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Introduction



Introduction 

Increase CO2 in atmosphere is a worldwide cautioning. Carbon capture and storage 

(CCS) can be used to reduce greenhouse gases (GHGs) emission.  

The chemical industry to produce sodium bicarbonate from CO2 in flue gas which is an 

environmentally friendly process is a good alternative.  

Bubble column is usually used for CO2-Na2CO3 contact to produce sodium bicarbonate. 

The process involves three phase contact (gas-liquid-solid), so packed bed or trays column 

cannot be used because of the presence of solid. In addition bubble column has many 

advantages which are high heat and mass transfer coefficients, needs little maintenance and 

low working expenses. 



CO2(g) ↔ CO2(l)                                       (1) 

CO2(l) + OH
; ↔ HCO3

;                         (2) 

HCO3
; + OH; ↔ CO3

2; + H2O              (3) 

Na: + HCO3
; → NaHCO3                       (4) 

The overall reaction: 

Na2CO3 + H2O + CO2 → 2NaHCO3     (5) 

The equilibrium between NaHCO3 ,Na2CO3 and CO2  depends on temperature, concentrations 

of carbonate and bicarbonate, and CO2 partial pressure over the  solution. 

 

The following equilibrium reaction can be established in the column: 



PROPLEM STATEMENT 

There are many studies on producing sodium bicarbonate, but most studies are focused on 

the theoretical research works and few studies directed to experimental research works. Also little 

previous researches existed for utilizing flue gas carbon dioxide in the production of sodium 

bicarbonate. The present work is directed to experimental work using carbon dioxide at low 

concentration (less than 14%) for sodium bicarbonate production. 

 



 Construction of experimental set-up for testing a bubble column reactor of 63 mm inner 

diameter and 2 m height. 

 Design of the experiments according to central composite rotatable design (CCRD) by 

using four operating variables: 𝐶𝑂2mole fraction (y), saturation solution of NaHCO3 at 

different concentration of Na2CO3 (xB), time of reaction (t), and gas flow rate (Qg) at 

constant temperature (50 ᴼC) with 30 experiments.  

 Studying the effect of the four variables on the solid sodium bicarbonate production (Ms), 

and on the absorption of CO2 using response surface methodology (RSM). 

 Comparison of the experimental results with the theoretical calculation and with previous 

research results.  

 

 

 



Literature Review and 

Process model



The absorption of carbon dioxide by soduim carbonates solution occurs as follows 

(Wei-rong  et al ., 2004) : 

𝐶𝑂2 + 𝑂𝐻
;
𝑘𝑂𝐻−

𝐻𝐶𝑂3
;                    (6) 

𝐶𝑂2 + 𝐻2𝑂
𝑘𝐻2𝑂

𝐻𝐶𝑂3
; + 𝐻:          (7) 

𝐻𝐶𝑂3
; + 𝑂𝐻;

𝑘2
↔𝐶𝑂3

2; + 𝐻2𝑂        (8) 

𝐻: + 𝑂𝐻;
𝑘𝑤
𝐻2𝑂                             (9) 

Eq.(6) is a second-order reaction wherein rate constant  𝑘𝑂𝐻−(𝑙/𝑚𝑜𝑙 ⋅ 𝑠) variation with 

temperature, T (K), and ionic strength, 𝐼 (𝑚𝑜𝑙/𝑙), being calculated as  (Hikita et al., 1976; 

Vázquez et al., 2000): 

 



𝑙𝑜𝑔 𝑘𝑂𝐻 = 𝑙𝑜𝑔 𝑘𝑂𝐻
0 + 0.20𝐼 − 0.0182𝐼2               (10) 

𝑙𝑜𝑔 𝑘𝑂𝐻
0 = 13.635 −

2985

𝑇
                                       (11) 

The first-order rate-constant of Eq.(7), kH2O(s-1), can be calculated as: 

𝑙𝑜𝑔 𝑘𝐻2𝑂 = 329.80 − 110.541 𝑙𝑜𝑔 𝑇 −
17265

𝑇
      (12)

The equilibrium constant of Eq.(8), k2(L/mol), can be calculated as (Hikita et al., 1976; Vázquez 

et al., 2000; Cents et al., 2001): 

log 𝑘2 = log𝑘2
0 +

1.01 [𝑁𝑎:]

1 + 1.27 [𝑁𝑎:]
+ 0.125[𝑁𝑎:]     (13)

 



log 𝑘2
0 =

1568.94

𝑇
+ 0.4134 − 0.00673𝑇      (14)

The equilibrium concentration of hydroxyl ion for eq (8), [𝑂𝐻;] (𝑚𝑜𝑙/𝑙), can be calculated as: 

𝑂𝐻; =
𝐶𝑂3

2;

𝑘2 𝐻𝐶𝑂3
;                                          (15)

Under certain conditions, the absorption of CO2 by carbonate-bicarbonate can be considered as 

pseudo-first-order reaction with rate-constant k1(s
-1). The global reaction is:

𝐶𝑂2 + 𝐶𝑂3
2; +𝐻2𝑂

𝑘1
→2𝐻𝐶𝑂3

;      (16) 

According to Eq.(6)-(7), the rate-constant of  Eq.(16), k1, is given by:

𝑘1 = 𝑘𝐻2𝑂 + 𝑘𝑂𝐻[OH
;]               (17) 



Equations of mass transfer and 
hydrodynamic parameters 

From mass balance calculate the concentration of NaHCO3 & Na2CO3. From kinetic of reaction 

calculate the reaction rate constant (k) of the first order reaction. 

-The specific gas–liquid interfacial area (αg) 

𝛼𝑔 = 6.
𝜀𝑔

𝑑𝑏
                                                               (18) 

-Bubble Diameter ( 𝒅𝒃) 

𝑑𝑏 = 0.635(
𝜎

72
 )0.6(

1

𝜌𝐿
 )0.2                                  (19) 

-The Gas Holdup ( 𝜺𝒈) 

𝜀𝑔 =
1

2:((0.35/𝑈𝑔)(𝜌𝑙𝜎 72)) 
1

3

                                   (20) 

 



- Molecular Diffusion Coefficient (𝑫𝑪𝑶𝟐 ) 

𝐷𝐶𝑂2 = 5.35 ∗ 10
;10 ∗ 𝑇 ∗ 𝜇𝐿 

;1.035        (21) 

- Henry Constant (H) 

log (𝐻𝑤) =
1140

𝑇
− 5.3                                   (22) 

log
H

Hw
= − hi . I                                     (23) 

-Liquid Phase Mass Transfer Coefficient ( 𝑲𝑳) 

𝐾𝐿 =
𝐷𝐶𝑂2
𝑑𝑏

. 2 + 0.0187  
𝑑𝑏𝑈𝑔𝜌𝐿

𝜀𝑔𝜇𝐿

0.484

.  
𝑑𝑏𝑔

1
3

𝐷𝐶𝑂2

2
3

0.072

.
𝜇𝐿

𝐷𝐶𝑂2𝜌𝐿
 
0.339

1.61

  (24) 

 

 



-

 

-

𝑈𝑔 =
𝑄𝑔
𝐴
            (28) 



Abdel-Rahman and Abdullah 2019 constructed a mathematical model was for the design 

and simulation of utilizing a low concentration CO2 (2-18%) in flue gas to produce sodium 

bicarbonate in a bubble column reactor. The model is based on the mass balance equations for 

three phases (gas, liquid, and solid). The theory of Danckwerts and Lannus 1970 for mass 

transfer from the gas phase to the liquid phase coupling with chemical reaction was used, using 

the following equation: 

 𝑁𝐶𝑂2 = 𝐸.𝐻. 𝐾𝐿. 𝑃𝐶𝑂2 − 𝑃𝐶𝑂2 𝑒  

Or 

𝑁𝐶𝑂2 = 𝐸.𝐾𝐿. 𝐶𝐶𝑂2𝑖 − 𝐶𝐶𝑂2 𝑒   

𝑑𝑁 = 𝑁𝐶𝑂2 ∗ 𝛼𝑔 ∗ 𝑑𝑧  



Where: 

E= Enhancement factor (dimensionless). 

H=Henry constant(
𝐾𝑚𝑜𝑙

𝑎𝑡𝑚.𝑚3). 

KL=Liquid phase mass transfer coefficient (m/s). 

𝑃𝐶𝑂2=Partial pressure of CO2 at interface (atm). 

𝑃𝐶𝑂2𝑒= Partial pressure of CO2 at liquid bulk (atm). 

For unsteady state gas-liquid interface model (batch column) provided by ( Cardona  et al., 2010) 

shows in following equation:

dy(t)

dt
=
Q(1 − yin t )

V
 .
1 − ε

ε
(
yin t

1 − yin t
−

y(t)

1 − y(t)
) 



The model of present work is modified from Abdel-Rahman and Abdullah 2019 

mathematical model with the assumptions of unsteady state semi batch operation (gas flow is 

continuous operation, liquid is circulation batch operation) with constant temperature and 

constant physical properties. For unsteady state semi batch operation, Eq. (35) becomes. 

𝑑𝑁 = 𝑁𝐶𝑂2 ∗ 𝛼𝑔 ∗ 𝑑𝑧 𝑑𝑡. 

The governing equation for Na2CO3 in the liquid phase is as follows: 

𝑑 𝐿 𝑋𝐵 = −𝑁𝐶𝑂2 ∗ 𝛼𝑔 ∗ 𝑑𝑧 𝑑𝑡

The equation for NaHCO3 solid crystals precipitated is as follows:

𝑑 𝐿 𝑥1 =  𝑑 𝑀𝑠 = +2𝑁𝐶𝑂2 ∗ 𝛼𝑔 ∗ 𝑑𝑧 𝑑𝑡 

𝑁 =   𝑁𝐶𝑂2 ∗ 𝛼𝑔 ∗ 𝑑𝑧 𝑑𝑡
𝑧𝑛
𝑗   𝑡𝑛

𝑖

 



Summary of Previous Work 

No Reference

s 

  

Equipment  description 

and operation condition 

Results Notes 

  

1 Haut  et al. 

(2004) 

Bubble column with high 20 m 

and diameter 2 m. 

Large bubbles have spherical 

shape and equivalent diameter 

(5-8) cm. Small bubbles have  

ellipsoidal shape and  equivalent 

diameter (2-5) mm. 

Liquid phase:  

PH = 10 in the column &T = 25 

Cᴼ and the column nearly 

isothermal. 

Solid phase: average 

sedimentation speed of the solid 

(2 cm/s). 

Gas phase : the flow rate (2500-

4000) 𝑁𝑚3/𝑠 

a gas superficial velocity 

17.6 𝑐𝑚 𝑠𝑒𝑐  at the top and 

11 𝑐𝑚 𝑠𝑒𝑐  

at the bottom  

  

  

  

  

  

  

  

  

  

 Low gas flow rate: 

-Molar fraction of CO2 in the 

gas outlet is 0.17 

-Mass fraction of solid in the 

suspension  

outlet 0.20    

Gas hold-up is 20% 

-The small bubbles rise at a 

speed of about 20 cm/s 

  

 High gas flow rate: 

-Molar fraction of CO2 in the 

gas outlet 0.17 

-Mass fraction of solid in the 

suspension 

outlet 0.20 

Gas hold-up 40% 

The large bubbles rise at a 

speed of about 60 cm/s. 

-10% variation in gas hold-up 

between the top and the 

bottom caused by 6.6 cm/s 

variation of the gas 

superficial velocity between 

the top and the bottom.    

Assumed that the 

solid phase is 

perfectly mixed. 

The structure of 

the column is 

derived from the 

industrial column. 



2 Zhu et 

al. 

(2004) 

Glass tube filled with 𝑁𝑎𝐻𝐶𝑂3 

pharmaceutical   

(>99.5%) crystals (500-550) gm and 

5 𝑙 saturated solution of  

 𝑁𝑎𝐻𝐶𝑂3 is prepared in a jacket 

batch crystallizer. The 𝐶𝑂2flow rate 

is 8 𝑙 ℎ , the maximum 

concentrationof 𝑁𝑎2𝐶𝑂3 in these 

conditions is limited to 10 g/kg. 

 T (35-60) ᴼC 

For saturation and  T (35-45) 

ᴼC 

Initial density = 1.064𝑔𝑚 𝑐𝑚3  

Final density = 1.076𝑔𝑚 𝑐𝑚3  

Density Variation = 

0.012𝑔𝑚 𝑐𝑚3  

For desaturation and  T (55-45) 

ᴼC 

Initial density = 1.086𝑔𝑚 𝑐𝑚3  

Final density = 1.075𝑔𝑚 𝑐𝑚3  

Density Variation = 

0.011𝑔𝑚 𝑐𝑚3   

The concentrations 

of

 𝑁𝑎𝐻𝐶𝑂3& 𝑁𝑎2𝐶𝑂3 

measured by 

titration. 

related the density 

variation of the 

solution 

to the super 

saturation 

of 𝑁𝑎𝐻𝐶𝑂3 

   

3 Zhu et 

al. 

(2005) 

MSMPR crystallizer provider with 

wall baffles and a draft tube and 

impeller is a marine-type one. 

D = 15 cm MSMPR. 

The stirring rate is 600 rpm and the 

residence time is fixed at 26 min. The 

feed solution of (~35 𝑙) is saturated at 

60 or 55 ᴼC. The initial super 

saturation 𝑁𝑎𝐻𝐶𝑂3: 13 or 20 gm/kg. 

The 𝐶𝑂2 flow rate is 8 𝑙 ℎ . 

For  initial super saturation 

𝑆0=20 𝑔𝑚 𝑘𝑔  

𝑘𝐽 = 1.1510
10 

ɛ = 3.8 ×10;9𝑚3 𝑘𝑔  

For 𝑆0=13 𝑔𝑚 𝑘𝑔  

𝑘𝐽 = 1.2210
10 

ɛ = 4.4 ×10;9𝑚3 𝑘𝑔  

In both cases, µ3 is closed 

to10;6𝑚3 𝑘𝑔  

at the stationary state. 

The temperature 

inside the MSMPR 

crystallizer is 

controlled by the 

circulation of water 

in the double-wall 

jacket. 

concentration are 

controlled in 15±3 

g/kg by adding 𝐶𝑂2. 

4 Wyloc

k et al. 

(2008) 

Bubble column (the BIR column) 

height = 20 m 

wide = 2.5 m 

Validation of the bubble-liquid 

mass transfer model  

bubble diameter lie = (0.1-1) cm  

liquid temperature = 65 ᴼC, gas flow 

rate 1 𝑙 𝑚𝑖𝑛 , gas pressure = 1.2 bar  

relative gas to liquid velocity (G) = 

0.2 m/s       

 

They was  determined the 

concentration of all species,  

the concentrations change near 

the interface, and they was 

arriving to  the fringe bending 

between the bulk of the liquid  

and the interface is proportional 

to the refractive index 

variation, and  pH and 

dissolved CO2 concentration 

are followed against time .     

The liquid is 

assumed perfectly 

mixed. 

For the PH 

measurement,  a 

good agreement 

between 

experimental results 

and the simulation 

is observed.    



5 Wylock 

et al. 

(2009) 

Large-scale 

bubble columns (the BIR column) 

nearly isothermal column,  its 

filled with NaHCO3- Na2CO3 

solution.  

The large bubbles (spherical cap)  

equivalent diameter (5-8) cm  the 

small bubbles (ellipsoidal shape)  

equivalent diameter (2-5)mm    

The liquid-small bubble  mixture  εd 

=0.14) . 

The gas hold-up was measured  

experimentally = 20% 

The average size of the particles 

measured by correlation of the 

nucleation rate and growth 

The small bubbles in 

the liquid-small 

bubble 

mixture (εd), which is 

assumed to be 

constant. 

The circulation loops 

in the lower part to 

avoid sedimentation 

of the solid phase.  

6 Saberi 

et al. 

(2009) 

Industrial bubble column 

crystallizer, inner diameter = 1.2 

m height = 22 m 

liquid temperature 

= 323 k 

Liquid flow rate = 4800 kg/h, gas 

pressure= 2.5 atm  

Gas temperature = 298 k, Gas 

flow rate = 200 m3/h   

They used equation  to measure the 

nucleation rate and growth. 

 𝐺 = 𝐾𝐺∆𝑤
𝑔 

∆𝑤 = 𝑤 − 𝑤∗ 

𝐵 = 𝐾𝑁𝑀𝑡
𝑗∆𝑤𝑏 

They design  

water jacket around 

the column to control 

the temperature 

inside the column. 

The objective of 

experimental work, 

time of reaction 

(0-3.5) h. 

7 Goharri

zi and 

Abolpo

ur 

(2011) 

Industrial 

bubble column crystallizer, inner 

diameter = 1.2 m height = 22 m 

Liquid temperature = 

(320-325 ) k 

liquid flow rate=4800 kg/h 

Gas temperature 

= 298 k , gas flow rate=200 m3/h, 

CO2 mole fraction = (50-60) % 

Pressure of the gas = (2.33-2.735) 

bar 

-They used equation to measure the 

nucleation rate and growth. 

-the plant conversion of carbon 

dioxide = 50 % 

-at 210 min in the bottom of the 

column, about 8 g/kg solution for 

super saturation and 480 g/kg 

solution for magma density and 

molar flow rate of the solid =6.8 

mole/m2.s. 

Range of 

particle size 

in the outlet = (50-1000) µm. 

They compared the 

model results with 

the experimental 

results presented by 

Saberi et ., al(2009). 

The model results  

are a good agreement 

with the 

experimental results 

at  steady-state 

operating conditions. 

 



8 A. S. 

Goharri

zi 

and 

Abolpo

ur 

(2014) 

Large bubble column reactor , - 

Temperature=25°C 

-Flow rate=200m3/hr, 

CO2concentration=50-58%. 

-Liquid Phase : Temperature = 

48-52 °C 

-Mass flow rate=4800 kg/hr. 

-Pressure=2.42-2.58 bar 

CO2  

conversion = 45- 

47.5%. 

-Magma density at 

outlet = 0.44-0.49 

 

- The main 

crystals size 

in the outlet 

about below 

300 µm form 

most of solid 

phase.  

9 Shim 

et al. 

(2016) 

They used three reactors on the 

series have  

700 mm, 400 mm, and 300 mm, 

respectively and inner diameter 8 

cm. Na2CO3= 20 wt%, 

NaOH flow rate=10-15 mL/min, 

CO2 = 14 Vol% 

Gas flow rate = 5L/min 

 

The respective average 

pH levels of the three reactors were 

9.0, 10.2, and 12.5.  

The total CO2 absorption ratio was 

about 99%. Generally, in post-

combustion 

carbon capture, 90% of capture rate is 

the required absorption rate. 

Quantitative 

X-ray 

diffraction 

was used for 

the purity 

analysis of 

NaHCO3 

1

0 

Mahar

loo et 

al. 

(2017) 

Bubble column reactor with 

recycle of the CO2 stream at the 

top and mixing with CO2 that 

send to the column.  

Gas phase: 

-Temperature=25°C. 

-Flow rate=250-400 m3/hr. 

CO2 concentration=40-60%. 

-Pressure=1-4atm. 

Liquid Phase: 

-Temperature= 50 °C. 

-Mass flow rate=4800 kg/hr. 

  

Molar velocity of the solid = 6-13.3 

mole/m2s 

CO2 conversion = 33-53 % 

Magma density at 

outlet = 0.61 

 

Liquid enter 

the column at 

super saturation 

condition (the solid 

direct produce) 

 



11 Abdel-Rahman 

et al. (2018) 

A lab-scale batch 

bubble column 

dR= 0.85 mm 

h= 0.5 m  

xB=0.2 

Three operating 

variables were 

considered, 

CO2 mole fraction 

(0.2-1), 

temperature (30-

70 ᴼC) and time 

(0.5-2.5h). 

The reaction time was found to be 

the most effective operating 

condition in yield of  NaHCO3, but 

temperature was found to be 

the most effective operating 

condition in crystal size of sodium 

bicarbonate. The optimum 

conditions achieved yield of sodium 

bicarbonate was 63.2% and particle 

size 358 μm at temperature 58 oC, 

CO2 mole fraction 98% and time 

2.50 h 

Experiments was 

designed by  

Response surface 

methodology 

(RSM) was used 

with central 

composite 

12 Abdel-

Rahman and  

Abdullah  

(2019) 

Bubble column 

height h=11-33m 

column diameter 

(dR=1-3 m) 

gas molar velocity 

(G=2.5-10 

mole/m2.s),  liquid 

flow rate (mL=2800-

3400 kg/hr),  

(x1=0.04-0.1),   

(yCO2=0.02-0.18) 

The conversion varying 

from 34-71 %. 

The particle size range varied from 0 to 

400 µm 

They were  studied 

theoretically 



EXPERIMENTAL WORK



Figure (3.1) shows the schematic diagram for experimental set-up of a semi batch circulation bubble 

column used in present work. Figure (3.2) shows the photo of the experimental set-up. Figure (3.3) explains 

the block diagram of the production sodium bicarbonate (𝑁𝑎𝐻𝐶𝑂3) , include four stages: preparation tank, 

bubble column, filtration and drying. Output solid sodium bicarbonate product is weighed by sensitive 

balance. 

The preparation tank (10 liter) is used to prepare the saturation sodium bicarbonate and sodium 

carbonate solution with constant operating temperature (50±1 oC). The tank contains a mixer for mixing the 

solution and a heater connected with digital temperature controller. Pump is connected to the bottom of the 

tank followed by liquid flow meter (adjusting liquid circulation at 400 l/h). 

The bubble column has 63 mm inner diameter and 2 meters height and expand to 100 mm diameter at 

the top of the column for the purpose of the  circulation of the solution, it contains five valves at different 

locations (40 cm between one another) for taking samples. The circulation line contains a second heater 

connected to digital temperature controller to control the column temperature. The gas mixture (CO2-air) 

flow are adjusted by two flow meters. CO2 gas supplied from pressure regulated cylinder and the air supplied 

from a compressor. The air and CO2 is mixed and injected together to the bottom of the column. 

 



Figure (3.1) Schematic diagram for 

experimental set-up 



Figure (3.2) The photo for the 

experimental set-up. 

Figure (3.3) Block diagram of sodium 

bicarbonate production. 



Four operating variable were considered in the present work at constant temperature 50 ᵒC ; 

● Gas flow rate  (300 − 700) 𝐿 ℎ  

●  𝐶𝑂2 mole fraction 0.06 − 0.14  

● Super saturation solution of 𝑁𝑎𝐻𝐶𝑂3 with 0.04 − 0.20  weight fraction of 𝑁𝑎2𝐶𝑂3 (prepared according 

Figure (2.5)) 

● Time of reaction 1 − 5  ℎ

The procedure consists six steps; 

1-The first step is the preparation of the saturation solution of (𝑁𝑎𝐻𝐶𝑂3) according to the experiments 

conditions from 0.04-0.2 Na2CO3 weight fraction at 50 ᴼC in the preparation tank. 

2-The second is to pump the prepared solution into the bubble column reactor by the pump and the 

temperature is controlled at 50 ᴼC by circulation the solution through the bubble column. The circulation line 

contains a heater connected to digital temperature controller.  

3- Continuously feed the carbon dioxide-air mixture into the column with gas flow rate (300 − 700) 𝑙 ℎ  

according to the experiment conditions, Homogeneous flow regime in the column is investigated with 

superficial gas velocity (0.03-0.06 m/s). 

 



4-Running the experiment at a specified the flow rate, mole fraction of CO2 gas (y=0.06-0.14), saturation 

NaHCO3-Na2CO3 weight fraction of the solution (xB=0.04-0.2) and time of reaction (t=1-5 h). 

5- A Buchner funnel with vacuum pump is used to filtrate the slurry of 𝑁𝑎𝐻𝐶𝑂3  produced, and separated 

the saturation solution.  

6- Drying the filtration 𝑁𝑎𝐻𝐶𝑂3  slurry using the oven at temperature 65 ᴼC for about 7 hours to complete 

removal of moisture from solid crystals and weighed the product by sensitive balance. 

Central composite design (CCD) is a tool from response surface methodology, provided by the Design-Expert 

6.0.6 software program, was used to design of experiments and analysis of results for the production of 

sodium bicarbonate solid by bubble column reactor. The four independent variables labeled as;  (A) gas flow 

rate, (B) yCO2 mole fraction of CO2 , (C) XNa2CO3 weight fraction of Na2CO3, and (D) time of reaction.  

 

 

Variables Units Low levels High levels 

A-gas flow 

rate 

l/h 400 600 

B-CO2 - 0.08 12 

C-Na2CO3 - 0.08 16 

D-time h 2 4 



Exp No. Range of Variables Level of Variables Ms 

Qg yCO2* 10-2 XNa2CO3* 10-2 t A B C D 

1 400 8 8 2 -1 -1 -1 -1   

2 600 8 8 2 1 -1 -1 -1   

3 400 12 8 2 -1 1 -1 -1   

4 600 12 8 2 1 1 -1 -1   

5 400 8 16 2 -1 -1 1 -1   

6 600 8 16 2 1 -1 1 -1   

7 400 12 16 2 -1 1 1 -1   

8 600 12 16 2 1 1 1 -1   

9 400 8 8 4 -1 -1 -1 1   

10 600 8 8 4 1 -1 -1 1   

11 400 12 8 4 -1 1 -1 1   

12 600 12 8 4 1 1 -1 1   

13 400 8 16 4 -1 -1 1 1   

14 600 8 16 4 1 -1 1 1   

15 400 12 16 4 -1 1 1 1   

16 600 12 16 4 1 1 1 1   

17 300 10 12 3 -2 0 0 0   

18 700 10 12 3 2 0 0 0   

19 500 6 12 3 0 -2 0 0   

20 500 14 12 3 0 2 0 0   

21 500 10 4 3 0 0 -2 0   

22 500 10 20 3 0 0 2 0   

23 500 10 12 1 0 0 0 -2   

24 500 10 12 5 0 0 0 2   

25 500 10 12 3 0 0 0 0   

26 500 10 12 3 0 0 0 0   

27 500 10 12 3 0 0 0 0   

28 500 10 12 3 0 0 0 0 
  

29 500 10 12 3 0 0 0 0 
  

30 500 10 12 3 0 0 0 0 
  





The present work deals with the variables that effects on quantity of the  production sodium bicarbonate by 

the semi-batch circulation bubble column reactor. To control of quantity of sodium bicarbonate must be 

studying the influence several variables such as the crystallization that coexist with nucleation  and growth  

with the objectives that effect on it, and absorb of CO2 through the saturation solution of NaHCO3 with mass 

transfer coupling with chemical reaction. Danckwarts theory was used for mass transfer from gas to liquid 

phase. The present work mathematical model is modified from Abdel-Rahman and Abdullah 2019 model 

with the assumptions of unsteady state semi batch operation (gas flow is continuous operation, liquid is 

circulation batch operation) with constant temperature and constant physical properties. The model of present 

work is solved by MATLAB.

The Statistical Analysis of the experimental results 

Response surface methodology (RSM) was good applied for sodium bicarbonate production process. The 

high regression confidents of the second-order polynomial showed that the model was well fitted to the 

experimental data. The empirical polynomial multivariable equations were obtained: 

Ms= 55.07222 -0.10996Qg -450.6250yCO2 -286.04167XNa2CO3 -18.33333t +1740.45139XNa2CO3
2 

+1.11875QgyCO2+0.044250Qgt+186.25000yCO2t (R=0.9985) 

 



Exp No. Range of Variables Level of Variables Ms 

(g) Qg 

(l/h) 
YCO2 

*10-2 

XNa2CO3 

*10-2 

t 

(h) 

A B C D 

1 400 8 8 2 -1 -1 -1 -1 29.2 

2 600 8 8 2 1 -1 -1 -1 42.4 

3 400 12 8 2 -1 1 -1 -1 44 

4 600 12 8 2 1 1 -1 -1 65.5 

5 400 8 16 2 -1 -1 1 -1 39.5 

6 600 8 16 2 1 -1 1 -1 53 

7 400 12 16 2 -1 1 1 -1 54 

8 600 12 16 2 1 1 1 -1 76 

9 400 8 8 4 -1 -1 -1 1 57 

10 600 8 8 4 1 -1 -1 1 88 

11 400 12 8 4 -1 1 -1 1 86 

12 600 12 8 4 1 1 -1 1 126 

13 400 8 16 4 -1 -1 1 1 68 

14 600 8 16 4 1 -1 1 1 98 

15 400 12 16 4 -1 1 1 1 97 

16 600 12 16 4 1 1 1 1 137 

17 300 10 12 3 -2 0 0 0 41 

18 700 10 12 3 2 0 0 0 97 

19 500 6 12 3 0 -2 0 0 40 

20 500 14 12 3 0 2 0 0 95 

21 500 10 4 3 0 0 -2 0 68 

22 500 10 20 3 0 0 2 0 89 

23 500 10 12 1 0 0 0 -2 22.7 

24 500 10 12 5 0 0 0 2 115 

25 500 10 12 3 0 0 0 0 68.7 

26 500 10 12 3 0 0 0 0 68 

27 500 10 12 3 0 0 0 0 67 

28 500 10 12 3 0 0 0 0 69 

29 500 10 12 3 0 0 0 0 67.8 

30 500 10 12 3 0 0 0 0 66.9 



Figure (4.1) shows the perturbation parameters effect of A(gas flow rate), B(CO2 mole fraction), 

C(concentration of sodium carbonate in super saturation) and D (time of reaction) on solid of sodium 

bicarbonate. The central point values of the variables; A (Qg =500 l/h), B(yCO2 =0.10 ), C (XNa2CO3 = 0.12), 

and (t=3 h). Time of reaction is the more effective variable because the deviation of the solid is larger than 

the deviation of solid of the other variables, while the effect of the gas flow rate and CO2 mole fraction is the 

same effect on the product of the solid and the this two variables approximate is same effect, but increase the 

concentration of Na2CO3 in the super saturation lead to little increase in the yield of the solid. 

 

Figure (4.1): Effect of perturbation parameters on 

the solid of sodium bicarbonate 



The effect of gas flow rate 

Figure (4.2), shows the relation of weight fraction of Na2CO3, with time at different 

flow rate of gas at constant the another variables, this the rise in consumed of Na2CO3 

at rise the gas flow rate caused by the increase the amount of CO2 that injected to the 

solution. 

 

Figure(4.2) The relation of weight fraction of 

Na2CO3, with time at different flow rate of 

gas 



The drop in the concentration of Na2CO3 lead to decrease in the [Na+] ion that found in  Na2CO3 and this lead 

to drop in the equilibrium constant k2 that explain in Figure(4.3). The increase in consumed Na2CO3 cause the 

decrease [CO3
2-] ion and this lead to the drop in the hydroxyl ion [OH-] cause  rise the drop in reaction rate 

constant that explained in Figure(4.4). 

Figure (4.4) The drop in reaction rate constant, 

with time at different gas flow rate 

Figure(4.3) The drop in equilibrium constant, with 

time at different gas flow rate  



Figure (4.5) explains when increase of the gas flow rate lead to decrease of CO2 conversion (at 400 l/h is 

about 6.613% at the top of column, and 700 l/h is about 6.356 % at the top of column) at constant another 

variables. This dropped  can be description that at increase the gas flow rate (increase of gas velocity) lead to 

decrease the contact time between gas and liquid and this lead to decrease the absorption of CO2 gas. Figure 

(4.6) shows the influence of difference gas flow rate (400,500,600 and 700) l/h at constant the another 

variables,, in this figure increase the yield of solid with increase the gas flow rate because increase in the 

amount of CO2 lead to increase the solid NaHCO3.

Figure(4.5) The distribution  conversion of CO2 gas 

at the different gas flow rate and at xB=0.12 & 

yCO2=0.1 

Figure(4.6) Influence of difference gas flow rate 

(400,500,600 and 700) l/h on the production of solid 

xB=0.12, & yCO2=0.1 



The effect of mole fraction of CO2

Figure (4.7) shows the decrease weight fraction of Na2CO3 at rise mole fraction of CO2 

gas because the rise of CO2 amount. Figure (4.8) explains the drop in the equilibrium 

constant with rise the mole fraction of CO2 gas caused by the decrease the concentration 

of [Na+] that found in Na2CO3 . 

 

 

Figure(4.7) The decrease weight fraction of Na2CO3 

at rise mole fraction of CO2 

Figure (4.8) The drop in the equilibrium constant 

with rise the mole fraction 



Figure(4.9) shows the decrease in the reaction rate constant with increase the mole fraction of CO2 gas 

because the drop in [CO3
2-] ion that lead to drop in [OH-] ion. Figure(4.10) illustrates the drop in the 

enhancement factor because the decrease in reaction rate constant. 

Figure(4.9) The decrease in the reaction rate constant 

with increase the mole fraction of CO2 

Figure(4.10) The drop in the enhancement factor at 

rise yCO2 



Figure (4.11)  explains influence of yCO2 is small on the conversion of CO2 gas at the top of column and this 

given that need more height of column in order to appearance this effect. Figure (4.12) shows the influence of 

difference mole fraction of CO2  (0.04,0.08,0.1 and 0.14) l/h at constant the another variables, in this figure 

increase the yield of solid with increase the mole fraction of CO2 because increase in the amount of CO2 lead 

to increase the solid NaHCO3.
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Figure(4.11) Influence of yCO2 is small on the 

conversion of CO2 gas at the top. 

Figure(4.12)Influence of mole fraction of CO2 gas 

(0.04,0.08,0.1, and 0.14) on the production of solid of 

solid 



Effect of initial sodium carbonate 

concentration  

Figure (4.13) shows the consume of Na2CO3 is the similar at different concentration of Na2CO3 and this lead 

to the same change in  (k2,k1 and E) at constant other variables Figures(4.14),(4.15) and Figure(4.16), but the 

high concentration of Na2CO3 is given high concentration of [CO3
2-] ion and this given more high reaction 

rate constant and enhancement factor from low concentration of Na2CO3 . 

 

Figure(4.13) The consume of Na2CO3 is the 

similar at different concentration of Na2CO3 

Figure(4.14) Influence of difference xB on the 

equilibrium constant 



Figure(4.15) Influence of difference xB on reaction 

rate constant 
Figure(4.16) Influence of difference xB on 

enhancement factor 



Figure (4.17) illustrate increase the conversion of CO2 gas through the different weight fraction of Na2CO3 

(0.04,0.1,0.14, and 0.2) with height of column, this increase is happened because of easily picking of Na2CO3 

by CO2 gas. Figure (4.18) shows the influence of different initial weight fraction of Na2CO3 on the yield of 

the solids NaHCO3 in the bottom of column at constant the another variables, the  production of solid 

increase slightly with increase of initial weight fraction of Na2CO3. This rise of production able that  

description that high amount of Na2CO3 content in solution spread over  a high region on solution  made the 

CO2 gas  easy pick up this amount and produce the solid. 

Figure(4.17) The distribution  conversion of CO2 gas at the 

different weight fraction of Na2CO3 and at Qg=500 l/h & 

yCO2=0.1 

Figure(4.18) The influence of initial weight fraction 

of Na2CO3 on the yield of the solids NaHCO3  



Comparison between theoretical and 

experimental results

Figure (4.19) shows the comparison between the experimental and theoretical results for the effect of time 

(t=1-5 h) and gas flow rate (Qg=300 and 700 l/h) on the product of the solids NaHCO3 . The relative absolute 

error (RAE) of 3.5 % and 6.2% were noticed for gas flowrates Qg=300 and Qg=700 l/h respectively. 
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Figure (4.19): The comparison between the 

experimental and theoretical results for the effect of 

time and gas flow rate on the product of the solids 

NaHCO3. 



Figure (4.20) shows the comparison between the experimental and theoretical results for the effect of time 

(t=1-5 h) and the mole fraction of CO2 gas (y=0.06 and y=0.14) on the product of the solids NaHCO3. The 

relative absolute error (RAE) of 6.3 % and 4.7% were noticed for the mole fractions of CO2 gas y=0.06 and 

y=0.14 respectively. 
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Figure (4.20): The comparison between the 

experimental and theoretical results for the effect of 

time and the mole fraction of CO2 gas on the product 

of the solids NaHCO3. 



Figure (4.21) shows the comparison between the experimental and theoretical results for the effect of time 

(t=1-5 h) and the weight fraction of Na2CO3, saturated with NaHCO3, (XB=0.04 and 0.2) on the product of 

the solids NaHCO3. The relative absolute error (RAE) of 14.3 % and 21.2 % were noticed for the weight 

fraction of Na2CO3, saturated with NaHCO3, XB=0.04 and XB=0.2 respectively.
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Figure (4.21): The comparison between the 

experimental and theoretical results for the effect of 

time and the weight fraction of Na2CO3, saturated 

with NaHCO3, on the product of the solids NaHCO3 



CONCLUSIONS AND 

RECOMMENDATIONS



CONCLUSIONS 
The following conclusions can be obtained from the present work: 

1-The modified present work mathematical model from Abdel-Rahman and Abdullah 2019 model with the 

assumptions of unsteady state semi batch operation (gas flow is continuous operation, liquid is circulation 

batch operation) with constant temperature and constant physical properties gives good results of 3.5-21% 

relative absolute error (RAE). 

2-Response surface methodology (RSM) was good applied for 

sodium bicarbonate production process. The high regression confidents of 

the second-order polynomial showed that the model was well fitted to the 

experimental data 

3-The production of the solid sodium bicarbonate increased with the four process independent variables; the 

gas flow rate, the mole fraction of CO2 gas, the weight fraction of Na2CO3, and the time of reaction. The most 

effective variable is the time of reaction. 

4-The conversion of CO2 gas in the column increased with increasing of both the mole fraction of CO2 gas 

and the weight fraction of Na2CO3. Whereas it decrease with increasing the gas flow rate. 

5-Good agreement between the experimental results and theoretical calculation in production of NaHCO3 

from CO2 in flue gas with 3.5-21% relative absolute error (RAE).  

 



Experimental study of sodium bicarbonate production in a batch bubble column using CO2 in flue gas with 

the circulation of both gas and liquid.
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