can be achieved below 10 ppm having the inlet 

concentration of less than 240 ppm to the scrubber.  

This arrangement provides 65% more reduction in exit SO2 

concentration compared to the normal processes. Ultimately 

we can say that this arrangement can provide us up to 99% 

removal of SO2 from the flue gas. 

 

CONCLUSION: 

The two stage packed bed scrubber system with thermal 

oxidizer and quencher system offers a viable alternatives that 

can be applied to many industries. The system provides 

flexibility in achieving more than 95% (nearly 99%) removal 

of SO2 from flue gas. It also provides the benefits such as 

reduction in caustic consumption and operating cost, flexibility 

for using alkaline waste water and reduction in risk of fouling 

due to high caustic consumption. 

As facilities in California and elsewhere plan such strategies, 

we should also adapt such ideas for our industries and thus it 

will help us reducing the pollutant emissions in the atmosphere 

and make our environment eco-friendly. 
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