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CHAPTER ONE    

                                         INTRODUCTION 

1.1     Background to the Study 

The scientific community agrees that anthropogenic CO2 emission, mainly generated by fossil-

fuel power plants, is among the main contributors to global warming (Arpin and Veaweb, 2007). 

Although the transition of the existing infrastructure from carbon-based sources to cleaner 

alternatives would be ideal in this regard, such a change requires considerable modifications to 

the current energy framework, and many of the proposed technologies are not yet sufficiently 

developed to facilitate large-scale industrial implementation. Thus, carbon capture and 

sequestration (CCS) technologies that efficiently capture CO2 from existing emission sources 

will play a vital role until more significant modifications to the energy infrastructure can be 

realized. Post-combustion CO2 capture processes have the greatest near-term potential for 

reducing greenhouse gas emissions because existing units can be easily retrofitted, thus 

providing a quicker solution to mitigate CO2 environmental impacts (Ahegot and Celia, 2002).  

 

Again global warming from the emission of greenhouse gases has received widespread attention. 

Among the greenhouse gases, CO2 contributes more than 60% to global warming because of its 

huge emission amount (Gordon, 2008). The CO2 concentration in atmosphere now is close to 

800 ppm, which is significantly higher than the pre-industrial level of about 600 ppm 

(Tontiwachwuthikal et al., 2008). To mitigate global warming, the kyoto protocal urges 37 

industrialized nations and European Union to reduce their greenhouse gas emissions to a level of 

5.2% on average lower than those of 1990 and during the period of 2008 to 2012 (Moore, 2005). 

Copenhagen Accord also requests the global temperature increase be limited to 2°C above the 

pre-industrial level by year 2080. International Energy Agency (IEA) stated that to achieve the ± 

2°C goal, CO2 capture and storage (CCS) technology is required and the contribution would be 

19% in 2050. It is therefore essential to develop the CCS technologies to cope with the global 

demand of CO2 reduction. Though various CO2 capture technologies, including physical 

absorption, chemical absorption, adsorption and membrane (Arpin and Veaweb, 2007) exist, 

they are not matured enough for post-combustion power plants, this is because large amount of 
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flue gas have to be treated almost on daily basis and significant mass transfer limitations exist in 

the available treatment processes. 

 

Among all the post-combustion technologies developed for carbon capture/sequestration, 

adsorption processes are attractive due to their low energy requirements, operating flexibility and 

general low maintenance costs (Baum and Woehlck, 2003). Another suitable method for carbon 

sequestration is by the use of absorption, various research works already carried out on this topic 

show that the use of aqueous alkanolamine solutions seem to be the most promising technology 

for carbon capture (Arpin and Veaweb, 2007). Chemical solvent absorption methods have been 

studied and are considered as a reliable and relatively low cost method for reducing CO2 

emission from fossil fuel power plants (Yei and Bai, 2009). From the recent trend and 

observations in published works, ammonia and monoethanolamine (MEA) are the most widely 

used and suitable solvents for carbon sequestration (Baum and Woehlck, 2003). Ammonia seems 

to be a better solvent for removing CO2 and CO from flue gas, this is partly due to the fact that 

ammonia reagent has been used in the De-NOx process (such as selective catalytic reduction and 

selective non-catalytic reduction) in the flue gas systems (Yei and Bai, 2009). The ammonia 

solvent is also an excellent reagent for removing SO2 and HCl from waste gas streams (Change 

et al., 2006) and has the capacity to scrub all acid pollutants.  

 

Apart from adsorption and absorption processes, there are other alternative strategies that have 

been tested in order to reduce the emission of CO2 into the atmosphere. These strategies include 

fuel alternative, energy conservation and improving power generation efficiencies (Yeh et al, 

2005). Due to their limited impact on the emission reduction of CO2, various end-of-pipe 

technologies have also been tested to remove and recover CO2 and CO from flue gas streams. 

These include cryogenic separation, membrane separation and biological fixation (Sender and 

Henley, 1998).  

 

1.2 Statement of the Problem 

The aggressive exploitation of fossil fuels and other natural resources has contaminated the air 

we breathe, the water we drink, and the land we inhabit. Over a million tons of carbon (iv) oxide 
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and other climatically-important “greenhouse” gases have already been accumulated in the 

atmosphere (Arpin and Veaweb, 2007). Within the course of a relatively short time, the 

concentration of carbon (iv) oxide, CO2, has increased by 40%, and now exceeds the highest 

levels in the past 30 years (Sender and Henley, 1998). Carbon (iv) oxide is a major driver of the 

natural climate as well as biotic processes in both terrestrial and marine ecosystems, making 

possible life on Earth. The problem we now face is that fossil fuel combustion and deforestation 

have significantly altered the carbon balance of the atmosphere (Trans Engineers Newsletter, 

2011) therefore research on carbon sequestration is necessary to reduce the effect of carbon 

molecules. Collectively, this warming and the extreme events have brought in their wake, such 

as heat waves, intense storms, forest fires, accompanying melting of mountain glaciers, rising sea 

level, and erosion of wetlands have damaged natural ecosystems and human health in multiple 

ways, many of which have yet to be documented, let alone analyzed rigorously. In addition, 

surface warming, changing precipitation patterns coupled with early melting of snow packs and 

glaciers, have affected water resources and reduced crop yields. 

 

1.3     Aim and Objectives 

Aim: To capture and optimize carbon sequestration by absorption using aqueous ammonia. 

Objectives:  

i) To sequestrate carbon gases from flue gas by absorption method using aqueous ammonia. 

ii) To evaluate the effect of process variables such as concentration of solvent, time and 

volume of solvent on CO2 and CO capture by absorption method using aqueous 

ammonia efficiency. 

iii) To determine the overall mass transfer coefficient for the absorption process. 

iv) To determine the optimum process conditions for sequestration of CO2 and CO from the 

flue gas using aqueous ammonia. 

v) To design an absorption column for carbon sequestration. 

vi) To carry out material and energy balances on the absorption column. 
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1.4     Scope of the Study  

The research focuses on the experimental investigation of the use of aqueous ammonia in the 

sequestration of CO2 and CO from flue gas. Design and fabrication of a prototype batch 

absorption column, modeling and optimization of the experimental data to obtain process 

conditions for the sequestration of CO2 and CO capture from the flue gas. Mass transfer 

coefficient of the absorption process will be determined. Regression analysis will also be carried 

out to determine the model fit to the experimental data. 

 

1.5   Justification of the Study 

Growing environmental concerns today on global warming and effects of greenhouse gases have 

motivated extensive research activities towards developing more efficient and cost effective 

process for carbon capture from large points such as power plants, steel plants etc., as fossil fuel 

will continue to hold the major role in meeting the global energy demand. A complete transition 

to conservation and renewable energy does not yet enjoy a huge support from the manufacturing 

and industrial sector that have vested interest in fossil fuel, therefore there is need to proffer a 

solution to stem the tide occasioned by the effect of CO2 and CO which are the end products of 

fossil fuel burning. Furthermore, it will serve as a data bank on carbon sequestration and its 

effect on sensitive science of ecology also the general public will gain some insight into the 

ecological implications of CO2 and CO.  
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          CHAPTER TWO 
                               LITERATURE REVIEW 

2.1   Overview of Carbon Capture 

Carbon (IV) oxide (chemical formula CO2) is a colourless, odourless gas vital to life on earth. 

This naturally occurring chemical compound is composed of a carbon atom covalently double 

bonded to two oxygen atoms. Carbon (IV) oxide exists in the earth's atmosphere as a trace gas at 

a concentration of about 0.04 percent (400 ppm) by volume. Natural sources include volcanoes, 

hot springs and geysers and it is freed from carbonate rocks by dissolution in water and acids. 

Since carbon (IV) oxide is soluble in water, it occurs naturally in groundwater, rivers and lakes, 

in ice caps and glaciers and in seawater. It is present in deposits of petroleum and natural gas 

(Liao et. al., 2013). Carbon (IV) oxide was the first gas to be described as a discrete substance. In 

about 1640, the Flemish chemist Jan Baptist Van Helmont observed that when he burned 

charcoal in a closed vessel, the mass of the resulting ash was much less than that of the original 

charcoal. His interpretation was that the rest of the charcoal had been transmuted into an 

invisible substance he termed a "gas" or "wild spirit" (spiritus sylvestre) (Kishimoto, 2009).  

 

The properties of carbon (IV) oxide were studied more thoroughly in the 1750s by the Scottish 

physician Joseph Black. He found that limestone (calcium carbonate) could be heated or treated 

with acids to yield a gas he called "fixed air." He observed that the fixed air was denser than air 

and supported neither flame nor animal life. Black also found that when bubbled through 

limewater (a saturated aqueous solution of calcium hydroxide), it would precipitate calcium 

carbonate. He used this phenomenon to illustrate that carbon (IV) oxide is produced by animal 

respiration and microbial fermentation. In 1772, English chemist Joseph Priestley published a 

paper entitled Impregnating Water with Fixed Air in which he described a process of dripping 

sulfuric acid (or oil of vitriol as Priestley knew it) on chalk in order to produce carbon (IV) 

oxide, and forcing the gas to dissolve by agitating a bowl of water in contact with the gas.  

Carbon (IV) oxide was first liquefied (at elevated pressures) in 1823 by Humphry Davy and 

Michael Faraday. The earliest description of solid carbon (IV) oxide was given by Adrien-Jean-

Pierre Thilorier, who in 1835 opened a pressurized container of liquid carbon (IV) oxide, only to 
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find that the cooling produced by the rapid evaporation of the liquid yielded a "snow" of solid 

CO2 (Baum and Woeholk, 2003). 

2.2 Isolation and Production of Carbon (IV) Oxide 

Carbon (IV) oxide can be obtained by distillation from air, but the method is inefficient. 

Industrially, carbon (IV) oxide is predominantly an unrecovered waste product, produced by 

several methods which may be practiced at various scales (Yei and Bai, 2009). The combustion 

of all carbon-based fuels, such as methane (natural gas), petroleum distillates (gasoline, diesel, 

kerosene, propane), coal, wood and generic organic matter produces carbon (IV) oxide and, 

except in the case of pure carbon, water. As an example, the chemical reaction between methane 

and oxygen is given as follows. 

CH4+ 2O2→ CO2+ 2H2O                                                                                                 (2.1) 

It is produced by thermal decomposition of limestone, CaCO3 by heating (calcination) at about 

850 °C (1,560 °F), in the manufacture of quicklime (calcium oxide, CaO), a compound that has 

many industrial uses, Iron is reduced from its oxides with coke in a blast furnace, producing pig 

iron and carbon (IV) oxide:  

CaCO3→ CaO + CO2                                                                                                                                          (2.2) 

Carbon (IV) oxide is a byproduct of the industrial production of hydrogen by steam reforming 

and ammonia synthesis. These processes begin with the reaction of water and natural gas (mainly 

methane) (Cheng and Tan, 2009). Acids liberate CO2 from most metal carbonates. Consequently, 

it may be obtained directly from natural carbon (IV) oxide springs, where it is produced by the 

action of acidified water on limestone or dolomite. The reaction between hydrochloric acid and 

calcium carbonate (limestone or chalk) is shown below: 

CaCO3 + 2 HCl → CaCl2 + H2CO3                                                                                                               (2.3) 

The carbonic acid (H2CO3) then decomposes to water and CO2, Such reactions are accompanied 

by foaming or bubbling, or both, as the gas is released. They have widespread uses in industry 

because they can be used to neutralize waste acid streams. 
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H2CO3→ CO2 + H2O                                                                                                     (2.4) 

Carbon (IV) oxide is a by-product of the fermentation of sugar in the brewing of beer, whisky 

and other alcoholic beverages and in the production of bioethanol. Yeast metabolizes sugar to 

produce CO2 and ethanol, also known as alcohol, as follows: 

C6H12O6 → 2 CO2+ 2C2H5OH                                                                                       (2.5) 

All aerobic organisms produce CO2 when they oxidize carbohydrates, fatty acids, and proteins. 

The large number of reactions involved is exceedingly complex and not described easily. In the 

case of cellular respiration, anaerobic respiration and photosynthesis. The equation for the 

respiration of glucose and other monosaccharides is: 

C6H12O6 + 6O2 → 6CO2 + 6 H2O                                                                                   (2.6) 

Photoautotrophs (i.e. plants and cyanobacteria) use the energy contained in sunlight to 

photosynthesize simple sugars from CO2 absorbed from the air and water: 

n CO2 + n H2O → (CH2O)n + n O2                                                                                                                     (2.7)  

Carbon (IV) oxide comprises about 40-45% of the gas that emanates from decomposition in 

landfills (termed "landfill gas"). Most of the remaining 50-55% is methane (Diao, 2004). 

 

          Fig. 2.1: Crystal structure of dry ice (Favre, 2007) 
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2.3 Chemical and Physical Properties of Carbon (IV) Oxide 

2.3.1 Structure and Bonding 

The carbon (IV) oxide molecule is linear and centrosymmetric. The two C=O bonds are 

equivalent and are short (116.3 pm), consistent with double bonding (Derks and Versteeg, 2009). 

Since it is centrosymmetric, the molecule has no electrical dipole. Consequently, only two 

vibrational bands are observed in the IR spectrum – an anti-symmetric stretching mode at 

2349 cm
−1

 and a degenerate pair of bending modes at 667 cm
−1

. There is also a symmetric 

stretching mode at 1388 cm
−1

 which is only observed in the Raman spectrum (Cullimane and 

Rochelle, 2011). 

2.3.1.1 In Aqueous Solution 

Carbon (IV) oxide is soluble in water, in which it reversibly forms H2CO3 (carbonic acid), which 

is a weak acid since its ionization in water is incomplete. 

  CO2 + H2O → H2CO3                                                                                                      (2.8) 

The hydration equilibrium constant of carbonic acid is (at 25 °C). Hence, the majority of the 

carbon (IV) oxide is not converted into carbonic acid, but remains as CO2 molecules, not 

affecting the pH. The relative concentrations of CO2, H2CO3, and the deprotonated forms HCO−3 

(bicarbonate) and CO2−3(carbonate) depend on the pH.  

 

2.3.2 Chemical Reactions of CO2  

CO2 is a weak electrophile. Its reaction with basic water illustrates this property, in which case 

hydroxide is the nucleophile. Other nucleophiles react as well. For example, carbanions as 

provided by Grignard reagents and organolithium compounds react with CO2 to give 

carboxylates: 

MR + CO2 → RCO2M                                                                                                (2.9) 

Where M = Li or MgBr and R = alkyl or aryl. 

In metal carbon (IV) oxide complexes, CO2 serves as a ligand, which can facilitate the 

conversion of CO2 to other chemicals.  

The reduction of CO2 to CO is ordinarily a difficult and slow reaction: 
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CO2 + 2 e
−
 + 2H

+
 → CO + H2O                                                                                  (2.10) 

The redox potential for this reaction near pH 7 is about −0.53 V versus the standard hydrogen 

electrode. The nickel-containing enzyme carbon (II) oxide dehydrogenase catalyses‟ this process.  

2.3.3 Physical Properties of CO2 

Carbon (IV) oxide is colourless. At low concentrations, the gas is odourless. At higher 

concentrations it has a sharp, acidic odor. At standard temperature and pressure, the density of 

carbon (IV) oxide is around 1.98 kg/m
3
, about 1.67 times that of air. Carbon (IV) oxide has no 

liquid state at pressures below 5.1 standard atmospheres (520 kPa). At 1 atmosphere (near mean 

sea level pressure), the gas deposits directly to a solid at temperatures below −78.5 °C 

(−109.3 °F; 194.7 K) and the solid sublimes directly to a gas above −78.5 °C. In its solid state, 

carbon (IV) oxide is commonly called dry ice. 

Liquid carbon (IV) oxide forms only at pressures above 5.1 atm; the triple point of carbon (IV) 

oxide is about 518 kPa at −56.6 °C. The critical point is 7.38 MPa at 31.1 °C. Another form of 

solid carbon (IV) oxide observed at high pressure is an amorphous glass-like solid (Ciferno et al., 

2005). This form of glass, called carbonia, is produced by super cooling heated CO2 at extreme 

pressure (40–48 GPa or about 400,000 atmospheres) in a diamond anvil. This discovery 

confirmed the theory that carbon (IV) oxide could exist in a glass state similar to other members 

of its elemental family, like silicon (silica glass) and germanium (IV) oxide. Unlike silica and 

germania glasses, however, carbonia glass is not stable at normal pressures and reverts to gas 

when pressure is released (Strard and Lanning, 2014). At temperatures and pressures above the 

critical point, carbon (IV) oxide behaves as a supercritical fluid known as supercritical carbon 

(IV) oxide. 

2.4 Carbon (IV) Oxide Sequestration  

Carbon sequestration is the process involved in carbon capture and the long-term storage of 

atmospheric carbon (IV) oxide (Tarka, 2014) and may refer specifically to: "The process of 

removing carbon from the atmosphere and depositing it in a reservoir." When carried out 

https://en.wikipedia.org/wiki/Standard_hydrogen_electrode
https://en.wikipedia.org/wiki/Standard_hydrogen_electrode
https://en.wikipedia.org/wiki/Standard_hydrogen_electrode
https://en.wikipedia.org/wiki/Carbon_monoxide_dehydrogenase
https://en.wikipedia.org/wiki/Standard_conditions_for_temperature_and_pressure
https://en.wikipedia.org/wiki/Earth%27s_atmosphere
https://en.wikipedia.org/wiki/Atmosphere_%28unit%29
https://en.wikipedia.org/wiki/Deposition_%28physics%29
https://en.wikipedia.org/wiki/Sublimation_%28chemistry%29
https://en.wikipedia.org/wiki/Dry_ice
https://en.wikipedia.org/wiki/Pressure
https://en.wikipedia.org/wiki/Triple_point
https://en.wikipedia.org/wiki/KPa
https://en.wikipedia.org/wiki/Critical_point_%28thermodynamics%29
https://en.wikipedia.org/wiki/Amorphous
https://en.wikipedia.org/wiki/Amorphous_carbonia
https://en.wikipedia.org/wiki/Supercooling
https://en.wikipedia.org/wiki/GPa
https://en.wikipedia.org/wiki/Diamond_anvil
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Silica
https://en.wikipedia.org/wiki/Germanium_dioxide
https://en.wikipedia.org/wiki/Supercritical_fluid
https://en.wikipedia.org/wiki/Supercritical_carbon_dioxide
https://en.wikipedia.org/wiki/Supercritical_carbon_dioxide
https://en.wikipedia.org/wiki/Carbon_fixation
https://en.wikipedia.org/wiki/Carbon_dioxide


10 

 

deliberately, this may also be referred to as carbon (iv) oxide removal, which is a form of 

geoengineering. 

Carbon capture and storage, where carbon (IV) oxide is removed from flue gases (e.g., at power 

stations) before being stored in underground reservoirs. 

Natural biogeochemical cycling of carbon between the atmosphere and reservoirs, such as by 

chemical weathering of rocks. 

Carbon (IV) oxide is naturally captured from the atmosphere through biological, chemical or 

physical processes. Some anthropogenic sequestration techniques exploit these natural processes, 

while some use entirely artificial processes. Carbon (IV) oxide may be captured as a pure by-

product in processes related to petroleum refining or from flue gases from power generation 

(Kvamsdal and Rochelle, 2008). CO2 sequestration includes the storage part of carbon capture 

and storage, which refers to large-scale, artificial capture and sequestration of industrially 

produced CO2 using subsurface saline aquifers, reservoirs, ocean water, aging oil fields, or other 

carbon sinks. 

2.4.1 Physical Processes of CO2 sequestration 

2.4.1.1 Bio-energy with Carbon Capture and Storage (BECCS) 

BECCS refers to biomass in power stations and boilers that use carbon capture and storage. The 

carbon sequestered by the biomass would be captured and stored, thus removing carbon (IV) 

oxide from the atmosphere (Puxty et al., 2009). This technology is sometimes referred to as bio-

Energy Carbon Storage (BECS) though this term can also refer to the carbon sequestration 

potential in other technologies, such as biochar. 

2.4.1.2 Burial 

Burying biomass (such as trees) directly mimics the natural processes that created fossil fuels. 

Landfills also represent a physical method of sequestration (Derks and Versteeg, 2009). Biochar 

is charcoal created by pyrolysis of biomass waste. The biochar are used as a soil improver which 

over a period of time the soil changes its texture and are referred to as Terra Preta.  
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2.4.1.3 Ocean Storage 

River mouths bring large quantities of nutrients and dead material from upriver into the ocean as 

part of the process that eventually produces fossil fuels. Transporting material such as crop waste 

out to sea and allowing it to sink exploits this idea to increase carbon storage (Tarka, 2014).  

International regulations on marine dumping may restrict or prevent use of this technique. 

2.4.1.4 Subterranean Injection 

Carbon (IV) oxide can be injected into depleted oil and gas reservoirs and other geological 

features, or can be injected into the deep ocean (Derks and Versteeg, 2009). The first large-scale 

CO2 sequestration project which began in 1996 is called Sleipner. The Sleipner project was 

located in the North Sea and was put into practice by Norway based Oil and Gas Company 

StatoilHydro who stripped carbon (IV) oxide from natural gas with the aid of an amine solvents 

and in the aftermath of the project, carbon (IV) oxide was disposed in a deep saline aquifer . In 

2000, a coal-fueled synthetic natural gas plant in Beulah, North Dakota, became the world's first 

coal-using plant to capture and store carbon (IV) oxide, at the Weyburn-Midale carbon (IV) 

oxide Project (Kvamsdal et al., 2009). CO2 has been used extensively in enhanced crude oil 

recovery operations in the United States beginning in 1972. There are in excess of 10,000 wells 

that inject CO2 in the state of Texas alone, the gas comes in part from anthropogenic sources but 

is principally from large naturally occurring geologic formations of CO2. It is transported to the 

oil-producing fields through a large network of over 5,000 kilometres (3,100 mi) of CO2 

pipelines. The use of CO2 for enhanced oil recovery (EOR) methods in heavy oil reservoirs in 

the Western Canadian Sedimentary Basin (WCSB) has also been proposed. However, transport 

cost remains an important hurdle. An extensive CO2 pipeline system does not yet exist in the 

WCSB. Athabasca oil sands mining that produces CO2 is hundreds of kilometers north of the 

subsurface Heavy crude oil reservoirs that could most benefit from CO2 injection. 

 

2.4.2 Chemical Processes of CO2 Sequestration 

Developed in the Netherlands, electro catalysis by a copper complex helps reduce carbon (IV) 

oxide to oxalic acid; this conversion uses carbon (IV) oxide as a feedstock to generate oxalic acid 

(Tarka, 2014). Carbon, in the form of CO2 can be removed from the atmosphere by chemical 

processes, and stored in stable carbonate mineral forms. This process is known as 'carbon 

sequestration by mineral carbonation' or mineral sequestration. The process involves reacting 
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carbon (IV) oxide with abundantly available metal oxides–either magnesium oxide (MgO) or 

calcium oxide (CaO) to form stable carbonates. These reactions are exothermic and occur 

naturally (e.g., the weathering of rock over geologic time periods) (Favre, 2007). 

CaO + CO2 → CaCO3                                                                                                                     (2.11) 

MgO + CO2 → MgCO3                                                                                                                 (2.12) 

Calcium and magnesium are found in nature typically as calcium and magnesium silicates (such 

as forsterite and serpentinite) and not as binary oxides. For forsterite and serpentine the reactions 

are: 

Mg2SiO4 + 2CO2 = 2 MgCO3 + SiO2                                                                                                                                  (2.13)          
Mg3Si2O5 (OH)4+ 3CO2 = 3 MgCO3 + 2SiO2 + 2 H2O                                               (2.14) 

The following table lists principal metal oxides of Earth's crust. Theoretically up to 22% of this 

mineral mass is able to form carbonates 

Table 2.1: Principal metal oxides of Earth‟s crust (Derks and Versteeg, 2009) 

Earthen Oxide 

 
Percent of Crust Carbonate Enthalpy change 

(kJ/mol) 
SiO2 

Al2O3 

CaO 

MgO 

Na2O 

FeO 

K2O 

Fe2O3 

 

59.71 

15.41 

4.90 

4.36 

3.55 

3.52 

2.80 

2.63 

21.76 

- 

- 

CaCO3 

MgCO3 

Na2CO3 

FeCO3 

K2CO3 

FeCO3 

All Carbonates 

- 

- 

- 179 

- 117 

- 

- 

- 

- 

- 

These reactions are slightly more favourable at low temperatures. This process occurs naturally 

over geologic time frames and is responsible for much of the earth's surface limestone. The 

reaction rate can be made faster, for example by reacting at higher temperatures and/or pressures, 

or by pre-treatment, although this method requires additional energy. One experiment suggests 

this process is reasonably quick given porous basaltic rocks (Favre, 2007).  CO2 naturally reacts 

with peridotite rock in surface exposures of ophiolites, notably in Oman. It has been suggested 

that this process can be enhanced to carry out natural mineralisation of CO2 (Herzog, 2007). 
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2.4.3 Biological Processes of CO2  Sequestration 

Biological sequestration is the process by which Carbon (IV) oxide is removed from the atmosphere by 

plants and micro-organisms and its storage in vegetative biomass and in soils. Biological sequestration 

could be used to capture large volumes of carbon molecules; it is also a good method for soil 

improvement, water resources and habitat as well as promotion of sustainable agriculture and forestry 

practices. The main natural Carbon (IV) oxide reservoirs are 

Soils 

Soils represent a short to long-term carbon storage medium, and contain more carbon than all 

terrestrial vegetation and the atmosphere combined (Swift, 2001). Plant litter and 

other biomass including charcoal accumulates as organic matter in soils, and is degraded 

by chemical weathering and biological degradation.  Agricultural carbon sequestration has the 

potential to substantially mitigate global warming impacts, at the same time, employing methods 

to enhance carbon sequestration in soil which will increase soil quality. Carbon is stored within 

soil organic matter (SOM). SOM is a complex mixture of carbon compounds, consisting of 

decomposing plant and animal tissue, microbes (protozoa, nematodes, fungi, and bacteria), and 

carbon associated with soil minerals (Al-Kaisi, 2008). The methods that significantly enhance 

carbon sequestration in soil are conservation tillage, cover cropping and crop rotation. All of the 

methods are more widely used in organic farming than in conventional farming.  

Oceans 

Presently, oceans are CO2 sinks and represent the largest active carbon sink on earth, absorbing 

more than a quarter of the carbon (IV) oxide that humans put into the air (Diao et al., 2004).  

Ocean iron fertilization is an example of a Geoengineering technique for carbon sequestration, 

iron fertilization attempts to encourage phytoplankton growth, which removes carbon from the 

atmosphere for at least a period of time (Tarka, 2014). Natural iron fertilization events (e.g., 

deposition of iron-rich dust into ocean waters) can enhance carbon sequestration. Aquatic 

animals such as Sperm whales act as agents of iron fertilisation when they transport iron from the 

deep ocean to the surface during prey consumption and defecation. Sperm whales have been 

shown to increase the levels of primary production and carbon export to the deep ocean by 

depositing iron rich faeces into surface waters of the ocean. The iron rich faeces cause 

phytoplankton to grow and take up more carbon from the atmosphere. When the phytoplankton 

dies, some of it sinks to the deep ocean and takes the atmospheric carbon with it (Gordon, 2008). 
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Grasslands 

Grasslands contribute to soil organic matter, mostly in the form of their extensive fibrous root 

mats. Since the 1850s, a large proportion of the world‟s grasslands have been tilled and 

converted to croplands, allowing the rapid oxidation of large quantities of soil organic 

carbon. Livestock producers can enhance carbon sequestration on their operations by converting 

from continuous grazing to rotational grazing. This keeps the plants in an actively growing state 

and keeps photosynthesis rates high. This improves the quality of the forage and allows the 

plants to sequester more carbon (Ramezana et al., 2010). 

Forests 

Forests can be carbon stores and they are carbon (IV) oxide sinks when they are increasing in 

density or area. In Canada's boreal forests, as much as 80% of the total carbon is stored in the 

soils as dead organic matter (Resnik et al., 2004). A 40-year study of African, Asian, and South 

American tropical forests by the University of Leeds, shows tropical forests absorb about 18% of 

all carbon (IV) oxide added by fossil fuels (Trans Engineers Newsletter, 2011). Based on studies 

of the Food and Agricultural Organization (FAO) and United Nations Environmental Program 

(UNEP) it has been estimated that Asian forests absorb about 5 tonnes of carbon (IV) oxide per 

hectare each year (Hartono et al., 2009). The global cooling effect of carbon sequestration by 

forests is partially counterbalanced in that reforestation can decrease the reflection of sunlight 

(albedo). Mid-to-high latitude forests have a much lower albedo during snow seasons than flat 

ground, thus contributing to warming (Freguia and Rochelle, 2010). The Intergovernmental 

Panel on Climate Change concluded that "a sustainable forest management strategy aimed at 

maintaining or increasing forest carbon stocks, while producing an annual sustained yield of 

timber fibre or energy from the forest, will generate the largest sustained mitigation benefit" 

(Davidson, 2007). Sustainable management practices keep forests growing at a higher rate over a 

potentially longer period of time, thereby providing sequestration benefits in addition to those of 

unmanaged forests. 
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2.5 Carbon (IV) Oxide Recycling  

2.5.1 Carbon Capture and Utilization (CCU) 

Recycling CO2 may offer a response to the global challenge of significantly reducing greenhouse 

gas emissions from major stationary (industrial) emitters in the near to medium term, but is 

usually considered a different technological category from Carbon Capture and Sequestration 

(CCS). Technologies under development, such as Bio CCS Algal Synthesis, utilises CO2 from a 

coal-fired power station for production of oil-rich algae which enhances the production of 

plastics and transport fuel (including aviation fuel), and also serve as a nutritious stock-feed for 

farm animal production (Mani and Peruzzini, 2006). The Bio CCS Algal Synthesis process is 

based on earth science photosynthesis: the technology is entirely retrofittable and collocated with 

the emitter, and the capital outlays may offer a return upon investment due to the high value 

commodities produced (oil for plastics, fuel and feed). Bio CCS Algal Synthesis test facilities are 

being trialed at Australia's three largest coal-fired power stations (Tarong, Queensland; Eraring, 

NSW; Loy Yang, Victoria) using piped pre-emission smokestack CO2 (and other greenhouse 

gases) as feedstock to grow oil-rich algal biomass in enclosed membranes for the production of 

plastics, transport fuel and nutritious animal feed (Dupart et al., 2003). Another potentially useful 

way of dealing with industrial sources of CO2 is to convert it into hydrocarbons where it can be 

stored or reused as fuel or to make plastics. There are a number of projects investigating this 

possibility (Lackuer, 2002).  

2.6 Uses of Carbon (IV) oxide 

2.6.1 Precursor to Chemicals 

In the chemical industry, carbon (IV) oxide is mainly consumed as an ingredient in the 

production of urea, with a smaller fraction being used to produce methanol and a range of other 

products. Metal carbonates and bicarbonates, as well as some carboxylic acids derivatives (e.g., 

sodium salicylate) are prepared using CO2. In addition to conventional processes using CO2 for 

chemical production electrochemical methods are also being explored at a research level. In 

particular, the use of renewable energy for production of fuels from CO2 (such as methanol) is 

attractive as this could result in fuels that could be easily transported and used within 
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conventional combustion technologies but have no net CO2 emissions (Chalmer and Gibbons, 

2007). 

2.6.2 Foods 

Carbon (IV) oxide is a food additive used as a propellant and acidity regulator in the food 

industry. It is approved for usage in the EU, USA and Australia and New Zealand (Davidson, 

2007). A candy called Pop Rocks is pressurized with carbon (IV) oxide gas at about 4 x 10
6
 Pa 

(40 bar, 580 psi). When placed in the mouth, it dissolves (just like other hard candy) and releases 

the gas bubbles with an audible pop. Leavening agents cause dough to rise by producing carbon 

(IV) oxide. Baker's yeast produces carbon (IV) oxide by fermentation of sugars within the 

dough, while chemical leaveners such as baking powder and baking soda release carbon (IV) 

oxide when heated or if exposed to acids (Curtis and Michael, 2008). 

2.6.3 Beverages 

Carbon (IV) oxide is used to produce carbonated soft drinks and soda water. Traditionally, the 

carbonation of beer and sparkling wine came about through natural fermentation, but many 

manufacturers carbonate these drinks with carbon (IV) oxide recovered from the fermentation 

process. In the case of bottled and kegged beer, the most common method used is carbonation 

with recycled carbon (IV) oxide. With the exception of British Real Ale, draught beer is usually 

transferred from kegs in a cold room or cellar to dispensing taps on the bar using pressurized 

carbon (IV) oxide, sometimes mixed with nitrogen (Davidson, 2007). 

2.6.4 Wine Making 

Carbon (IV) oxide in the form of dry ice is often used in the wine making process to cool down 

bunches of grapes quickly after picking to help prevent spontaneous fermentation by wild yeast. 

The main advantage of using dry ice over regular water ice is that it cools the grapes without 

adding any additional water that may decrease the sugar concentration in the grape must, and 

therefore also decrease the alcohol concentration in the finished wine. Dry ice is also used during 

the cold soak phase of the wine making process to keep grapes cool (Chalmer and Gibbons, 

2007). The carbon (IV) oxide gas that results from the sublimation of the dry ice tends to settle to 

the bottom of tanks because it is denser than air. The settled carbon (IV) oxide gas creates a 

hypoxic environment which helps to prevent bacteria from growing on the grapes until it is time 

to start the fermentation with the desired strain of yeast. Carbon (IV) oxide is also used to create 
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a hypoxic environment for carbonic maceration, the process used to produce Beaujolais wine. 

Carbon (IV) oxide is sometimes used to top up wine bottles or other storage vessels such as 

barrels to prevent oxidation, though it has the problem that it can dissolve into the wine, making 

a previously still wine slightly fizzy. For this reason, other gases such as nitrogen or argon are 

preferred for this process by professional wine makers (Chalmer and Gibbons, 2007). 

2.6.5 Inert Gas 

It is one of the most commonly used compressed gases for pneumatic (pressurized gas) systems 

in portable pressure tools. Carbon (IV) oxide is also used as an atmosphere for welding, although 

in the welding arc, it reacts to oxidize most metals. Use in the automotive industry is common 

despite significant evidence that welds made in carbon (IV) oxide are more brittle than those 

made in more inert atmospheres, and that such weld joints deteriorate over time because of the 

formation of carbonic acid. It is used as a welding gas primarily because it is much less 

expensive than more inert gases such as argon or helium. When used for MIG welding, CO2 use 

is sometimes referred to as MAG welding, for Metal Active Gas, as CO2 can react at these high 

temperatures. It tends to produce a hotter puddle than truly inert atmospheres, improving the 

flow characteristics (Davidson, 2007). Although, this may be due to atmospheric reactions 

occurring at the puddle site. This is usually the opposite of the desired effect when welding, as it 

tends to embrittle the site, but may not be a problem for general mild steel welding, where 

ultimate ductility is not a major concern. 

It is used in many consumer products that require pressurized gas because it is inexpensive and 

non-flammable, and because it undergoes a phase transition from gas to liquid at room 

temperature at an attainable pressure of approximately 60 bar (870 psi, 59 atm), allowing far 

more carbon (IV) oxide to fit in a given container than otherwise would. Life jackets often 

contain canisters of pressured carbon (IV) oxide for quick inflation. Aluminium capsules of CO2 

are also sold as supplies of compressed gas for airguns, paintball markers, inflating bicycle tires, 

and for making carbonated water. Rapid vaporization of liquid carbon (IV) oxide is used for 

blasting in coal mines (Freund, 2003). High concentrations of carbon (IV) oxide can also be used 

to kill pests. Liquid carbon (IV) oxide is used in supercritical drying of some food products and 

technological materials, in the preparation of specimens for scanning electron microscopy and in 

the decaffeination of coffee beans. 
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2.6.6 Fire Extinguisher 

Carbon (IV) oxide extinguishes flames, and some fire extinguishers, especially those designed 

for electrical fires; contain liquid carbon (IV) oxide under pressure. Carbon (IV) oxide 

extinguishers work well on small flammable liquid and electrical fires, but not on ordinary 

combustible fires, because although it excludes oxygen, it does not cool the burning substances 

significantly and when the carbon (IV) oxide disperses they are free to catch fire upon exposure 

to atmospheric oxygen. Carbon (IV) oxide has also been widely used as an extinguishing agent 

in fixed fire protection systems for local application of specific hazards and total flooding of a 

protected space (Cheng and Tan, 2009). International Maritime Organization standards also 

recognize carbon (IV) oxide systems for fire protection of ship holds and engine rooms. Carbon 

(IV) oxide based fire protection systems have been linked to several deaths, because it can cause 

suffocation in sufficiently high concentrations. A review of CO2 systems identified 51 incidents 

between 1975 and the date of the report, causing 72 deaths and 145 injuries (Ramezana et al., 

2010).  

 

2.6.7 Supercritical CO2 as Solvent 

Liquid carbon (IV) oxide is a good solvent for many lipophilic organic compounds and is used to 

remove caffeine from coffee. Carbon (IV) oxide has attracted attention in the pharmaceutical and 

other chemical processing industries as a less toxic alternative to more traditional solvents such 

as organochlorides. It is used in the preparation of some aerogels because of the properties of 

supercritical carbon (IV) oxide (Ramezana et al., 2010). 

2.6.8 Agricultural and Biological Applications 

Plants require Carbon (IV) oxide to conduct photosynthesis. The atmospheres of greenhouses 

may (if of large size, must) be enriched with additional CO2 to sustain and increase the rate of 

plant growth (Herzog, 2007). At very high concentrations (100 times atmospheric concentration, 

or greater), Carbon (IV) oxide can be toxic to animal life, so raising the concentration to 10,000 

ppm (1%) or higher for several hours will eliminate pests such as whiteflies and spider mites in a 

greenhouse. In medicine, up to 5% carbon (IV) oxide (130 times atmospheric concentration) is 

added to oxygen for stimulation of breathing after apnea and to stabilize the O2/CO2 balance in 

blood (Kim, 2008). It has been proposed that carbon (IV) oxide from power generation be 

bubbled into ponds to stimulate growth of algae that could then be converted into biodiesel fuel. 
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2.6.9 Oil Recovery 

Carbon (IV) oxide is used in enhanced oil recovery where it is injected into or adjacent to 

producing oil wells, usually under supercritical conditions, when it becomes miscible with the 

oil. This approach can increase original oil recovery by reducing residual oil saturation by 

between 7 per cent to 23 per cent additional to primary extraction (Kim, 2008). It acts as both a 

pressurizing agent and, when dissolved into the underground crude oil, significantly reduces its 

viscosity, and changing surface chemistry enabling the oil to flow more rapidly through the 

reservoir to the removal well. In mature oil fields, extensive pipe networks are used to carry the 

carbon (IV) oxide to the injection points (IPCC, 2005). 

 

2.6.10 Bio Transformation into Fuel 

Researchers have genetically modified a strain of the cyanobacterium Synechococcus elongatus 

to produce the fuels isobutyraldehyde and isobutanol from CO2 using photosynthesis (Kim, 

2008). 

2.6.11 Refrigerant 

Liquid and solid Carbon (IV) oxide is important refrigerants, especially in the food industry, 

where they are employed during the transportation and storage of ice cream and other frozen 

foods. Solid carbon (IV) oxide is called "dry ice" and is used for small shipments where 

refrigeration equipment is not practical. Solid Carbon (IV) oxide is always below −78.5 °C at 

regular atmospheric pressure, regardless of the air temperature (Ramezana et al., 2010). 

Liquid carbon (IV) oxide (industry nomenclature R744 or R-744) was used as a refrigerant prior 

to the discovery of R-12 and may enjoy a renaissance due to the fact that R134a contributes to 

climate change. Its physical properties are highly favourable for cooling, refrigeration, and 

heating purposes, having a high volumetric cooling capacity. Due to the need to operate at 

pressures of up to 130 bar (1880 psi), CO2 systems require highly resistant components that have 

already been developed for mass production in many sectors. In automobile air conditioning, in 

more than 90% of all driving conditions for latitudes higher than 50°, R744 operates more 

efficiently than systems using R134a. Its environmental advantages (GWP of 1, non-ozone 

depleting, non-toxic, non-flammable) could make it the future working fluid to replace current 

HFCs in cars, supermarkets, and heat pump water heaters, among others. Coca-Cola has fielded 
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CO2-based beverage coolers and the U.S. Army is interested in CO2 refrigeration and heating 

technology (Cheng and Tan, 2009). The global automobile industry is expected to decide on the 

next-generation refrigerant in car air conditioning.  

2.6.12 Coal Bed Methane Recovery 

In enhanced coal bed methane recovery, carbon (IV) oxide would be pumped into the coal seam 

to displace methane, as opposed to current methods which primarily rely on the removal of water 

(to reduce pressure) to make the coal seam release its trapped methane (Cheng and Tan, 2009). 

2.6.13 Niche Uses 

Carbon (IV) oxide is the lasing medium in a carbon (IV) oxide laser, which is one of the earliest 

types of lasers. Carbon (IV) oxide can be used as a means of controlling the pH of swimming 

pools, by continuously adding gas to the water, thus keeping the pH from rising. Among the 

advantages of this is the avoidance of handling (more hazardous) acids. Similarly, it is also used 

in the maintaining reef aquaria, where it is commonly used in calcium reactors to temporarily 

lower the pH of water being passed over calcium carbonate in order to allow the calcium 

carbonate to dissolve into the water more freely where it is used by some corals to build their 

skeleton. Used as the primary coolant in the British advanced gas-cooled reactor for nuclear 

power generation. Carbon (IV) oxide induction is commonly used for the euthanasia of 

laboratory research animals. Methods to administer CO2 include placing animals directly into a 

closed, prefilled chamber containing CO2, or exposure to a gradually increasing concentration of 

CO2. In 2013, the American Veterinary Medical Association issued new guidelines for carbon 

(IV) oxide induction, stating that a displacement rate of 10% to 30% of the gas chamber volume 

per minute is optimal for the humane euthanization of small rodents (Wolf, 2006). Carbon (IV) 

oxide is also used in several related cleaning and surface preparation techniques. 

2.6.14 Industrial Use 

Traditional cement manufacture releases large amounts of carbon (IV) oxide but newly 

developed cement types from Novacem
 
can absorb CO2 from ambient air during hardening.  A 

similar technique was pioneered by TecEco, which has been producing "EcoCement" since 2002. 

In Estonia, oil shale ash, generated by power stations could be used as sorbents for CO2 mineral 

sequestration. The amount of CO2 captured averaged 60 to 65% of the carbonaceous CO2 and 10 

to 11% of the total CO2 emissions (Mamun et al., 2007). Various  carbon (IV) oxide scrubbing 
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processes have been proposed to remove CO2 from the air, usually using a variant of the Kraft 

process. Carbon (IV) oxide scrubbing variants exist based on potassium carbonate, which can be 

used to create liquid fuels, or on sodium hydroxide (Mamun et al., 2007). These notably include 

artificial trees proposed by Klaus Lackner to remove carbon (IV) oxide from the atmosphere 

using chemical scrubbers.  

 

Carbon (IV) oxide sequestration in basalt involves the injecting of CO2 into deep-sea formations. 

The CO2 first mixes with seawater and then reacts with the basalt, both of which are alkaline-rich 

elements. This reaction results in the release of Ca
2+

 and Mg
2+

 ions forming stable carbonate 

minerals. Underwater basalt offers a good alternative to other forms of oceanic carbon storage 

because it has a number of trapping measures to ensure added protection against leakage. These 

measures include “geothermal, sediment, gravitational and hydrate formation.” Because CO2 

hydrate is denser than CO2 in seawater, the risk of leakage is minimal. Injecting the CO2 at 

depths greater than 2,700 meters (8,900 ft) ensures that the CO2 has a greater density than 

seawater, causing it to sink (Resnik et al., 2004). A typical illustration of CO2 injection 

application is Juan de Fuca plate. The Juan de Fuca Plate is a tectonic plate generated from 

the Juan de Fuca Ridge and is subducting under the northerly portion of the western side of 

the North American Plate at the Cascadia subduction zone. The basaltic formations of the Juan 

de Fuca Plate could potentially be suitable for long-term CO2 sequestration as part of a carbon 

capture and storage (CCS) system and injection of CO2 would lead to the formation of stable 

carbonates. It is estimated that 100 years of US carbon emissions (at current rate) could be stored 

securely, without risk of leakage back into the atmosphere (Trans Engineering Newsletter, 2011).  

 

Researchers at the Lamont-Doherty Earth Observatory found that this plate at the western coast 

of the United States has a possible storage capacity of 208 gigatons. This could cover the entire 

current U.S. carbon emissions for over 100 years. This process is undergoing tests as part of the 

CarbFix project. Carbon (IV) oxide forms carbonic acid when dissolved in water, so ocean 

acidification is a significant consequence of elevated carbon (iv) oxide levels, and limits the rate 

at which it can be absorbed into the ocean (the solubility pump). A variety of different bases 

have been suggested that could neutralize the acid and thus increase CO2 absorption (Lawal et 
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al., 2009).  Another approach is to add sodium hydroxide to oceans which is produced by 

electrolysis of salt water or brine, while eliminating the waste hydrochloric acid by reaction with 

a volcanic silicate rock such as enstatite, effectively increasing the rate of natural weathering of 

these rocks to restore ocean pH (Mamun et al., 2007). 

 

2.7 Carbon (II) Oxide 

Carbon (II) oxide (CO) is a colorless, odourless, and tasteless gas that is slightly less dense than 

air. It is toxic to hemoglobic animals (both invertebrate and vertebrate, including humans) when 

encountered in concentrations above about 35 ppm, although it is also produced in normal 

animal metabolism in low quantities, and is thought to have some normal biological functions. In 

the atmosphere, it is spatially variable and short lived, having a role in the formation of ground-

level ozone. Carbon (II) oxide consists of one carbon atom and one oxygen atom, connected by 

a triple bond that consists of two covalent bonds as well as one dative covalent bond (Chatani 

and Murai, 2004). It is the simplest oxocarbon and is isoelectronic with the cyanide anion, 

the nitrosonium cation and molecular nitrogen. In coordination complexes the carbon 

monoxide ligand is called carbonyl. 

2.7.1 Sources 

Carbon (II) oxide is produced from the partial oxidation of carbon-containing compounds; it 

forms when there is not enough oxygen to produce carbon (IV) oxide (CO2), such as when 

operating a stove or an internal combustion engine in an enclosed space. In the presence of 

oxygen, including atmospheric concentrations, carbon (II) oxide burns with a blue flame, 

producing carbon (II) oxide (Chatani and Murai, 2004). Coal gas, which was widely used before 

the 1960s for domestic lighting, cooking, and heating, had carbon (II) oxide as a significant fuel 

constituent. Some processes in modern technology, such as iron smelting, still produce carbon 

monoxide as a byproduct.  Worldwide, the largest source of carbon (II) oxide is natural in origin, 

due to photochemical reactions in the troposphere that generate about 5×10
12

 kilograms per year 

(Wu and Wang, 2005). Other natural sources of CO include volcanoes, forest fires, and other 

forms of combustion. 
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In biology, carbon (II) oxide is naturally produced by the action of heme oxygenase 1 and 2 on 

the heme from hemoglobin breakdown. This process produces a certain amount 

of carboxyhemoglobin in normal persons, even if they do not breathe any carbon (II) oxide. 

Following the first report that carbon (II) oxide is a normal neurotransmitter in 1993, as well as 

one of three gases that naturally modulate inflammatory responses in the body (the other two 

being nitric oxide and hydrogen sulfide), carbon (II) oxide has received a great deal of clinical 

attention as a biological regulator. In many tissues, all three gases are known to act as anti-

inflammatories, vasodilators, and promoters of neovascular growth. Clinical trials of small 

amounts of carbon (II) oxide as a drug are ongoing. Too much carbon (II) oxide causes carbon 

monoxide poisoning. 

2.7.2 Molecular Properties 

Carbon (II) oxide has a molar mass of 28.0, which, according to the ideal gas law, makes it 

slightly less dense than air, whose average molar mass is 28.8. The bond length between the 

carbon atom and the oxygen atom is 112.8 pm (Prockop and Chichkova, 2007). This bond length 

is consistent with a triple bond, as in molecular nitrogen (N2), which has a similar bond length 

(109.76 pm) and nearly the same molecular mass. The ground electronic state of carbon (II) 

oxide is a singlet state (Chatani and Murai, 2004) since there are no unpaired electrons. 

2.7.2.1 Bonding and Dipole Moment 

Carbon and oxygen together have a total of 10 electrons in the valence shell. Following the octet 

rule for both carbon and oxygen, the two atoms form a triple bond, with six shared electrons in 

three bonding molecular orbitals, rather than the usual double bond found in organic carbonyl 

compounds. Since four of the shared electrons come from the oxygen atom and only two from 

carbon, one bonding orbital is occupied by two electrons from oxygen, forming a dative 

or dipolar bond. This causes a C←O polarization of the molecule, with a small negative charge 

on carbon and a small positive charge on oxygen. The other two bonding orbitals are each 

occupied by one electron from carbon and one from oxygen, forming (polar) covalent bonds with 

a reverse C→O polarization, since oxygen is more electronegative than carbon. In the free 

carbon (II) oxide, a net negative charge δ
–
 remains at the carbon end and the molecule has a 

small dipole moment of 0.122 D (Chatani and Murai, 2004). The molecule is therefore 
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asymmetric: oxygen has more electron density than carbon, and is also slightly positively 

charged compared to carbon being negative. By contrast, the isoelectronic dinitrogen molecule 

has no dipole moment. If carbon (II) oxide acts as a ligand, the polarity of the dipole may reverse 

with a net negative charge on the oxygen end, depending on the structure of the coordination 

complex. 

2.7.2.2 Bond Polarity and Oxidation State 

Theoretical and experimental studies show that, despite the greater electronegativity of oxygen, 

the dipole moment points from the more-negative carbon end to the more-positive oxygen end. 

The three bonds are in fact polar covalent bonds that are strongly polarized. The calculated 

polarization toward the oxygen atom is 71% for the ζ-bond and 77% for both π-bonds (Liao, et. 

al., 2013). The oxidation state of carbon in carbon (II) oxide is +2 in each of these structures. It is 

calculated by counting all the bonding electrons as belonging to the more electronegative 

oxygen. Only the two non-bonding electrons on carbon are assigned to carbon. In this count, 

carbon then has only two valence electrons in the molecule compared to four in the free atom. 

2.7.3 Biological and Physiological Properties 

2.7.3.1 Toxicity  

Carbon (II) oxide poisoning is the most common type of fatal air poisoning in many countries 

(Pommier et al., 2013). Carbon (II) oxide is colorless, odourless, and tasteless, but highly toxic. 

It combines with hemoglobin to produce carboxyhemoglobin, which usurps the space in 

hemoglobin that normally carries oxygen, but is ineffective for delivering oxygen to bodily 

tissues. Concentrations as low as 667 ppm may cause up to 50% of the body's hemoglobin to 

convert to carboxyhemoglobin. A level of 50% carboxyhemoglobin may result in seizure, coma, 

and fatality. In the United States, the OSHA limits long-term workplace exposure levels above 

50 ppm (Pommier et al., 2013). The most common symptoms of carbon (II) oxide poisoning may 

resemble other types of poisonings and infections, including symptoms such 

as headache, nausea, vomiting, dizziness, fatigue, and a feeling of weakness. Affected families 

often believe they are victims of food poisoning. Infants may be irritable and feed poorly. 

Neurological signs include confusion, disorientation, visual disturbance, syncope (fainting), and 

seizures. 
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Some descriptions of carbon (II) oxide poisoning include retinal hemorrhages, and an abnormal 

cherry-red blood hue. In most clinical diagnoses these signs are seldom noticed. One difficulty 

with the usefulness of this cherry-red effect is that it corrects, or masks, what would otherwise be 

an unhealthy appearance, since the chief effect of removing deoxygenated hemoglobin is to 

make an asphyxiated person appear more normal, or a dead person appear more lifelike, similar 

to the effect of red colorants in embalming fluid. The "false" or unphysiologic red-coloring effect 

in anoxic CO-poisoned tissue is related to the meat-coloring commercial use of carbon 

monoxide, discussed below. Carbon (II) oxide also binds to other molecules such 

as myoglobin and mitochondrial cytochrome oxidase. Exposures to carbon monoxide may cause 

significant damage to the heart and central nervous system, especially to the globus pallidus 

often with long-term chronic pathological conditions. Carbon (II) oxide may have severe adverse 

effects on the fetus of a pregnant woman (Ahegot and Celia, 2002). 

2.7.3.2 Normal Human Physiology 

Carbon (II) oxide is produced naturally by the human body as a signaling molecule. Thus, carbon 

(II) oxide may have a physiological role in the body, such as a neurotransmitter or a blood vessel 

relaxant. Because of carbon (II) oxide's role in the body, abnormalities in its metabolism have 

been linked to a variety of diseases, including neurodegenerations, hypertension, heart failure, 

and pathological inflammation (Haynes and Williams, 2010). Relative to inflammation, carbon 

(II) oxide has been shown to inhibit the movement of leukocytes to inflamed tissues, stimulate 

leukocyte phagocytosis of bacteria, and reduce the production of pro-inflammatory cytokines by 

leukocytes. In animal model studies, furthermore, carbon (II) oxide reduced the severity of 

experimentally induced bacterial sepsis, pancreatitis, hepatic ischemia/reperfusion injury, colitis, 

osteoarthritis, lung injury, lung transplantation rejection, and neuropathic pain while promoting 

skin wound healing (Sigel and Roland, 2009). These actions are similar to those of specialized 

pro-resolving mediators which act to dampen, reverse, and repair the tissue damage due to 

diverse inflammation responses. Indeed, carbon (II) oxide can act additively with one of these 

mediators (Resolvin D1) to limit inflammatory responses. The studies implicate carbon (II) oxide 

as a physiological contributor to limiting inflammation and suggest that its delivery by inhalation 

or carbon (II) oxide-forming drugs may be therapeutically useful for controlling pathological 

inflammatory responses (Blanco et al., 2009).  CO functions as an endogenous signaling 
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molecule, modulates functions of the cardiovascular system, inhibits blood platelet aggregation 

and adhesion, suppresses, reverses, and repairs the damage caused by inflammatory responses. It 

may play a role as potential therapeutic agent.  

2.7.4 Occurrence 

Carbon (II) oxide occurs in various natural and artificial environments. Typical concentrations 

in parts per million are as follows (Moore, 2005): 

Table 2.2: Composition of dry atmosphere (Moore, 2005) 

ppmv: parts per million by volume (note: volume fraction is equal to mole fraction for ideal 

gas only.  

Concentration Source 

0.1 ppmv Natural atmosphere level (MOPITT)  

0.5–5 ppmv Average level in homes 

5–15 ppmv 
Near-properly adjusted gas stoves in homes, modern vehicle exhaust 

emissions 

17 ppmv Atmosphere of Venus  

100–200 ppmv Exhaust from automobiles in the Mexico City central area in 1975 
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700 ppmv Atmosphere of Mars  

5,000 ppmv Exhaust from a home wood fire 

7,000 ppmv Undiluted warm car exhaust without a catalytic converter 

 

2.7.4.1 Atmospheric Presence 

Carbon (II) oxide is present in small amounts in the atmosphere, chiefly as a product of volcanic 

activity but also from natural and man-made fires (such as forest and bushfires, burning of crop 

residues, and sugarcane fire-cleaning). The burning of fossil fuels also contributes to carbon (II) 

oxide production. Carbon (II) oxide occurs dissolved in molten volcanic rock at high pressures in 

the Earth's mantle (Omaye, 2002). Because natural sources of carbon (II) oxide are so variable 

from year to year, it is extremely difficult to accurately measure natural emissions of the gas. 

Carbon (II) oxide is a short-lived greenhouse gas and also has an indirect radioactive 

forcing effect by elevating concentrations of methane and tropospheric ozone through chemical 

reactions with other atmospheric constituents (e.g., the hydroxyl radical, OH
.
) that would 

otherwise destroy them (Omaye, 2002). Through natural processes in the atmosphere, it is 

eventually oxidized to carbon (IV) oxide. Carbon (II) oxide is both short-lived in the atmosphere 

(on average about two months) and spatially variable in concentration. In the atmosphere of 

venus, carbon (II) oxide occurs as a result of the photodissociation of carbon (IV) oxide by 

electromagnetic radiation of wavelengths shorter than 169 nm. Due to its long lifetime in the 

mid-troposphere, carbon (II) oxide is also used as tracer of transport for pollutant plumes.  

2.7.4.2 Urban Pollution 

Carbon (II) oxide is a temporary atmospheric pollutant in some urban areas, chiefly from the 

exhaust of internal combustion engines (including vehicles, portable and back-up generators, 

lawn mowers, power washers, etc.), but also from incomplete combustion of various other fuels 

(including wood, coal, charcoal, oil, paraffin, propane, natural gas, and trash). 
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2.7.4.3 Role in Ground-level Ozone Formation 

Carbon (II) oxide is, along with aldehydes, part of the series of cycles of chemical reactions that 

form photochemical smog. It reacts with hydroxyl radical (
•
OH) to produce a radical 

intermediate 
•
HOCO, which transfers rapidly its radical hydrogen to O2 to form peroxy radical 

(HO2
•
) and carbon (IV) oxide (CO2). Peroxy radical subsequently reacts with nitrogen 

oxide (NO) to form nitrogen (IV) oxide (NO2) and hydroxyl radical. NO2 gives O(
3
P) via 

photolysis, thereby forming O3 following reaction with O2. Since hydroxyl radical is formed 

during the formation of NO2, the balance of the sequence of chemical reactions starting with 

carbon (II) oxide and leading to the formation of ozone is: 

   CO + 2O2 + hν → CO2 + O3          (2.15)  

(where hν refers to the photon of light absorbed by the NO2 molecule in the sequence) 

Although the creation of NO2 is the critical step leading to low level ozone formation, it also 

increases this ozone in another, somewhat mutually exclusive way, by reducing the quantity of 

NO that is available to react with ozone (Holleman and Wiberg, 2000).  

2.7.4.4 Indoor Pollution 

In closed environments, the concentration of carbon (II) oxide can easily rise to lethal levels. On 

average, 170 people in the United States die every year from carbon (II) oxide produced by non-

automotive consumer products. However, according to the Florida Department of Health, "every 

year more than 500 Americans die from accidental exposure to carbon (II) oxide and thousands 

more across the U.S. require emergency medical care for non-fatal carbon monoxide 

poisoning" These products include malfunctioning fuel-burning appliances such as furnaces, 

ranges, water heaters, and gas and kerosene room heaters; engine-powered equipment such as 

portable generators; fireplaces; and charcoal that is burned in homes and other enclosed areas. 

The American Association of Poison Control Centers (AAPCC) reported 15,769 cases of carbon 

monoxide poisoning resulting in 39 deaths in 2007. In 2005, the CPSC reported 94 generator-

related carbon (II) oxide poisoning deaths (Holleman and Wiberg, 2000). Forty-seven of these 

deaths were known to have occurred during power outages due to severe weather, 

including Hurricane Katrina.  
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2.7.4.5 Mining 

Miners refer to carbon (II) oxide as "white damp" or the "silent killer". It can be found in 

confined areas of poor ventilation in both surface mines and underground mines. The most 

common sources of carbon (II) oxide in mining operations are the internal combustion engine 

and explosives however in coal mines carbon (II) oxide can also be found due to the low 

temperature oxidation of coal (Wu and Wang, 2005). 

2.7.5 Production 

2.7.5.1 Industrial Production 

A major industrial source of CO is Producer Gas, a mixture containing mostly carbon (II) oxide 

and nitrogen, formed by combustion of carbon in air at high temperature when there is an excess 

of carbon. In an oven, air is passed through a bed of coke. The initially produced 

CO2 equilibrates with the remaining hot carbon to give CO. The reaction of CO2 with carbon to 

give CO is described as the Boudouard reaction (Prockop and Chichkova, 2007). Above 800 °C, 

CO is the predominant product: 

  CO2 + C → 2 CO (ΔH = 170 kJ/mol)         (2.16) 

Another source is "water gas", a mixture of hydrogen and carbon monoxide produced via the 

endothermic reaction of steam and carbon: 

  H2O + C → H2 + CO (ΔH = +131 kJ/mol)         (2.17) 

Other similar "synthesis gases" can be obtained from natural gas and other fuels. Carbon (II) 

oxide can also be produced by high-temperature electrolysis of carbon dioxide with solid oxide 

electrolyzer cells (Elsenbrosch and Salzer, 2006):  

  2CO2 → 2CO + O2            (2.18)  

Carbon (II) oxide is also a byproduct of the reduction of metal oxide ores with carbon, shown in 

a simplified form as follows: 

MO + C → M + CO            (2.19) 

Carbon (II) oxide is also produced by the direct oxidation of carbon in a limited supply of 

oxygen or air. 
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2 C(s) + O2 → 2 CO(g)           (2.20) 

Since CO is a gas, the reduction process can be driven by heating, exploiting the positive 

(favorable) entropy of reaction. The Ellingham diagram shows that CO formation is favored over 

CO2 in high temperatures. 

2.7.5.2 Laboratory Preparation 

Carbon (II) oxide is conveniently produced in the laboratory by the dehydration of formic 

acid or oxalic acid, for example with concentrated sulfuric acid. Another method is heating an 

intimate mixture of powdered zinc metal and calcium carbonate, which releases CO and leaves 

behind zinc oxide and calcium oxide (Elsenbrosch and Salzer, 2006): 

Zn + CaCO3 → ZnO + CaO + CO          (2.21) 

Silver nitrate and iodoform also afford carbon (II) oxide: 

CHI3 + 3AgNO3 + H2O → 3HNO3 + CO + 3AgI        (2.22) 

Finally, metal oxalate salts release CO upon heating, leaving a carbonate as byproduct: 

Na2C2O4 → Na2CO3 + CO           (2.23) 

2.7.6 Coordination Chemistry 

Most metals form coordination complexes containing covalently attached carbon (II) oxide. Only 

metals in lower oxidation states will complex with carbon (II) oxide ligands. This is because 

there must be sufficient electron density to facilitate back-donation from the metal dxz-orbital, to 

the π* molecular orbital from CO. The lone pair on the carbon atom in CO also donates electron 

density to the dx²−y² on the metal to form a sigma bond. This electron donation is also exhibited 

with the cis effect, or the labilization of CO ligands in the cis position. Nickel carbonyl, for 

example, forms by the direct combination of carbon (II) oxide and nickel metal: 

Ni + 4 CO → Ni(CO)4 (1 bar, 55 °C)          (2.24) 

For this reason, nickel in any tubing or part must not come into prolonged contact with carbon 

(II) oxide. Nickel carbonyl decomposes readily back to Ni and CO upon contact with hot 

surfaces, and this method is used for the industrial purification of nickel in the Mond process 

(Steward and Lanning, 2011).  
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In nickel carbonyl and other carbonyls, the electron pair on the carbon interacts with the metal; 

the carbon (II) oxide donates the electron pair to the metal. In these situations, carbon (II) oxide 

is called the carbonyl ligand. One of the most important metal carbonyls is iron pentacarbonyl, 

Fe(CO)5: 

Many metal-CO complexes are prepared by decarbonylation of organic solvents, not from CO. 

For instance, iridium trichloride and triphenylphosphine react in boiling 2-

methoxyethanol or DMF to afford IrCl(CO)(PPh3)2. Metal carbonyls in coordination chemistry 

are usually studied using infrared spectroscopy (Prockop and Chichkova, 2007). 

2.7.7 Uses 

2.7.7.1 Chemical Industry  

Carbon (II) oxide is an industrial gas that has many applications in bulk chemicals manufacturing 

(Higman and Van Der Burgt, 2003). Large quantities of aldehydes are produced by 

the hydroformylation reaction of alkenes, carbon (II) oxide, and H2. Hydroformylation is coupled 

to the Shell higher olefin process to give precursors to detergents. 

Phosgene, useful for preparing isocyanates, polycarbonates, and polyurethanes, is produced by 

passing purified carbon (II) oxide and chlorine gas through a bed of porous activated carbon, 

which serves as a catalyst. World production of this compound was estimated to be 2.74 million 

tonnes in 1989 (Chatani and Murai, 2004). 

CO + Cl2 → COCl2            (2.25) 

Methanol is produced by the hydrogenation of carbon (IV) oxide. In a related reaction, the 

hydrogenation of carbon (II) oxide is coupled to C-C bond formation, as in the Fischer-Tropsch 

process where carbon (II) oxide is hydrogenated to liquid hydrocarbon fuels. This technology 

allows coal or biomass to be converted to diesel. 

In the Monsanto process, carbon (II) oxide and methanol react in the presence of a 

homogeneous rhodium catalyst and hydroiodic acid to give acetic acid. This process is 

responsible for most of the industrial production of acetic acid. 

An industrial scale use for pure carbon (II) oxide is purifying nickel in the Mond process. 
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2.7.7.2 Meat Coloring 

Carbon (II) oxide is used in modified atmosphere packaging systems in the US, mainly with 

fresh meat products such as beef, pork, and fish to keep them looking fresh. The carbon (II) 

oxide combines with myoglobin to form carboxymyoglobin, a bright-cherry-red pigment. 

Carboxymyoglobin is more stable than the oxygenated form of myoglobin, oxymyoglobin, 

which can become oxidized to the brown pigment metmyoglobin. This stable red color can 

persist much longer than in normally packaged meat (Prockop and Chichkova, 2007). Typical 

levels of carbon monoxide used in the facilities that use this process are between 0.4% to 0.5%. 

The technology was first given "generally recognized as safe" (GRAS) status by the U.S. Food 

and Drug Administration (FDA) in 2002 for use as a secondary packaging system, and does not 

require labeling. In 2004, the FDA approved CO as primary packaging method, declaring that 

CO does not mask spoilage odor. Despite this ruling, the process remains controversial for fears 

that it masks spoilage. In 2007, a bill was (Prockop and Chichkova, 2007) introduced to 

the United States House of Representatives to label modified atmosphere carbon (II) oxide 

packaging as a color additive, but the bill died in subcommittee. The process is banned in many 

other countries, including Japan, Singapore, and the European Union (Higman and Van Der 

Burgt, 2003).  

2.7.7.3 Medicine 

In biology, carbon (II) oxide is naturally produced by the action of heme oxygenase 1 and 2 on 

the heme from hemoglobin breakdown. This process produces a certain amount of 

carboxyhemoglobin in normal persons, even if they do not breathe any carbon (II) oxide. 

Following the first report that carbon (II) oxide is a normal neurotransmitter in 1993, as well as 

one of three gases that naturally modulate inflammatory responses in the body (the other two 

being nitric oxide and hydrogen sulfide), carbon (II) oxide has received a great deal of clinical 

attention as a biological regulator. In many tissues, all three gases are known to act as anti-

inflammatories and vasodilators (Elschenbroich and Salzer, 2006). However, the issues are 

complex, as neovascular growth is not always beneficial, since it plays a role in tumor growth, 

and also the damage from wet macular degeneration, a disease for which smoking (a major 

https://en.wikipedia.org/wiki/Modified_atmosphere
https://en.wikipedia.org/wiki/Myoglobin
https://en.wikipedia.org/wiki/Metmyoglobin
https://en.wikipedia.org/wiki/Generally_recognized_as_safe
https://en.wikipedia.org/wiki/U.S._Food_and_Drug_Administration
https://en.wikipedia.org/wiki/U.S._Food_and_Drug_Administration
https://en.wikipedia.org/wiki/U.S._Food_and_Drug_Administration
https://en.wikipedia.org/wiki/United_States_House_of_Representatives
https://en.wikipedia.org/wiki/Singapore
https://en.wikipedia.org/wiki/European_Union
https://en.wikipedia.org/wiki/Heme_oxygenase
https://en.wikipedia.org/wiki/Heme
https://en.wikipedia.org/wiki/Hemoglobin
https://en.wikipedia.org/wiki/Nitric_oxide
https://en.wikipedia.org/wiki/Hydrogen_sulfide
https://en.wikipedia.org/wiki/Anti-inflammatories
https://en.wikipedia.org/wiki/Anti-inflammatories
https://en.wikipedia.org/wiki/Vasodilators
https://en.wikipedia.org/wiki/Macular_degeneration


33 

 

source of carbon (II) oxide in the blood, several times more than natural production) increases 

the risk from 4 to 6 times. 

There is a theory that, in some nerve cell synapses, when long-term memories are being laid 

down, the receiving cell makes carbon monoxide, which back-transmits to the transmitting cell, 

telling it to transmit more readily in future. Some such nerve cells have been shown to 

contain guanylate cyclase, an enzyme that is activated by carbon (II) oxide (Elschenbroich and 

Salzer, 2006). Studies involving carbon monoxide have been conducted in many laboratories 

throughout the world for its anti-inflammatory and cytoprotective properties. These properties 

have potential to be used to prevent the development of a series of pathological conditions 

including ischemia reperfusion injury, transplant rejection, atherosclerosis, severe sepsis, severe 

malaria, or autoimmunity. Clinical tests involving humans have been performed; however the 

results have not yet been released.  

2.7.7.4 Metallurgy 

Carbon (II) oxide is a strong reductive agent, and whilst not known, it has been used 

in pyrometallurgy to reduce metals from ores since ancient times. Carbon (II) oxide strips 

oxygen off metal oxides, reducing them to pure metal in high temperatures, forming carbon (II) 

oxide in the process. Carbon (II) oxide is not usually supplied as is, in gaseous phase, in the 

reactor, but rather it is formed in high temperature in presence of oxygen-carrying ore, 

carboniferous agent such as coke and high temperature. The blast furnace process is a typical 

example of a process of reduction of metal from ore with carbon (II) oxide. 

2.7.7.5 Lasers 

Carbon (II) oxide has also been used as a lasing medium in high-powered infrared lasers 

(Omaye, 2002).  

2.7.7.6 Niche Uses 

Carbon (II) oxide has been proposed for use as a fuel on Mars. Carbon (II) oxide/oxygen 

engines have been suggested for early surface transportation use as both carbon (II) oxide and 

oxygen can be straightforwardly produced from the atmosphere of Mars by zirconia electrolysis, 

without using any Martian water resources to obtain hydrogen, which would be needed to make 
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methane or any hydrogen-based fuel. Likewise, blast furnace gas collected at the top of blast 

furnace, still contains some 10% to 30% of carbon (II) oxide, and is used as fuel on Cowper 

stoves and on Siemens-Martin furnaces on open hearth steelmaking. 

2.8 Methods of Carbon (IV) Oxide Capture: Absorption  

2.8.1 CO2 Capture by Absorption 

2.8.1.1 Physical Absorption 

The operation of physical absorption is based on Henry‟s Law (Yeh et al., 2005). CO2 is 

absorbed under a high pressure and a low temperature, and desorbed at reduced pressure and 

increased temperature. This technology has been widely applied to many industrial processes 

including natural gas, synthesis gas and hydrogen production with high CO2 contents (Wiche and 

Kennedy, 2002). There are many existing commercial processes such as Selexol Process, 

Rectisol Process, Purisol Process, Morphysorb Process, and Fluor process. The absorbents are 

dimethylether or propylene glycol for Selexol Process, methanol for Rectisol Process, 

Nmethylpyrrolidone for Purisol Process, morpholine for Morphysorb Process and propylene 

carbonate for Fluor Process. Selexol process can be applied to remove both CO2 and H2S under a 

low temperature operation and to regenerate absorbent by decreasing pressure or stripping 

(Wiche and Kennedy, 2002). The advantages of this process are low vapor pressure, low toxicity 

and less corrosive solvent. Rectisol process is favored when dealing with the exhausted gas 

containing sulfur. The advantages include less corrosive and more stable absorbent. The 

advantage of Purisol process is its low energy consumption. Morphysorb process is a relatively 

new process. The operation cost is 30% to 40% lower than that for Selexol process (Kohl, 1997). 

Fluor process is more suitable for gases containing CO2 partial pressures higher than 60 psig. The 

solubility of CO2 in the solvent is high in this process (Kohl and Nielsen, 1997). 

2.8.1.2 Chemical Absorption-Amine Absorption/Stripping Technology 

A typical chemical absorption process consists of an absorber and a stripper in which absorbent 

is thermally regenerated. In a chemical absorption process, the flue gas containing CO2 enters a 

packed bed absorber from the bottom and contacts counter-currently with a CO2-lean absorbent, 

after absorption, the CO2-rich absorbent flows into a stripper for thermal regeneration. After 

regeneration, the CO2-lean absorbent is pumped back to the absorber for cyclic use. The pure 
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CO2 released from the stripper is compressed for the subsequent transportation and storage 

(Wiche and Kennedy, 2002). 

The operation pressure is around 1.0 bar and the temperatures in the absorber and stripper are 

generally in the ranges of 40–60°C and 120–140°C, respectively. The theoretically minimum 

energy required for recovery of CO2 from a flue gas and compression of CO2 to 150 bar is 0.396 

GJ/tonne CO2. For a practical operation energy of 0.72 GJ/tonne CO2 is hopefully to be achieved 

(Moore, 2005). According to the US DOE CO2 capture goal, a 90% CO2 capture efficiency with 

a less than 35% increase in cost is needed to achieve for post-combustion (DOE, 2010), therefore 

the improvements on absorbent efficiency, absorption operation, and thermal regeneration are 

needed. The advantage of a chemical absorption technology is that it is the most matured 

technology for CO2 capture and it has been commercialized for many decades, though not for 

CO2 capture from power plants. Another advantage of this technology is that it is suitable for 

retrofitting of the existing power plants. However, this technology has several drawbacks which 

include:  

-  Low CO2 loading capacity;  

-  High equipment corrosion rate;  

- Amine degradation by SO2, NO2, and O2 in the flue gases which induces a high absorbent 

makeup rate;  

-  High energy consumption during high temperature absorbent regeneration;  

-  Large equipment size  

The possible remedies to these drawbacks include the improvement of absorbents and operations 

as addressed below. Alkanolamines are widely used as the absorbents for CO2 capture. The 

structures of alkanolamines include primary, secondary, ternary amines containing at least one 

OH and amine group such as monoethanolamine (MEA), diethanolamine (DEA) and N-

methyldiethanolamine (MDEA) (Wiche and Kennedy, 2002).  
 

In addition to the primary, secondary and ternary amines, the steric hindrance amines such as 2-

amino-2-methyl-1-propanol (AMP) were also proposed. This is because the steric character 

reduces the stability of the formed carbamate, thus carbamate can undergo hydrolysis to form 

bicarbonate and in the meanwhile, release free amine molecules for further reaction with CO2 

and consequently enhance the CO2 equilibrium loading capacity to 1.0 mol of CO2 per mol of 
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amine, as high as that of ternary amine. Piperazine (PZ) is a cyclic diamine which has been used 

as the promoter for CO2 capture because of its rapid formation of carbamate with CO2 (Wiche 

and Kennedy, 2002).  PZ is observed to be an effective resistant to oxygen degradation and 

thermal degradation to a temperature up to 150°C.  
 

The degradation of alkanolamine is an important issue in chemical absorption processes because 

it causes economic, operational, and environmental problems. As for a commonly used 

absorbent, for example, Monoethanolamine (MEA), the degradation would cause the 

replacement of ~2.2 kg MEA for capturing one tonne of CO2, leading to an increase of operation 

cost (Dickson, 1999). Degradation can generally be classified into three types, thermal 

degradation, carbamate polymerization, and oxidative degradation (Knudsen, et. al., 2009). 

Thermal degradation requires the operation at high temperatures, generally above 200°C. This 

kind of degradation does not occur for dealing with the power plant exhausted gases because the 

operation temperature in thermal regeneration is not at high. Oxidative degradation is mainly 

resulted from the dissolved oxygen (DO) in absorbent. Hence this type of degradation often 

occurs in CO2 capture from the flue gases containing high O2 content such as 5% (Jared, et. al., 

2010). The degradation products of MEA are mainly formate, hydroxyethyl formamide, 

hydroxyethyl imidazole and oxalate, glycolat and acetate are also present, however, are in low 

concentrations (Kostick, 2006). To reduce DO in absorbent, four methods including the addition 

of O2 scavenger, reaction inhibitor, chelating agents, and strong stable salts have been proposed. 

Three additives, inhibitor A (an inorganic compound), Na2SO3, and formaldehyde have been 

suggested (Omaye, 2002). Carbamate polymerization requires the presence of amine at high 

temperatures so that it typically occurs in the stripper during the thermal regeneration.  
 

 

The amine absorption/stripping technology is an energy intensive process and the overall cost of 

a CO2 capture process is 52–77 US$/tonne CO2 (Aboudheir et al., 2003). The regeneration 

energy for CO2 capture from a conventional coal-fired power plant lies from 3.24 to 4.2 GJ/tonne 

CO2 (International Energy Agency, 2004). In this process, most energy consumption comes from 

the solvent regeneration step, occupying about 60% of the required energy. One of the means to 

reduce regeneration energy is to improve the operation in a stripper.  
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2.8.1.3 Ionic Liquid 

Recently, ionic liquid (IL) has attracted widespread attention owing to its unique properties such 

as very low vapor pressure, good thermal stability, high polarity, and non-toxicity. IL has been 

extensive used as the solvents for catalysis and synthesis. For CO2 capture, IL can be applied to 

absorb CO2 by either physical absorption or chemical absorption. For physical absorption, the 

factors influencing CO2 solubility in IL include free volume and size of IL as well as cation and 

anion. In general, anion has more influence on CO2 solubility than cation (Wiche and Kennedy, 

2002) for use of IL in chemical absorption, the structure of IL containing amino-function group 

that can react with CO2 can be selected. This kind of IL is called task-specific ionic liquid 

(TSIL), because IL is synthesized with the desired properties.  

2.8.1.4 Higee Technology 

Due to a huge amount of exhausted gas from fossil fuel power plants is needed to treat and 

significant mass transfer resistances exist at gas-liquid interface in a conventional absorption 

apparatus such as packed bed, spray column, and bubble column, the volume of absorber is 

generally quite large. For example, for a 600 MW LGN-fired power plant using the conventional 

monoethanolamine absorption process, the diameter and height of an absorber are 4.7 and 44 m, 

respectively, whereas the height of the stripper is about 25 m (Saunders, 1998). The major capital 

costs of the absorption/stripper process are absorber and stripper, occupying around 55% and 

17% of the total capital cost, respectively (Aboudheir et al., 2003). It is therefore expected to 

lower equipment cost by reducing the sizes of absorber and stripper. To enhance mass transfer 

rate between gas and liquid, a rotating packed bed (RPB) was initially proposed by Pelkie et. al., 

(1992). This technology is also denoted as Higee. In a RPB, liquid contacts gas on the surface of 

packing under high centrifugal field. With high gravity, liquid is split into small droplets and thin 

film during it passes through the packing, and consequently the gas-liquid contact area and mass 

transfer rate are increased. RPB can be classified into 2 types, countercurrent flow and cross 

flow, depending on the flow directions of gas and liquid.  

 

2.9 Ammonia: 

Ammonia is a colourless gas with a characteristic pungent smell. It is a common nitrogenous 

waste, particularly among aquatic organisms, and it contributes significantly to 
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the nutritional needs of terrestrial organisms by serving as a precursor to food and fertilizers. 

Ammonia is also a building block for the synthesis of many pharmaceutical products and is used 

in many commercial cleaning products (Zeng, 2011). 

The global industrial production of ammonia in 2014 was 176 million tonnes (173,000,000 long 

tons; 194,000,000 short tons), a 16% increase over the 2006 global industrial production of 

152 million tonnes (150,000,000 long tons; 168,000,000 short tons). Industrial ammonia is sold 

either as ammonia liquor (usually 28% ammonia in water) or as pressurized or refrigerated 

anhydrous liquid ammonia transported in tank cars or cylinders (Kim, 2008). NH3 boils at 

−33.34 °C (−28.012 °F) at a pressure of one atmosphere, so the liquid must be stored under 

pressure or at low temperature. Household ammonia or ammonium hydroxide is a solution of 

NH3 in water. The concentration of such solutions is measured in units of the Baumé 

scale (density), with 26 degrees baumé (about 30% (by weight) ammonia at 15.5 °C or 59.9 °F) 

being the typical high-concentration commercial product.  

2.9.1 Natural Occurrence: 

Ammonia is found in trace quantities in nature, being produced from the nitrogenous animal and 

vegetable matter. Ammonia and ammonium salts are also found in small quantities in rainwater, 

whereas ammonium chloride (sal ammoniac), and ammonium sulfate are found in volcanic 

districts; crystals of ammonium bicarbonate  have been found 

in Patagonian guano. The kidneys secrete ammonia to neutralize excess acid, Ammonium salts 

are found distributed through fertile soil and in seawater (Qing et al., 2011). 

Ammonia is also found throughout the Solar System on Mars, Jupiter, Saturn, Uranus, Neptune, 

and Pluto, among other places: on smaller, icy planets such as Pluto, ammonia can act as a 

geologically important antifreeze, as a mixture of water and ammonia can potentially have a 

melting point of as low as 173 kelvins if the ammonia concentration is high enough and thus 

allow such planets to retain internal oceans and active geology at a far lower temperature than 

would be possible with water alone (Qing et al., 2011). Substances containing ammonia, or those 

that are similar to it, are called ammoniacal. 
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2.9.2 Properties: 

Ammonia is a colourless gas with a characteristic pungent smell. It is lighter than air, its density 

being 0.589 times that of air. It is easily liquefied due to the strong hydrogen bonding between 

molecules; the liquid boils at −33.3 °C (−27.94 °F), and freezes at −77.7 °C (−107.86 °F) to 

white crystals. Ammonia may be conveniently deodorized by reacting it with either sodium 

bicarbonate or acetic acid (Puxty et al., 2009). Ammonia is miscible with water. In an aqueous 

solution, it can be expelled by boiling. The aqueous solution of ammonia is basic. The maximum 

concentration of ammonia in water (a saturated solution) has a density of 0.880 g/cm
3
 and is 

often known as '.880 ammonia'. Ammonia does not burn readily or sustain combustion, except 

under narrow fuel-to-air mixtures of 15–25% air. When mixed with oxygen, it burns with a pale 

yellowish-green flame. At high temperature and in the presence of a suitable catalyst, ammonia 

is decomposed into its constituent elements. Ignition occurs when chlorine is passed into 

ammonia, forming nitrogen and hydrogen chloride; if chlorine is present in excess, then the 

highly explosive nitrogen trichloride (NCl3) is also formed. 

2.9.2.1 Structure 

The ammonia molecule has a trigonal pyramidal shape as predicted by the valence shell electron 

pair repulsion theory (VSEPR theory) with an experimentally determined bond angle of 106.7° 

(Haynes and Williams, 2013). The central nitrogen atom has five outer electrons with an 

additional electron from each hydrogen atom. This gives a total of eight electrons, or four 

electron pairs that are arranged tetrahedrally. Three of these electron pairs are used as bond pairs, 

which leaves one lone pair of electrons. The lone pair of electrons repel more strongly than bond 

pairs, therefore the bond angle is not 109.5°, as expected for a regular tetrahedral arrangement, 

but 106.7° (Kim, 2008). The nitrogen atom in the molecule has a lone electron pair, which makes 

ammonia a base, a proton acceptor. This shape gives the molecule a dipole moment and makes 

it polar. The molecule's polarity and, especially, its ability to form hydrogen bonds, make 

ammonia highly miscible with water. Ammonia is moderately basic, a 1.0 M aqueous solution 

has a pH of 11.6 and if a strong acid is added to such a solution until the solution is neutral (pH = 

7), 99.4% of the ammonia molecules are protonated. Temperature and salinity also affect the 

proportion of NH4
+
. The latter has the shape of a regular tetrahedron and 
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is isoelectronic with methane. The ammonia molecule readily undergoes nitrogen inversion at 

room temperature; a useful analogy is an umbrella turning itself inside out in a strong wind.  

2.9.2.2 Amphotericity 

One of the most characteristic properties of ammonia is its basicity. Ammonia is considered to be 

a weak base. It combines with acids to form salts; thus with hydrochloric acid it 

forms ammonium chloride (sal ammoniac); with nitric acid, ammonium nitrate, etc. Perfectly dry 

ammonia will not combine with perfectly dry hydrogen chloride; moisture is necessary to bring 

about the reaction ( As a demonstration experiment, opened bottles of concentrated ammonia and 

hydrochloric acid produce clouds of ammonium chloride, which seem to appear "out of nothing" 

as the salt forms where the two diffusing clouds of molecules meet, somewhere between the two 

bottles (Ciferno et al., 2005). 

NH3 + HCl → NH4Cl           (2.26) 

The salts produced by the action of ammonia on acids are known as the ammonium salts and all 

contain the ammonium ion (NH4
+
). 

Although ammonia is well known as a weak base, it can also act as an extremely weak acid. It is 

a protic substance and is capable of formation of amides (which contain the NH2
− 

ion). For 

example, lithium dissolves in liquid ammonia to give a solution of lithium amide: 

2Li + 2NH3 → 2LiNH2 + H2          (2.27) 

2.9.2.3 Self-dissociation 

Like water, ammonia undergoes molecular autoionisation to form its acid and base conjugates: 

2 NH3 (aq) ⇌ NH4
+
 (aq) + NH2

−
 (aq)         (2.28) 

Ammonia often functions as a weak base, so it has some buffering ability. Shifts in pH will cause 

more or fewer ammonium cations (NH4
+
) and amide anions (NH2

−
) to be present in solution. At 

standard pressure and temperature, K=[NH4
+
][NH2

−
] = 10

−30
 

2.9.2.4 Combustion 

The combustion of ammonia to nitrogen and water is exothermic: 
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4NH3 + 3 O2 → 2 N2 + 6 H2O (g) ΔH°r = −1267.20 kJ/mol (or −316.8 kJ/mol if expressed per 

mol of NH3) 

The standard enthalpy change of combustion, ΔH°c, expressed per mole of ammonia and with 

condensation of the water formed, is −382.81 kJ/mol. Dinitrogen is the thermodynamic product 

of combustion: all nitrogen oxides are unstable with respect to N2 and O2, which is the principle 

behind the catalytic converter. Nitrogen oxides can be formed as kinetic products in the presence 

of appropriate catalysts, a reaction of great industrial importance in the production of nitric acid: 

4 NH3 + 5O2 → 4NO + 6 H2O         (2.29) 

A subsequent reaction leads to NO2 

2 NO + O2 → 2 NO2           (2.30) 

The combustion of ammonia in air is very difficult in the absence of a catalyst (such 

as platinum gauze or warm chromium (III) oxide), because the temperature of the flame is 

usually lower than the ignition temperature of the ammonia–air mixture. The flammable range of 

ammonia in air is 16–25% (Ciferno et al., 2005). 

2.9.2.5 Formation of Other Compounds 

In organic chemistry, ammonia can act as a nucleophile in substitution reactions. Amines can be 

formed by the reaction of ammonia with alkyl halides, although the resulting -NH2 group is also 

nucleophilic and secondary and tertiary amines are often formed as byproducts. An excess of 

ammonia helps minimise multiple substitution, and neutralises the hydrogen 

halide formed. Methylamine is prepared commercially by the reaction of ammonia 

with chloromethane, and the reaction of ammonia with 2-bromopropanoic acid has been used to 

prepare racemic alanine in 70% yield. Ethanolamine is prepared by a ring-opening reaction 

with ethylene oxide: the reaction is sometimes allowed to go further to 

produce diethanolamine and triethanolamine. Amides can be prepared by the reaction of 

ammonia with carboxylic acid derivatives. Acyl chlorides are the most reactive, but the ammonia 

must be present in at least a twofold excess to neutralise the hydrogen 

chloride formed. Esters and anhydrides also react with ammonia to form amides. Ammonium 
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salts of carboxylic acids can be dehydrated to amides so long as there are no thermally sensitive 

groups present: temperatures of 150–200 °C are required (Ciferno et al., 2005). 

2.9.2.6 Ammonia in Solution 

Ammonia and ammonium salts can be readily detected, in very minute traces, by the addition 

of Nessler's solution, which gives a distinct yellow colouration in the presence of the least trace 

of ammonia or ammonium salts. The amount of ammonia in ammonium salts can be estimated 

quantitatively by distillation of the salts with sodium or potassium hydroxide, the ammonia 

evolved being absorbed in a known volume of standard sulfuric acid and the excess of acid then 

determined volumetrically; or the ammonia may be absorbed in hydrochloric acid and the 

ammonium chloride so formed precipitated as ammonium hexachloroplatinate, (NH4)2PtCl6. 

(Ciferno et al., 2005). 

2.9.3 Synthesis and Production 

Because of its many uses, ammonia is one of the most highly produced inorganic chemicals. 

Dozens of chemical plants worldwide produce ammonia. Consuming more than 1% of all man-

made power, ammonia production is a significant component of the world energy budget. The 

USGS reports global ammonia production in 2014 was 176 million tonnes (Diao et al., 2013). 

China accounted for 32.6% of that (increasingly from coal as part of urea synthesis), followed by 

Russia at 8.1%, India at 7.6%, and the United States at 6.4%. About 88% of the ammonia 

produced was used for fertilizing agricultural crops.  

Before the start of World War I, most ammonia was obtained by the dry distillation of 

nitrogenous vegetable and animal waste products, including camel dung, where it 

was distilled by the reduction of nitrous acid and nitrites with hydrogen; in addition, it was 

produced by the distillation of coal, and also by the decomposition of ammonium salts 

by alkaline hydroxides such as quicklime, the salt most generally used being the chloride (sal 

ammoniac) thus:  

2NH4Cl + 2 CaO → CaCl2 + Ca(OH)2 + 2 NH3       (2.31) 

Hydrogen for ammonia synthesis could also be produced economically by using the water 

gas reaction followed by the water gas shift reaction, produced by passing steam through red-
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hot coke, to give a mixture of hydrogen and carbon dioxide gases, followed by removal of the 

carbon (IV) oxide "washing" the gas mixture with water under pressure (25 standard 

atmospheres (2,500 kPa) (Diao et al., 2013); or by using other sources like coal or coke 

gasification. 

Modern ammonia-producing plants depend on industrial hydrogen production to react with 

atmospheric nitrogen using a magnetite catalyst or over a promoted Fe catalyst under high 

pressure (100 standard atmospheres (10,000 kPa)) and temperature (450 °C) to form anhydrous 

liquid ammonia. This step is known as the ammonia synthesis loop (also referred to as 

the Haber–Bosch process):  

3H2 + N2 → 2 NH3           (2.32) 

Hydrogen required for ammonia synthesis could also be produced economically using other 

sources like coal or coke gasification or less economically from the electrolysis of water into 

oxygen + hydrogen and other alternatives that are presently impractical for large scale. At one 

time, most of Europe's ammonia was produced from the Hydro plant at Vemork, via the 

electrolysis route. Various renewable energy electricity sources are also potentially applicable. 

As a sustainable alternative to the relatively inefficient electrolysis, hydrogen can be generated 

from organic wastes (such as biomass or food-industry waste), using catalytic reforming (Resnik 

et al., 2006). This releases hydrogen from carbonaceous substances at only 10–20% of energy 

used by electrolysis and may lead to hydrogen being produced from municipal wastes at below 

zero cost (allowing for the tipping fees and efficient catalytic reforming, such as cold-plasma). 

Catalytic (thermal) reforming is possible in small, distributed (even mobile) plants, to take 

advantage of low-value, stranded biomass/biowaste or natural gas deposits. Conversion of such 

wastes into ammonia solves the problem of hydrogen storage, as hydrogen can be released 

economically from ammonia on-demand, without the need for high-pressure or cryogenic 

storage. It is also easier to store ammonia on board vehicles than to store hydrogen, as ammonia 

is less flammable than petrol or LPG. For small scale laboratory synthesis, one can heat urea and 

Ca(OH)2 

(NH2)2CO + Ca(OH)2 → CaCO3 + 2 NH3        (2.33) 
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2.9.4 Liquid Ammonia as a Solvent 

Liquid ammonia is the best-known and most widely studied nonaqueous ionising solvent. Its 

most conspicuous property is its ability to dissolve alkali metals to form highly coloured, 

electrically conductive solutions containing solvated electrons. Apart from these remarkable 

solutions, much of the chemistry in liquid ammonia can be classified by analogy with related 

reactions in aqueous solutions. Comparison of the physical properties of NH3 with those of water 

shows NH3 has the lower melting point, boiling point, density, viscosity, dielectric 

constant and electrical conductivity; this is due at least in part to the weaker hydrogen bonding in 

NH3 and because such bonding cannot form cross-linked networks, since each NH3 molecule has 

only one lone pair of electrons compared with two for each H2O molecule. The ionic self-

dissociation constant of liquid NH3 at −50°C is about 10
−33

 mol
2
·l

−2
. 

2.9.5 Uses of Ammonia 

2.9.5.1 Fertilizer 

Globally, approximately 88% (as of 2014) of ammonia is used as fertilizers either as its salts, 

solutions or anhydrously. When applied to soil, it helps provide increased yields of crops such as 

maize and wheat. 30% of agricultural nitrogen applied in the USA is in the form of anhydrous 

ammonia and worldwide 110 million tonnes are applied each year (Yei and Bai, 2009). 

2.9.5.2 Precursor to Nitrogenous Compounds 

Ammonia is directly or indirectly the precursor to most nitrogen-containing compounds. 

Virtually all synthetic nitrogen compounds are derived from ammonia. An important derivative 

is nitric acid. This key material is generated via the Ostwald process by oxidation of ammonia 

with air over a platinum catalyst at 700–850 °C (1,292–1,562 °F), ~9 atm. Nitric oxide is an 

intermediate in this conversion (Yei and Bai, 2009):  

NH3 + 2O2 → HNO3 + H2O          (2.34) 

Nitric acid is used for the production of fertilizers, explosives, and many organonitrogen 

compounds. 

Ammonia is also used to make the following compounds: 
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 Hydrazine, in the Olin Raschig process and the peroxide process 

 Hydrogen cyanide, in the BMA process and the Andrussow process 

 Hydroxylamine and ammonium carbonate, in the Raschig process 

 Phenol, in the Raschig–Hooker process 

 Urea, in the Bosch–Meiser urea process and in Wöhler synthesis 

 Amino acids, using Strecker amino-acid synthesis 

 Acrylonitrile, in the Sohio process 

Ammonia can also be used to make compounds in reactions which are not specifically named. 

Examples of such compounds include: ammonium perchlorate, ammonium 

nitrate, formamide, dinitrogentetroxide, alprazolam, ethanolamine, ethylcarbamate, hexamethyle

netetramine, and ammonium bicarbonate. 

2.9.5.3 Cleaner 

Household ammonia is a solution of NH3 in water (i.e., ammonium hydroxide) used as a general 

purpose cleaner for many surfaces. Because ammonia results in a relatively streak-free shine, one 

of its most common uses is to clean glass, porcelain and stainless steel. It is also frequently used 

for cleaning ovens and soaking items to loosen baked-on grime. Household ammonia ranges in 

concentration by weight from 5 to 10% ammonia. 

2.9.5.3 Fermentation 

Solutions of ammonia ranging from 16% to 25% are used in the fermentation industry as a 

source of nitrogen for microorganisms and to adjust pH during fermentation. 

2.9.5.4 Antimicrobial Agent for Food Products  

As early as in 1895, it was known that ammonia was "strongly antiseptic, it requires 1.4 grams 

per litre to preserve beef tea." In one study, anhydrous ammonia destroyed 99.999% of zoonotic 

bacteria in 3 types of animal feed, but not silage (Derks and Versteeg, 2009). Anhydrous 

ammonia is currently used commercially to reduce or eliminate microbial contamination 

of beef. Lean finely textured beef in the beef industry is made from fatty beef trimmings (c. 50–

70% fat) by removing the fat using heat and centrifugation, then treating it with ammonia to 

kill E. coli. The process was deemed effective and safe by the US Department of 
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Agriculture based on a study that found that the treatment reduces E. coli to undetectable levels 

(Derks and Versteeg, 2009). There have been safety concerns about the process as well as 

consumer complaints about the taste and smell of beef treated at optimal levels of ammonia. The 

level of ammonia in any final product has not come close to toxic levels to humans. 

2.10 Absorption Mechanism of CO2 into Aqueous Ammonia  

2.10.1 Reactions of CO2 in Aqueous Ammonia  

The reaction between aqueous Ammonia and Carbon (IV) oxide occurred mainly in the liquid 

phase of the gas-liquid interface, the reactions in the liquid phase of the CO2-ammonia system 

are given equations (2.35), (2.36) and (2.37) (Zeng et al., 2011): 

CO2(g) + 2NH3(aq)                →   NH2COONH4(aq)                                             (2.35) 

CO2(g) + 2NH3(l) + H2O(l)   ↔   (NH4)2CO3(s)                                             (2.36) 

CO2(g) + NH3(l) + H2O(l)     ↔    NH4HCO3(s)                                           (2.37) 

Equation (2.35) in a detailed breakdown is composed of the following two steps (Zeng et al, 

2011): 

CO2(g) + 2NH3(aq)              →       NH2COONH
+

4(aq)                              (2.38) 

NH3(aq) + NH2COOH(aq)  ↔        NH4(aq) + NH2COO
-
(aq)                            (2.39) 

Whereas NH2COONH4 hydrolyzes in solution instantaneously to generate free ammonia as 

stated in the reactions below  

NH2COO(aq) + H2O(1) ↔ HCO3

-
(aq) + NH3(aq)                                        (2.40) 

NH3(aq) + H2O(l)  ↔  NH3 . H2O(aq)                                                            (2.41) 

Equation (2.38) is very fast and irreversible and equation (2.39) is instantaneous because 

ammonium is form and movement from the gas bulk to the gas-liquid interface is very rapid 

(Favre, 2007). Equation (2.40) is too slow to influence the rate of the absorption directly 

(Danckwerts, 1980). Therefore, the reaction between aqueous ammonia and Carbon (IV) oxide is 

mainly controlled by equation (2.38). It is a second-order reaction with first-order for CO2 and 

NH3, respectively (Zeng et al., 2011). On the other hand, Equations (2.36) and (2.37) are 

reversible, with ammonium carbonate ((NH4)2CO3) or bicarbonate (NH4HCO3) as the products 
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(Favre, 2007). The forward reactions are dominant at room temperature (Favre, 2007). The 

backward reactions occur at temperatures of between 38 - 60
o
C (Zeng et al., 2011). 

2.10.2 Hydration of CO2 in Aqueous Ammonia  

The ammonia solution is weakly alkaline, therefore the hydration of CO2 in aqueous solutions 

would occur in the liquid phase, the reactions are given as follows: 

CO2 + H2O  ═  HCO3

-
 + H

-
                                                                        (2.42) 

CO2 + OH ═ HCO3

-
                                                                                   (2.43) 

The contribution of reaction (2.42) to the overall reaction rate is very small as the reaction has a 

very low rate constant (k = 0.026/s at 298K) and is usually neglected (Danckwerts, 1980). 

2.10.3 Reaction Rate for CO2 Absorption into Aqueous Ammonia  

For the various reactions with CO2 in aqueous ammonia, the reaction rate for CO2 absorption 

into ammonia solution mainly controlled by the reactions are given in equation (2.38) and 

equation (2.41). From equation (2.38) and (2.41), the reaction rate for CO2 absorption into 

aqueous ammonia solution can be described by equation (2.44) and equation (2.45) as follows: 

               (2.44) 

                                                            (2.45) 

The overall reaction rate from equation (2.44) and (2.45) can be described as 

       

                                                    (2.46) 

Where the values for rate constant k2 for reaction between CO2 and ammonia is calculated using 

Numerical Differential Formula at ambient temperature of the experimental process. Also the 

kinetic rate constant kOH
- 
can be described in terms of temperature used for the research using the 

expression stated in equation 2.46 (Zeng et al., 2011) as follows. 

                                                                  (2.47) 

The value of kOH
-
 is calculated with equation (2.47) while substituting for ambient temperature. 

The hydroxyl ion concentration and the pH value of aqueous ammonia are estimated by the 

following relations: 
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                                                                (2.48) 

                                                                (2.49) 

Where:  

Kb represents the ionization equilibrium constant of the aqueous ammonia  

Kw is the dissociation constant of water with respect to the constant temperature 
 

From equation (2.46), the overall reaction rate can be approximately described as: 

                                                        (2.50) 

The reaction between NH3 and CO2 is very fast, and the CO2 concentration in the liquid phase 

can be assumed to be zero in the fast pseudo-first-order reaction regime (Zeng et al., 2011).  
 

To verify whether the absorption of CO2 into aqueous ammonia occurs in the fast first-order 

reaction regime, Hatta Number must be greater than or equal to 100 

 (Zeng et al., 2011).  

Where the Hatta Number is expressed as: 

                 (2.51) 

Where:  

K2 represents the rate constant for reaction between CO2 and aqueous ammonia 

DCO2 is the diffusivity of Carbon (iv) oxide  

KL is the dissociation constant of water  

The mass transfer coefficient in the liquid phase is expressed as: 

                                                                                      (2.52) 

Where tc is the contact time (seconds) 

 

2.11 Determination of Overall Mass Transfer Coefficient 

The overall mass transfer coefficient is affected by three factors namely; there is the interfacial 

area between gas phase and liquid phase, the resistance in the gas phase, and the resistance in the 

liquid phase. In the derivation of the overall mass transfer coefficient, it is assumed that the 
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liquid flow rate is unchanged (Zeng et al., 2011). So, the interfacial area between gas phase and 

liquid phase is unchanged. Then, the overall mass transfer coefficient is unchanged about the 

interfacial area between gas phase and liquid phase. The mass balance can be given as follows: 

dmA = ΩGBdY = NAaVΩ dh                                                                             (2.53) 

Where 

           (2.54) 

Where mA represents the amount of carbon (IV) oxide absorbed per unit time in kmol/h,  

           Y is the mole ratio of CO2 gas,  

            h is column height in m, GB is gas flow rate in kmol/(m
3
.h),  

            y is the mole fraction of CO2 in the gas stream. 

From Equation (2.53), the element of column dh can be determined as 

                                                                                                                (2.55) 

When used for the chemical absorption, y* in Equation (2.55) is assumed to be zero since the 

chemical reaction is fast (Lin and Li, 2002). Thus, Equation (2.55) is expressed as 

                                                                                                                      (2.56) 

and 

                                                                                                                                   (2.57) 

Therefore, 

                                                                          (2.58) 

and 

                                                                                        (2.59) 

In this work, the CO2 concentration at the top and bottom of the column was measured and used 

for evaluating the KGAV value according to Equation (2.59). 

In the derivation of the overall mass transfer coefficient, it is assumed that the liquid flow rate is 

unchanged (Zeng et al., 2011). So, the interfacial area between gas phase and liquid phase is 

unchanged. Then, the overall mass transfer coefficient is unchanged about the interfacial area 
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between gas phase and liquid phase. In the process of absorption, the total gas flow rate is 

constantly changing due to CO2 absorption into aqueous ammonia solution.  

 

2.12 Review of Related Literature 

Ello et al., 2013, researched on Carbon (IV) Oxide capture with the aid of N-doped carbon 

aerogels for in a sealed glass cylinder at 358K for 72 hours in an oven. They employed the use of 

acetone as a drying solvent for ambient drying because of its low surface tension. The CO2-

adsorption capacity in terms of adsorbed volume under temperature and pressure were recorded. 

The isotherms were used to describe different porous and materials interactions, Scanning 

Electron Microscopy were also carried out, as well as Fourier Transform Infrared (FTIR) and X-

Ray Photoelectron Spectroscopy (XPS) to properly investigate bonding of the component 

materials. This work showed that CO2 capture performances were evaluated from 273 to 298K at 

1 bar, it was also inferred that CO2 adsorption was influenced by micropores and amount of 

nitrogen-containing the samples. The N2 adsorption isotherm showed different structures of the 

carbon materials and CO2 adsorption capacities up to 3.6mmol/g (29K) and 4.5mmol/g (273K) 

were achieved from their experimental analysis. It was also seen that CO2 adsorption and pore 

structures increased the amount of urea and the N-doped structure adsorbed more than the non-

doped carbon aerogel which clearly depicts from their research that both texture and surface 

chemistry affects the CO2 capture performance of the adsorbents. 

 

Pellegrini et al., 2009, comparative study of chemical adsorbents in post combustion CO2 capture 

compared two primary amines, monoethanolamine (MEA) and Diglycolamine (DGA) to 

ammonia with respect to their capability to capture CO2 from a flue gas stream. The 

experimental setup showed that investigation of CO2 removal with ammonia by a series of 

experiments was carried out in a small-scale setup in the laboratory using a semi-continuous flow 

reactor consisting of a glass column containing a specified quantity of aqueous ammonia. In the 

study comparative flow sheet simulation for the CO2 capture performance of the three different 

solvent (MEA, DGA and NH3) were carried out. The simulations show that ammonia is a 

superior absorbent which yielded high removal efficiencies at low solvent concentration, also 
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ammonia process captures CO2 by formation of stable salts which are separated from the solvent 

stream by filtration or sedimentation and the salts can be used commercially as fertilizers. 

 

Vericella et al., 2014, researched on encapsulated liquid sorbents from carbon (IV) Oxide capture 

harped on the fact that the most established technique for capturing CO2 from flue gas is the use 

of aqueous amine solution typically the Monoethanolamine (MEA) which reacts with CO2 to 

form carbamates, while MEA has a fast absorption rate and high CO2 carrying capacity, it also 

possesses several draw back such as high corrosivity, yield of toxic degradation products and 

requires significant energy to remove CO2 during sorbent regeneration. Their research 

demonstrated a new class of hybrid liquid/solid materials that are highly permeable, 

mechanically robust, chemically stable and environmentally benign. The encapsulation scheme 

enables the use of liquid sorbents with more favourable thermodynamics and lower 

environmental impact than MEA by improving mass transfer rates, containing precipitates and 

isolating degradation products. They posited that a system based on concentrated sodium 

carbonate slurry can be run with less parasitic heating and evaporation of water than 

conventional amine systems and will not release toxic volatile organic compounds. 

 

Dash et al., 2013, investigated experimentally the use of piperazine activated concentrated 

aqueous 2-Amino-2-Methyl-1-Propanol on absorption of carbon (IV) oxide. The rate of 

absorption of CO2 into aqueous solutions of (AMP + PZ) was measured in a wetted wall 

contactor over a certain temperature range. The researchers discovered that the addition of small 

amount of Piperazine to an amine solution of AMP significantly enhances the rate of absorption 

of CO2 and enhancement factor. The solvent capacity was found to increase with total amine 

strength in the CO2 partial pressure in the power plant flue gas streams, indicating improved CO2 

capacity of PZ-activated concentrated aqueous AMP solvents. Also relative to monoethanol 

amines (MEA), higher oxidative and thermal degradation resistance and lower regenerative 

energy requirement adds to the advantages of the solvent for CO2 capture. 

 

Sivaraman and Priya, 2015, worked on carbon capture and storage from automobile exhaust to 

reduce CO2 emission. In their work CO2 was captured at a large industrial plant and transported 
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to large geological site were it faced long time isolation in a geological storage reservoir. In their 

work, they adopted adsorption method, the process involved exhaust gases been allowed to pass 

through solid adsorbent where the gas molecules in the exhaust are captured by pores present in 

the adsorbent which is zeolites used for their experiment. The CO2 trap was designed using 

modelling software CATIA V5 and the exhaust flow simulation was done using the 

computational fluid (CFD). The computational fluid (CFD) results show that back pressure is 

very less and the design is safe. 

 

Keskes et al., 2011, researched on the capture of CO2 from natural gas using an n-alkane solvent 

in a conventional physical absorption process. Optimal process condition and solvent was 

developed using an advanced equation of state (SAFT-VR) and process modelling optimisation 

software (gPROMS). The equation of state and condition for phase equilibria were implemented 

in the gPROMS modelling software, whereas the SAFT-VR calculations were implemented in 

FORTRAN 90 and accessed via a foreign object (FO) interface. The study showed that the 

separation of CO2 from natural gas with an ordinary n-alkane is not only possible solvent, but 

also economically viable and the new process can certainly compete with membrane processes in 

term of flexibility. 

 

Arpin and Yusup, 2011, studied the enhancement of calcium oxide (CaO) for Carbon (IV) Oxide 

capture, in their work, pure CaO was obtained in powder size less than 100µm and ethanol was 

also obtained. The modification was performed by mixing 70% ethanol concentration (35ml 

ethanol and 15ml distilled water) with CaO. They were mixed for 3 hours and allowed to dry in 

an oven for a day. The modified and non-modified samples were subjected to XRD and BET 

analysis and then to the carbonation test in the Thermo Gravimetric Analyzer (TGA) and Fixed 

Bed Reactor (FBR). The X-Ray Diffraction (XRD) investigation concluded that the CaO was 

converted to Ca(OH)2 after modification and its characteristics have improved in terms of 

surface area and pore volume. The TGA showed that the modified CaO using ethanol-water 

hydration method showed improvement on the capacity performance from the improved 

conversion. The researcher finally opined that the ethanol water hydration has proven enhancing 
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CO2 capture performance and it prolonged performance of the adsorbent for multi-cycles 

utilization. 

 

Neveux et al., 2013, conducted a research on  energy performance of CO2 capture process using 

Monoethanolamine (MEA), 2-Amino-2-Methyl-1-Propanol (AMP) and AMP+PZ. In their work, 

four criteria were retained for solvent screening such as solvent kinetics, heat of absorption, 

cyclic capacity and degradation resistance. The four process modifications that were chosen 

illustrated the 3 types of process modifications: absorption enhancement, heat integration and 

heat pump effect. It also showed that the solvent physicochemical properties impact the energy 

gain of process modification compared to the conventional process. 

 

Sumida et al., 2012, conducted research of plant wide control of CO2 capture of absorption and 

stripping using monoethanolamine solution. In their study plant wide control of an 

absorption/stripping CO2 capture process using mono-ethanol-amine was investigated using 

dynamic simulation. The CO2 removal ratio was influenced by operating variables such as lean 

solvent rate (flow) and lean solvent loading, which is in terms determined by reboiler duty in the 

stripper. In the study, three important factors namely: Lean solvent flow, Lean solvent loading 

and water make up, that affect CO2 removal performance, energy efficiency and long term 

stability of the absorption/stripping CO2 capture process using monoethanolamine solution were 

identified. In their study, a control structure was proposed in which CO2 removal, which can be 

measured by CO2 concentrations in the inlet flue gas and vented gas at the top of the absorber 

was guaranteed by manipulating the lean solvent feed rate to the top of the absorber column. 

Liquid level in reboiler of the stripping column was controlled by make-up water flow rate in 

order to maintain water inventory balance. The temperature at the bottom of the stripper was 

controlled by reboiler duty so that a fixed lean solvent loading can be achieved. System 

disturbances including flue gas total flow and concentration were considered to test operability 

of the closed loop system and the dynamic results showed that the entire system can be 

controlled successfully at 90% removal ratio and optimal lean loading of CO2/MEA. 
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Hauchhum and Mahanta, 2014, studied carbon (IV) oxide adsorption on zeolites and activated 

carbon by pressure swing adsorption in a fixed bed. In their work, adsorption of CO2 on Zeolite 

13X, Zeolite 4A and activated carbon (AC) were investigated at temperature ranging from 25 to 

60
0
C and pressure of up to 1 Bar. The experimental data were fitted with isotherm models like 

Langmuir and Freunlich isotherm model. The Langmuir model fitted well with the two zeolites 

and Freunlich model fitted well with the Activated carbon. The thermodynamics parameters 

were calculated and found to be exothermic in nature for all three adsorbents. Regeneration 

studies were also conducted in order to verify the possibility of activated carbon reutilization to 

determine its CO2 adsorption capacity within consecutive cycle adsorption-desorption. The 

temperature swing adsorption was employed as the regeneration method through heating up to a 

temperature of approximately 100
0
C, and according to the study there was no full reversibility 

for zeolite while AC can achieve complete regeneration. The experimental set-up for the 

adsorption test consists of CO2 cylinder and gas compressor interconnected through a pipe to the 

system. From the study, it was concluded that the CO2 adsorption isotherm obtained in the study 

followed general gas adsorption behaviour, demonstrating the CO2 adsorption capacity increases 

with increasing pressure and decreases with increasing temperature. The experimental data of 

CO2 adsorption were fitted with Langmuir and Freunlich the best fit with the zeolite 13X and 

zeolite 4A while Freunlich model provided excellent fit from AC. 

 

Raganati et al., 2015, studied CO2 capture by adsorption on fine activated carbon in a sound 

assisted fluidized bed. The work focused on the assessment of sound-assisted fluidization in the 

CO2 capture on fine activated carbon, tests were performed in a laboratory scale experimental 

set-up at ambient temperature and pressure pointing out the effect of sound intensity and 

frequency. The experimental results shows that the acoustic field positively affects the 

fluidization quality and adsorption efficiency of the powder in terms of remarkably longer 

breakthrough time, adsorption capacity, fraction of bed utilized until breakthrough and 

adsorption rate. The research also showed that sound intensities higher or equal to 125dB are 

enough to obtain a good fluidization quality. The activated carbon DARCO FGD (Norit) used as 

adsorbent material was characterized by using a laser granulometer. The granulometer analysis 

shows that the powder is in the form of relatively large aggregates and the application of 
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Ultrasound (US), namely the application of external force brings about the breakup of large 

aggregates into smaller ones. 

 

Manovic and Anthony, 2010, worked on Lime-based sorbents for high-temperature CO2 capture 

– A review of sorbent modification method. The research reviews a new technology that is based 

on the use of lime-based sorbents in a dual fluidized bed combustion (FBC) reactor which 

contains a carbonator – a unit for CO2 capture and a calciner – a unit for CaO regeneration. In 

their work, three main aspects of sorbent performance enhancement were tested in their studies. 

In the stream reactivation tests, limestone samples were subjected to calcination/carbonation 

cycles and reactivated in a pressurized steam reactor, Thermal pre-treatment of samples was 

done in a tube furnace and also directly in the thermo gravimetric analysis apparatus before 

cycles, original or spent sorbents were pelletized using calcium aluminate cements as binders. 

Calcium aluminate-based pellet are new and one of the most efficient and inexpensive solid 

sorbents for CO2 capture. They can help in mitigation of sorbent sintering, attrition and 

consequent elutriation. All of the shortcomings are considered to be mitigated by means of 

reactivation (pelletization of fresh/spent/elutriated sorbent before or during its utilization. The 

morphology of pellets was observed by scanning electron microscope (SEM). They concluded 

that CaO obtained from limestone is the best material for use as solid carrier of CO2 from dilute 

gases to concentrated streams. 

 

2.13 Knowledge Gaps in the Study 

From the review, majority of works done on carbon capture/sequestration revealed the following 

gaps: 

i. Carbon sequestration on post-combustion capture or oxy-fuel combustion options are not 

well developed, they are mostly applied on emission source with low flue gas streams 

compared to emission points such as in power generation where much larger gas flows 

are handled. 

ii. Equipment/components developed for the essence of carbon sequestration especially ones 

that are fabricated with steel did not consider fouling effect. 
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                                 CHAPTER THREE 
          MATERIALS AND METHODS 

3.1 Materials 

The ammonia solvent (analytical grade) was purchased at the chemical market, bridge head 

Onitsha, Onitsha South Local Government Area of Anambra State. A prototype absorption 

column was designed and fabricated at the Scientific Equipment Development Institute (SEDI), 

Akwuke, Gariki, Enugu State. 

 

3.2 Equipment/Instruments  

For the carbon sequestration process to be achieved in this research, plethora of equipment and 

instruments were needed. They are Petrol Generating Set ELEPAQ EC3800CXS which served 

as the source of the flue gas, Gas Analyser (Portable Combustion Analyser, PCA2 model) for 

detection of the composition, quantity and type of gas present. Prototype designed and fabricated 

batch absorption column which aided the coming together of the ammonia solution and flue gas 

in counter-current form during the mixture, the non-heat sensitive pipe with the sole purpose of 

transfer of the flue gas to the developed prototype absorption column, analytical grade ammonia 

which served as the amine absorbent and distilled water. Other instruments needed are the restort 

stand, conical flask, round bottom flask, beakers, measuring cylinders, thermometer, stop watch, 

pH meter model, burette, separatory funnel, hand gloves and face mask 
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   Fig. 3.1   Experimental set-up for absorption using the batch absorption column 

 

3.3 Carbon Sequestration in Ammonia Solution 

The carbon sequestration was conducted in a glassware prototype batch absorption column 

which was hitherto designed and fabricated. Figure 3.1 shows the different components of the 

prototype absorption column that aided the sequestration of CO2 and CO. The prototype 

absorption column and other equipment that played a pivotal role in achieving the carbon 

sequestration are shown in Figure 3.1: 
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The eastern part of Nigeria were the work will be carried out is a temperate region, Due to the 

nature of the equipment made of glassware and in order to control the process, standard 

conditions of ambient temperature and atmospheric pressure were adopted for the process. Also 

glassware was chosen over steel for the prototype absorption column to mitigate the effect of 

fouling and also considering the fact that Nigeria (especially the east part) is a temperate region, 

ambient temperature and atmospheric pressure were considered most suitable for the research.   

Three independent variables were used; which are concentration of solvent ranging from 2-10 

mol/dm
3
, contact time of 20-100 seconds and volume of solvent between 40-200 ml.  

For the carbon sequestration to be achieved, 10 mol/dm
3
 concentration of aqueous ammonia was 

prepared and poured into a flask containing ammonia solution which supplies the solution to the 

absorber, the aqueous ammonia was evenly distributed across the inner surface of the column 

while in contact with the plates. The petrol generating set was turned on while the gas analyzer 

detected the components and quantity of gases before it was charged into the heat exchanger. 

The heat exchanger helped to attain the desired temperature of 40
o
C before the flue gas was 

charged into the absorption column from the entry point near the base of the absorption column. 

The flue gas in the column contacted with the aqueous ammonia in a counter current form for a 

period of 60 seconds after which the tap at the exit point close to the top of the absorption 

column was opened and gas analyzer was used to determine the amount of CO2 and CO leaving 

the column.  The ammonium carbamate mixture formed in the process was released into the 

stripper from the exit point at the base of the absorption column, where it was reheated before it 

was sent to the knockout drum for separation of ammonia solvent from the mixture, it was finally 

condensed and collected at the flash drum. This process was repeated for different 

concentrations, operating times and for volume of solvent in the experimental procedure. 

 

Figure 3.1 also shows the flow movement in our designed and fabricated prototype semi-batch 

absorption column for carbon sequestration. The capturing of CO2 and CO from flue gas is 

achieved through absorption with ammonia solution. The aqueous ammonia solution reacts with 

flue gas in the column to form ammonium carbamate which is later regenerated to recover the 

ammonia and CO2. Firstly, the raw gas (air effluent from a petrol generating set) is cooled to 

about 40
0
C (reaction temp.) and separated to remove any condensed water from the raw gas. Dry 
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air effluent is charged to the absorption column. The absorber is in two sections, the absorption 

section and wash section. In the absorption section the air is charged counter currently with 

ammonia solution from the top and the CO2 is absorbed to form ammonium carbamate. The off 

air from absorption section is water washed in the wash section to remove any entrained liquid. 

The scrubbed gas recovered as overhead is sent to the knock-out drum to recover any entrained 

ammonia solution from the absorption column. The rich-ammonia solution from the bottom of 

the absorber is passed through to energy recovery system and a solution heat exchanger where it 

is pre-heated to about 150
0
C (regeneration temperature). The spent ammonia solution exchange 

heat with incoming regenerated ammonia solution from bottom of the regenerator. Pre-heated 

spent ammonia solution is separated to remove any gas associated with the spent ammonia 

solution. 

Regeneration of ammonia solution is carried out in the regenerator by the application of heat 

supplied by steam generated in the reboiler at the base of the regenerator. The top product of 

regenerator contains mainly CO2 and steam which is cooled in the cooler 5 to condense them. 

The steam is separated and returned to the reboiler. The bottom product of regenerator 

containing regenerated ammonia solution is passed through solution heat exchanger where it 

exchanges heat with spent ammonia solution from the absorber. It is further cooled to bring its 

temperature to about 40
0
C (absorption temperature). 

3.4 Determination of Quantity and Efficiency of Designed Absorption Column 

for Ammonia Solution on CO2 and CO Captured 

The Portable Combustion Analyzer, PCA2 used for this research work is embedded with a 

graphical LCD to display all combustion and emission test results. The probe and hose assembly 

point of the analyzer was placed at the exhaust point of the power generating set, to draw in the 

flue gas with the results of the quantity of the component gases contained in the flue gas taken 

with the aid of the gas analyzer. Also the quantity of CO2 and CO from the exit point at the top 

of the absorption column was also read. The CO2 amount is measured in percent (%) whereas the 

CO is measured in part per million (ppm). Before the experiment in the absorption column was 

carried out, the gas analyzer was used to ascertain the initial conditions from the flue gas source 

(petrol electricity generating set). 

To ascertain the removal efficiency: 
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                                      (3.1) 

3.5 Determination of the Effect of Process Variables on CO2 and CO 

Absorption/Sequestration  

Various factors were considered in choosing the process variables and their values for this 

research. As this pilot project was planned as a small pilot as opposed to large-scale 

demonstration or commercially developed projects, mild conditions were considered relevant for 

this research. Also considering the fact that the location where this research was carried out is a 

temperate region, technological feasibility and efficiency improvements of the capture process as 

well as the monitoring techniques were factored in as part of the invention stage suitable for this 

carbon sequestration technology. 

3.5.1   The Effect of Contact Time   

The effect of contact time was determined in the experiment with concentration of solvent at 6 

mol/dm
3
 and volume of solvent at 120ml at different contact time intervals (20, 40, 60, 80 and 

100 seconds) with the analyzer measuring the quantity CO and CO2 present. The values obtained 

from the effect of contact/operating time were plotted against the amount of CO2 and CO 

absorbed/captured and removal efficiencies of CO2 and CO. 

3.5.2    The Effect of Concentration of Ammonia Solvent 

The effect of concentration was determined in the absorption process with contact time of 60 

seconds and volume of solvent at 120ml at different concentration intervals (2, 4, 6, 8 and 10 

mol/dm
3
). With the aid of specific gravity, percentage purity and molar mass, the desired 

quantity is prepared and made up with distilled water. The values obtained from the effect of 

concentration of ammonia solvent were plotted against the amount of CO2 and CO 

absorbed/captured and removal efficiencies of CO2 and CO. 

3.5.3 The Effect of Volume of Solvent 

Effect of volume of solvent was determined in the absorption process while taking the effect of 

concentration at 6 mol/dm
3
 and contact time at 60 seconds. The values obtained from the effect 

of volume of solvent were plotted against the amount of CO2 and CO absorbed/captured and 

removal efficiencies of CO2 and CO. The values obtained from the effect of volume of solvent 

were plotted against the amount of CO2 and CO absorbed/captured and its removal efficiencies. 
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3.6 Optimization using Response Surface Methodology 

The optimization process for carbon sequestration via absorption was done with the aid of 

Design Expert 10.0.6 version. Central composite design (CCD) of Response Surface 

Methodology (RSM) was used to analyse significance of the statistical model and to determine 

the optimum removal of CO2 and CO from the flue gas. The full factorial design was used to 

obtain a quadratic model, consisting of factorial trials to estimate quadratic effects. To examine 

the effect of the three independent variables on amount of carbon absorbed/sequestered, a two-

level- three –factor Central Composite Response Design was used which generated 20 runs of 

experiments to be carried out as shown in Table 3.2 with the factor level shown in Table 3.1. The 

variables were Concentration of Solvent, Contact Time and Volume of Solvent. The matrix for 

the three independent variables were developed which varies at two levels (-1 and +1). The lower 

level of variable was designated as “-1” and higher level as “+1”. The experiments were 

performed in random order to avoid systematic error while equations representing the 

mathematical model relating each carbon (iv) oxide and carbon (ii) oxide captured with the 

independent process variables were obtained. The response was expressed as percentage 

captured (Removal Efficiency), calculated as shown in equation (3.2) also the polynomial 

equation showing the coefficient of linear, quadratic and interactive terms is shown in equation 

(3.3). 

                                       (3.2) 

where C1 is CO and CO2 absorbed,  

           C2 is CO and CO2 initially present in the flue gas. 

 

                       (3.3) 

Where  is constant term 

  is coefficient of linear term 

  is coefficient of quadratic term 

  is coefficient of interactive term 
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Table 3.1: Studied range of each factor in actual and coded form. 

Factor Units Low level High level -⍺ +⍺ 0 level 

Concentration of solvent (A) Mol/dm
3
 1(-1) 2(+1) 2(-2) 10(+2) 6 

Contact time  (B) Seconds 40(-1) 80(+1) 20(-2) 100(+2) 60 

Volume of solvent (C) ml 80(-1) 160(+1) 40(-2) 200(+2) 120 

 

Table 3.2: Experimental design matrix for capture of CO2 and CO using ammonia solution. 

Run 

order 
Concentration of 

solvent (mol/dm
3
) 

(A) 

Contact/ operating time 

(Seconds) 

(B) 

Volume of solvent 

(ml) 

(C) 

Amount of CO2 (%) 

and CO (ppm) 

captured 

 

Coded Real Coded Real Coded Real  

1 -1 1 -1 40 -1 80  

2 +1 2 -1 40 -1 80  

3 -1 1 +1 80 -1 80  

4 +1 2 +1 80 -1 80  

5 -1 1 -1 40 +1 160  

6 +1 2 -1 40 +1 160  

7 -1 1 +1 80 +1 160  

8 +1 2 +1 80 +1 160  

9 -2 0.5 0 60 0 120  

10 +2 2.5 0 60 0 120  

11 0 1.5 -2 20 0 120  

12 0 1.5 +2 100 0 120  

13 0 1.5 0 60 -2 40  

14 0 1.5 0 60 +2 200  

15 0 1.5 0 60 0 120  

16 0 1.5 0 60 0 120  

17 0 1.5 0 60 0 120  

18 0 1.5 0 60 0 120  

19 0 1.5 0 60 0 120  

20 0 1.5 0 60 0 120  
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3.7 Design Parameters for Batch Absorption Column for Carbon Capture 

3.7.1 Design Problem  

Due to global warming effect, the carbon (iv) oxide content of the spent air effluent from an 

electricity power generating set is to be recovered. The recovery liquid is 20% w/w ammonia in 

an absorber and later stripped of its carbon (iv) oxide in a stripper. The process is based on a 

patent due to “Gas Purification” (Kohl and Nielsen, 1997). 

From this research, the following data were generated for the design: 

i) The rate of the absorbing liquid is 0.1056 kg/min and contains of 5% mole/mole CO2. 

ii) The absorption process occurs in form of a reaction. 

iii) The spent air effluent analysis, 0.000347ft
3
/S at 30

o
C, 1 atm with % composition on dry basis 

of carbon (iv) oxide (3.5%); nitrogen (79%) and oxygen (17.5%). The exit air is saturated with 

water vapour at the absorbing liquid inlet temperature of 40
o
C. 

iv) Recovery is 85% CO2.  

 

3.7.2 Material Balances 

Material balance was done for the design of a prototype absorption column for CO2 sequestration 

from the flue gas. This was done to determine amount of all materials that were introduced, 

withdrawn, accumulated, generated or consumed during the carbon sequestration process. The 

assumptions taken for the design calculations and generated values were based on absorption 

column specifications as stated below as well as the result of the optimum conditions from the 

carbon sequestration (see appendix B for detailed calculations). 

 The absorption column specifications are: 

- Length of column: 40cm 

- Diameter of column: 5cm 

- Number of plates: 10 

- Distance between plates: 2cm 

- Distance between outlet and plates in the column: 5cm 

- Distance between outlet and bottom of column: 5cm 
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- Distance between inlet and plate contact: 5cm 

Conservation of Mass 

Conservation law states that the quantity of substance that goes in must be the same as the 

quantity that comes out, neglecting any generation or accumulation. Hence, the general 

conservation equation for the carbon sequestration process is written as equation (3.4). 

OUTPUT = INPUT + GENERATION – CONSUMPTION – ACCUMULATION          (3.4) 

For carbon sequestration with a steady state process, the term accumulation is equal to zero. 

Since chemical reaction took place and chemical specie such as CO2 were formed and consumed 

in the process, then the equation 3.4 reduces to equation 3.5 as stated: 

OUTPUT = INPUT               (3.5) 

3.7.2.1 Material Balance Results for Absorption Column (Detailed 

Calculations in Appendix B) 

A material balance calculation for any chemical process plant design is normally preceded by 

assumptions, statements and values/data that will enable the objective to be achieved. The 

assumptions for material balance in an absorption column are based on the optimum conditions 

of our experimental results. In this research, concentration of ammonia solution is 6 mol/dm
3
, 

contact/operating time is 60 seconds and volume of solvent is 120 millilitres. 

 To get the mass flow rate: 

  At optimum condition:  

  Vol. of solvent = 120ml 

  With the density of ammonia being, 0.88kg/m
3
; 120 x 0.88 x 1 gram = 105.6 g/min = 0.1056 

kg/min 

To get the volumetric flow rate (see detailed calculations in appendix B): 

   

 The calculated result is 0.000347ft
3
/s 

To get the air effluent values: 

The air consists of three major gases: Nitrogen and others (79%), oxygen (17.5%) and carbon 

(iv) oxide (3.5%) totalling 100%. 
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Amount of Carbon (IV) oxide recovered: 

From the experimental research, the quantity of CO2 captured was between the ranges of 85 to 90 

percent. For the essence of the material balance design, we adopted 85% as CO2 recovered. 

Therefore the followings assumptions were taken as stated: 

Assumptions: 

1) The rate of the absorbing liquid is 0.1056kg/min and contains 3.5% mole/mole carbon 

(IV) oxide. 

2) Air effluent analysis, 0.000347ft
3
/s at 30

0
C, 1atm with % composition on dry basis of 

carbon (IV) oxide (3.5%), nitrogen (79%) and oxygen (17.5%). The exit air is 

saturated with water vapour at the absorbing liquid inlet temperature of 40
0
C. 

3) Recovery of 85% CO2. 

PROCESS DETAILS 

Basis: 1 minute operation 

 

FEED STREAM 

Stream 2: Air effluent from flue gas (dry basis) 

CO2 = 3.5% 

Nitrogen = 79% 

Oxygen = 17.5% 

Total volume of spent air effluent = 0.000347Ft
3
/s 

 

EQUIPMENT 

Blower:   Increased the reaction pressure of the spent air 

Absorber:   The following reaction occurs:     

i) CO2 Absorption  

          2CO2(g) + 2NH3(aq)  + H20    →           NH2COONH
+

4(aq)  + H2CO3                          

ii) Ammonia Regeneration  

           NH2COONH
+

4(aq)  +    H2O       →            H2CO3  + 2NH3                     
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About 98% recovery of CO2 occurs and the recovery liquid is a 20% w/w NH3 

Heat Exchanger: This is used to heat the CO2-rich solution and cool NH3 lean 

solution. 

Stripper and Reboiler: Used to separate and regenerate NH3.  

Flash Drum:   Used to separate and dehydrate . 

3.7.3  Energy Balances 

The energy balance calculations were carried out in equipment that has change in heat and 

temperature across them. Specific heat capacities of the flue gas components were required for 

evaluation. As with mass, energy is considered to be separately conserved in all processes, the 

conservation of energy, however, differs from that of mass in that energy can be generated (or 

consumed) in a chemical process. Material can change form, new molecular species can be 

formed by chemical reactions, but the total mass flow into a process unit must be equal to the 

flow out at the steady state. The same is not true of energy. In our process design, energy balance 

was made to determine the energy requirements of the process, the heating, cooling and power 

required. In plant operation, energy balances (energy audit) on the plant shows the pattern of 

energy usage, and suggest areas for conservation and savings (see detailed calculations in 

appendix C). 

Conservation for Energy 

A general equation can be written for the conservation of energy as stated in equation (3.6). 

Energy out = energy in + generation – consumption – accumulation.                                (3.6) 

3.7.4  Design equations 

Energy Balance 

Specific heat data 

Cp   =  a + bt + ct
2
 + dt

3
 (kg/kg

0
C) gas 

Where a, b, c and d are constants. 
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Absorber Design Equations 

                                                     (3.7) 

Tref  =  reference temperature,  

T3 = Initial temperature of the column,  

Cp = Heat Capacity since it was not provided in the specifications average room temperature of 

30
0
C is assumed. 

         (3.8) 

temperature (provided by literature).  

Equation 3.8 at a standard temperature for a design of an absorption column now yields equation 

3.9 

        (3.9) 

The absorber is made up of two sections, (i) Absorption section and (ii) wash section. The 

absorption section makes use of packings. 

Absorption of CO2 in NH3 solution 

G∂y = KGa (PA – PAC) ∂h 

PAC = partial pressure that would be in equilibrium with the bulk of liquid, because the liquid is  

a concentrated solution of NH3, the partial pressure of CO2, PAe in equilibrium with it is virtually 

zero.  

KG = Overall gas – film transfer coefficient. 

PA = yp where P is the total pressure. 

a = interfacial area or packing 

 

G∂y = KGayp∂h           (3.10) 

Rearranging and integrating equation 3.10 gives equation 3.11 
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                      (3.11) 

But  

           (3.12) 

PA   =    HCA 

Where Gm = molar flow rate of gas per cross sectional area. 

CA = concentration of A 

H = Henry‟s constant 

KG = Overall gas – film transfer coefficient. 

a = interfacial area or packing 

K‟L = liquid – film mass transfer coefficient when chemical reaction is involved. 

K‟L = √K1 DCO2 

K1 = First – order rate constant 

DC02 = diffusivity of gas (CO2). 

 

Onda‟s method 

KL  ℓL   
1/3

 =  0.0051  Lw 
x    2/3

    /L     
-1/2

   adp  
0.4

 

      Lg                       awL       ℓLDA                                           (3.13) 

 

KGRT =K5    Vw
x   0.7     

 v      
1/3

  adp   
-2.0

 

A Dv             av          ℓvDv                                          (3.14) 

 

aw  = 1 – e   -1.45      c   
 0.75   

 Lw
x  0.1

   Lw
x2

a      
-0.05

 

 a                                 L          aL              ℓL
2
g                      (3.15) 

 Lw
x2  

 
0.2
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Where K5 = 5.23 for packing sizes above 15mm, and 2.0 for sizes below 15mm. 

Vw
x
 = gas flows rate per unit column cross – sectional area. 

aw = effective interfacial area of packing per unit volume. 

c = Critical surface tension for the particular packing material = 61 mN/m for ceramics. 

L = Liquid surface tension 

Dv = gas diffusivity 

DL = liquid diffusivity 

ℓv = gas density 

ℓL = liquid density 

v and  L = gas and liquid viscosity respectively. 

dp = packing size 

 

Dv       = 1.013 X 10
-7 

X
  
71.7 (1  +  1)   ½  

                                                  ma   mb                                            

              P      a vi 
1/3     

+   b vi
1/3

  
2
   

             (3.16) 

            = temperature, K 

ma, mb = molecular mass of components a and b 

          P = total pressure, bar 

a vi ,  b vi = the summation of special diffusion volume coefficient. 

DL = 1.173 x 10
-13

 (Ǿm)
0.5

 T  

                    Vm
0.6

         (3.17) 

Where  Ǿ = an association factor for the solvent 

               = 1.0 for unassociated solvent 

               = 2.6 for water 

               = 1.9 for methanol 

              = 1.5 for ethanol 

M = molecular mass of solvent  

Vm = molar volume of the solute at its boiling, m
3
/kmol.  
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Density of gas ℓv = pm 

                                RT           (3.18) 

Flow factor, Lw
x
     ℓv           

                  Vw
x
      ℓL  

             (3.19) 

Stripper Design Equations 

The stripper is used to separate and regenerate the NH3 in the process. 

Balance around the stripper 

Qp  =  total heat output   - total heat input – Qr       (3.20) 

Qp = 0 (Adiabatic)  

Column Height (packing height) 

Liquid surface tension, at 40
0
C 

L F  =   pch (ℓL  -  ℓv )
4
  x 10

-12
 

                       M            (3.21) 

Pch = sugden‟s paractor 

 

Gas Cooler Design Equations 

Logmean Temperature Difference,     ΔζLn =     Δζ1 – Δζ2             (3.22) 

                                                                            In (Δζ1/ Δζ2)      

Area of cooler A =     Ǿ 

                                UΔζm           (3.23) 

Tube bundle dia. (Db) = do  Nt   
1
/ni 

                                              Ki           (3.24) 

Tube – side heat transfer coefficient 

hi = 4200 (1.35 + 0.02ti)(Ut
0.8

) 

                      di 
0.2

           (3.25) 

Mass of cooling water 

           =       

           Epw Δζ               (3.26)  
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Shell – side coefficient 

hs = kf Jn fe pr 
0.33

        
0.14

 

        de                     w           (3.27) 

Cross – flow area, As = (PE – do) Ds IB 

                                           PE           (3.28)  

Shell – side mass velocity, Gs 

    = mass flow rate 

       Cross – flow area           (3.29)  

Equivalent diameter, de 

  = 1.10    PE
2
 – 0.917(do

2
)              (3.30)  

       do  

Overall heat coefficient 

      (3.31) 

Pressure – drop  

Tube – side 

                        (3.32)                                  

Shell-side 

                                                                                            (3.33) 

Solution Cooler Design Equations 

This cooler is responsible for cooling of the gases from top of flash drum and top of regenerated, 

also condenses any water vapour associated with the gas. 

Logmean Temperature Difference: 

            (3.34) 

Basic design equation 

       =  UAΔTm            (3.35) 
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Tube bundle diameter 

           (3.36) 

Shell – side heat transfer coefficient  

                                                                                     (3.37) 

hs = shell – side heat transfer coefficient 

de = equivalent diameter 

h = heat transfer correction factor 

Re = Reynolds number 

Pr = prandth number 

 = viscosity of fluid at mean temp. 

w = viscosity of fluid at wall temp. 

(/w)
0.14

 = viscosity correction factor. 

Thermal conductivity 

        (3.38) 

Overall heat coefficient 

     (3.39) 

Tube – side pressure drop 

      (3.40)  

Shell – side pressure drop  

        (3.41) 

Knock-Out Drum Design Equations 

This knock – out drum separate water condensate associated with the spent air from the process. 
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Gas density, ℓg =  pm 

                               RT                     (3.42)  

Vg = Kv   ℓL  - ℓv     
1/2

  

                     ℓv                   (3.43) 

Where vg = gas velocity 

           ℓL = liquid density 

           ℓv = gas velocity 

            kv = constant = 0.107m/s with mist eliminator. 

Vapour volumetric flow rate 

Vf = mass flow rate 

               density              (3.44) 

Liquid volumetric flow rate 

  = liquid mass flow rate 

               Density           (3.45) 

 

Solution Heat Exchanger Design Equations 

The solution heat exchanger, exchange heat between regenerated amine solution and spent amine 

solution. 

Logmean temperature difference 

          (3.46) 

Basic design equation 

Q  =  UA ΔTm            (3.47) 

Where Q = heat load 

          U = Overall heat coefficient  

          A = Surface area of exchanger 

=> A = Q 

          U ΔTm 

Flash Drum Design Equations 

Vapour volumetric flow rate  
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Qv   = mass flow rate  

        density        (3.48) 

Area of the flash drum  

   = Volumetric flow rate  

    vapour velocity       (3.49) 

Drum diameter Dv =  

                           4x Area 

                                                                                         (3.50)    

Liquid volumetric flow rate (max) 

  = liquid mass flow rate  

         density         (3.51) 

Stripper Design Equations 

The stripper is the reverse of the absorber. The reverse reaction for absorber is applicable here 

with first order rate constant (K1)  

Liquid  - vapour flow factor 

          (3.52) 

Where    Lw
x 
 = liquid mass flow rate per unit cross-sectional area.  

             Vw
x 
 = vapour mass flow rate per unit cross- sectional area. 

 

3.7.5 Validation for the Absorption Column Design 

In order to validate the design of the prototype batch absorption system, the optimum condition 

of CO2 and CO sequestration (Concentration of ammonia solution at 6 mol/dm
3
, contact time at 

60 seconds and volume of solvent at 120 millilitres) was compared with the results reported by 

Maneeintr, et. al., (2010). The equipment set up and experimental conditions for both processes 

are summarized in Table 3.3. 
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   Table 3.3: Equipment and experimental conditions for validation study 

Parameter Maneeintr et al., 

2010 

Prototype 

Absorption Column 

Ammonia concentration 

(mol/dm
3
) 

Operating time (seconds) 

CO2 removal efficiency (%) 

CO removal efficiency (%) 

Mass flow rate (ml/min) 

Absorption solvent 

Structured column 

Column material 

Column height (metres) 

2 – 16 

 

30 – 180 

92 – 96 

 

90 – 95 

 

5 – 10 

Ammonia solution 

Packed column 

Stainless steel 

0.6 

6 

 

60 

89.70 

 

70.84 

 

2 

Ammonia solution 

Wetted wall column 

Glass 

0.4 

 

The main difference between these two systems is the type of structured packing used and the 

performance validation were conducted by comparing the trend of the KGAV. Maneeintr et al., 

(2010) has reported that by increasing ammonia concentration, ranging from 2 to 16 mol/dm
3
, 

the KGAV values had increased from 0.1 to about 0.6 kmol/ m
3
.h.kPa. In comparison, these 

research experimental results clearly followed the same trend. In addition, some of the KGAV 

values in this research were within the range previously reported by Maneeintr et al., 2010. This 

comparative study confirmed that the system had performed well and in reasonable agreement 

with the results reported by Maneeintr et al., 2010.  
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CHAPTER FOUR 

            RESULTS AND DISCUSSIONS 

4.1 Batch Absorption Results 

Before the experiment in the absorption column was carried out, the gas analyzer was used to 

ascertain the initial conditions from the flue gas source (petrol electricity generating set). 

The values obtained are shown in Table 4.1 

   Table 4.1: Amount of gases present in the flue gas source 

Amount of CO present in the 

flue gas (part per million) 

Amount of CO2 present in the 

flue gas (%) 

Amount of other gases 

(%) 

703.33ppm (0.0703%) 6.02 85.2 

 

From Table 4.1, it was observed that 6.02 % of CO2 and a small amount of CO were present in 

the flue gas when compared with 85.2% composition of other gases. However, because of the 

negative environmental impact of CO2 as a key factor responsible for global warming and the 

hazardous nature of CO, this research was still necessary as it aimed at mitigating the effects of 

the carbon gases present in the flue gas by sequestration. 

 

4.1.1 Effect of Concentration of Solvent on CO2 and CO 

Absorption/Sequestration 

The results of the effect of concentration of solvent on CO2 and CO sequestration and removal 

efficiencies are shown in Figure 4.1. 
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  Fig. 4.1: Effect of concentration of solvent on removal efficiencies of CO2 and CO 

Figure 4.1 shows the effect of concentration of aqueous ammonia on CO2 captured. The aqueous 

ammonia concentration has an impact on the absorption performance. As shown in Figure 4.1, an 

increase in the solvent concentration induced a higher CO2 absorption value. At concentration of 

2 mol/dm
3
, the amount of CO2 captured is 1.98% with corresponding removal efficiency of 33% 

as shown in Figure 4.1; the rise remains constant as can be seen from the figure until at 6 

mol/dm
3
 when the CO2 absorption values and removal efficiency reached its peak at 5.18% and 

86% removal efficiency respectively. From the trend the values of CO2 captured begins to drop 

at 8 mol/dm
3
 which can be seen in Figure 4.1, until it gets to 10 mol/dm

3
 value were a slight 

decrease is observed, this could be attributed to practical issues such as ammonia volatilization 

and a decrease in the diffusion coefficient of the liquid phase as reported in the work of Liao et 

al., (2013). The result and trend observed in this research is closely related to the findings 

reported in the work of Yei and Bai (2009). In their research, CO2 capture efficiency was 92% in 

the study of CO2 removal using NH3 solution in column packed with structured packing. 

Figure 4.1 shows also the effect of concentration of aqueous ammonia on CO captured, it can be 

seen that similar phenomenon obtained for CO2 was observed as optimum value of CO captured 

was highest at 6 mol/dm
3
 with 0.0498% (498.12 part per million) and removal efficiency of 

70.48% as seen in Figure 4.1, there was a sharp drop in CO absorbed at 8 mol/dm
3
 and further 
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decrease at 10 mol/dm
3
, this is similar to the work of Voitl and Rodriquez-Rivera (2004) were 

for their CO absorption efficiency, 82% of CO was captured with the NH3 solution as absorbent. 

4.1.2 Effect of Contact Time on CO2 and CO Absorption/Sequestration 

The results of the effect of contact time on CO2 and CO sequestration and removal efficiencies 

are shown in Figure 4.2. 

 

       Fig. 4.2: Effect of contact time on removal efficiencies of CO2 and CO 

Figure 4.2 shows the effect of contact time on CO2 captured. As presented in Figure 4.2, it can be 

observed that CO2 capture and removal efficiency increases with increasing contact time from 20 

and peaked to 60 seconds with maximum values obtained at 5.25% CO2 captured and 87.21% 

removal efficiency respectively. This trend is due to the increase of CO2 molecules in the gas 

phase and fast absorption rate of ammonia as a result of its high potential scrubbing capacity. As 

contact time is increased in the experimental research, a higher amount of free amine molecules 

are available to come in contact with CO2 in the gas phase and since CO2 is a volatile gas; 

limited time is required to achieve maximum capture. Furthermore, an increase in 

contact/operating time after the optimum condition will lead to a sudden decrease of liquid film 

thickness due to increased turbulence in the mixture of the two compounds resulting in an 

increase in the liquid-side mass transfer coefficient. These observations corresponds well with 

the work of Diao, (2004), where they studied the effect of contact time on CO2 capture in an 
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absorption column using NH3 solution, the CO2 capture efficiency result was in the range of 95 

to 97%. 

Figure 4.2 shows the effect of contact time on CO captured, similar trend for CO2 was also 

observed, it is well-known that a CO2 absorption process using amine solvent is an exothermic 

reversible reaction. As shown in Figure 4.2, by increasing contact time from 20 to 60 seconds the 

forward reaction was favoured with removal efficiency of 68.99%. This has resulted in a higher 

percentage of CO2 removal and mass transfer coefficient. A similar observation was also 

obtained by Voitl and Rodriquez-Rivera (2004), in their study on the kinetic reaction between 

CO2 and alkanolamines in aqueous solution at atmospheric conditions for the capture of CO2 and 

CO; they obtained a removal efficiency of ranges 88 to 93%. 

4.1.3 Effect of Volume of Solvent on CO2 and CO Absorption/Sequestration 

The results of the effect of volume of solvent on CO2 and CO sequestration and removal 

efficiencies are shown in Figure 4.3. 
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       Fig. 4.3: Effect of volume of solvent on removal efficiencies of CO2 and CO 

Figure 4.3 shows the effect of volume of solvent on CO2 captured with the values for the plot 

presented in Table 4.11. the percentage of CO2 removal increases when volume of ammonia 

solution increased from 40 to 120 millilitres with 5.40% of CO2 absorbed and 88.98% removal 
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efficiency. This effect is due to the increased amount of active ammonia in the liquid solution 

that is available to diffuse toward the gas-liquid interface and react with the dissociated CO2. 

Also with the volume of solvent increasing, more liquid would be spread on the contact surface 

and this leads to an increase in the interfacial area of the gas-liquid interaction, however above 

120ml the value of CO2 captured begins to drop. Earlier studies in the work of Yeh et al., (2005) 

on comparison of ammonia and monoethanolamine solvents to reduce CO2 greenhouse gas 

emission also confirmed the same trend in this research. 

Figure 4.3 shows the effect of volume of solvent on CO captured, a similar trend for CO2 can be 

used to corroborate the results displayed. Captured CO increased with an increase in volume of 

solvent from 40 to 120 millilitres where the maximum value was attained at 0.0358% (358ppm) 

and 69.13% removal efficiency as shown in Figure 4.3. This can be attributed to the increase in 

the heat of reaction between CO and NH3 as a result of slow reaction and rate determining step. 

Similar trend were reported by Voitl and Rodriquez-Rivera (2004). 

4.2 Kinetic Studies 

The kinetic study reveals the potential rate of reaction for carbon sequestration and explains the 

nature of gas-liquid interaction for aqueous ammonia reaction with carbon (IV) oxide and carbon 

(II) oxide.  

4.2.1 First-order kinetic model 

y = 0.0166x + 0.0344 
R² = 0.9113 

0

0.05

0.1
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     Fig. 4.4: First-order plot for the absorption of CO2 on aqueous ammonia 
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Table 4.2: Kinetic Data showing the interaction of CO2 in Ammonia Solution  

NH3 

mol/dm
3
 

KOH
-
 

dm
3
 mol

-1
s

-1
 

OH 

mol/dm
3
 

[KOH
-
][OH] 

s
-1

 

K2(NH3) 

mol.secs/dm
3
 

2 

4 

6 

8 

10 

12161.86 

12161.86 

12161.86 

12161.86 

12161.86 

0.00585 

0.00827 

0.01013 

0.01169 

0.01308 

71.1468 

100.5786 

123.1996 

142.1721 

159.0771 

606 

1212 

1818 

2424 

3030 
 

 

 

 

 

The K2(NH3) values were obtained from interaction of ambient temperature (30
o
C) and 

concentration of ammonia solution. From Table 4.2, the value of KOH[OH
-
] is much smaller 

than that of K2(NH3) as the reaction has a very low hydroxyl ion concentration. The contribution 

of reaction in equation (3.6) to the overall reaction rate in equation (3.10) is infinitesimal. Thus 

the reaction rate between CO2 and ammonia solution is mainly controlled by the reaction 

equation (3.4) and the action of CO2 with OH
-
 is therefore negligible. 

 

The kinetic data for the absorption of CO2 into ammonia solution are presented in Table 4.2, the 

first-order kinetic model was investigated by plotting the calculated values from Numerical 

Differential Formula denoted as r against Conc. of [NH3][CO2] as seen in Figure 4.4. The rate 

constant was calculated from the slope of the plot in Figure 4.4 while the correlation coefficient 

R
2
 is also displayed on the graph. Absorption of CO2 into ammonia solution follows first order if 

calculated values of the Hatta Number (HA > 100) and R
2 

value for the plot is greater than 0.9 

and attains good linearity (Zeng et al., 2011). It is observed from our work that as the values of 

the Numerical Differential Formula is increasing, concentration of [NH3][CO2] increases. This 

observed trend is due to the increased fast absorption rate of ammonia and the ability of 

ammonia to diffuse through the gas-liquid interface while reacting favourably with the 

dissociated CO2 in the reaction. 
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4.2.2 Pseudo First-Order Kinetic Model 

   Fig. 4.5: Pseudo first-order plot for the absorption of CO on aqueous ammonia 

 

The pseudo first-order kinetic model was investigated by plotting r against Conc. of [NH3][CO] 

as seen in Figure 4.5. It is observed from Figure 4.5 that the value of r which designates the 

calculated values of Numerical Differential Formula decreases as the interaction of [NH3][CO] 

increases. This is not a good phenomenon as it implies that CO reacts with ammonia at a slow 

rate and ammonia may not be the most suitable solvent for absorption of CO in a flue gas, it also 

implies that there is a decreased amount of active ammonia in the solution that are available to 

diffuse towards the gas-liquid interface and react with the dissociated CO. To further buttress 

this point, it can be seen that the nature of the graph in Figure 4.5 tend towards the negative point 

and goes contrary to the first order reaction kinetics therefore this reaction is pseudo first-order, 

however the correlation coefficient R
2
 value was 0.8632 which is close to 0.9 indicating that 

absorption occurred. Similar trend was reported by Pommier et al., 2013 in their work.  

 

 

 



83 

 

4.3 Mass Transfer Coefficient Results 

The effect of independent variables on the overall mass transfer coefficient was investigated by 

plotting the values of the overall mass transfer against the sequestrated carbon as shown in Table 

4.4 (Refer to appendix A). 

4.3.1 Effect of Concentration of Solvent on Mass Transfer Coefficient for CO2 

y = 0.0893x + 0.0366 
R² = 0.8029 
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      Fig. 4.6: Effect of Conc. of Solvent for KGAV on CO2 

Figure 4.6 elucidates the effect of overall mass transfer coefficient, KGAV on the concentration of 

ammonia solution for CO2 removal. KGAV increases when the values of concentration of solvent 

for CO2 removal were increased from 0.4430 to 1.6311 percent. This effect is due to the 

increased amount of active ammonia available to diffuse through the gas-liquid interface and 

react with dissociated CO2. A reduction in KGAV will lead to an increase in the viscosity of the 

liquid solution which causes a reduction in the rate of molecular diffusion as reported in the work 

of De Montigny et al., (2005) and Sumida et al., (2012). In previous work, KGAV increasing as 

the ammonia concentration increases goes contrary to what has been observed about CO2 

absorption into solvents such as monoethanolamine in a packed column, this trend can be 

attributed to the fact that ammonia concentration and its active site has less effect on liquid 

viscosity unlike monoethanolamine concentration as reported in the work of Resnik et al., 2006. 
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For this research, increase in ammonia concentration creates room for the solvent to diffuse into 

the gas-liquid interface and reacts effectively with CO2; this promotes an enhancement factor 

increase which leads to a higher mass transfer coefficient values. Furthermore, ammonia has 

large absorption capacity; it possesses small heat of reaction which helps CO2 to evolve at 

atmospheric pressure. 

4.3.2 Effect of Concentration of Solvent on Mass Transfer Coefficient for CO 

y = 0.5368x - 0.2403 
R² = 0.9195 
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     Fig. 4.7: Effect of Conc. of Solvent for KGAV on CO 

 

Figure 4.7 shows the effect of overall mass transfer coefficient, KGAV on the concentration of 

ammonia solution for CO removal. KGAV increases when the values of concentration of solvent 

for CO removal were increased from 0.5825 to 0.8324 percent. This trend can be attributed to an 

increased amount of active ammonia on the liquid solution, aiding diffusion toward the liquid-

gas interface between ammonia and CO. Similar observation was reported in the work of Voitl 

and Rodriquez-Rivera (2004), on capture of CO for new generation of inexpensive fuel cells. As 

observed in this research, increase in ammonia concentration favours smooth gas-liquid 

combination although some gases are given up during the slow reaction of CO and NH3, also the 

coefficient of determination from figure 4.7 showed a good fit and linearity, same trend was 
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reported in the work of Niu et al., (2010) on the capture, utilization and disposal of carbon gases 

from fossil fuel fired power plants. 

4.3.3 Effect of Contact Time on Mass Transfer Coefficient for the Captured 

Carbon Gases  

y = -0.0053x + 0.8258 
R² = 0.8833 
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      Fig. 4.8: Effect of Contact Time on KGAV for the captured carbon gases 

Figure 4.8 shows the effect of contact/operating time on gas removal and KGAV. It was observed 

that an increase in contact time of reaction between ammonia concentration and captured carbon 

gases caused a decrease in the mass transfer coefficient, this goes to show that the higher the 

time assigned for the absorption/sequestration process the lesser the tendency of having 

increased amount of active ammonia in the liquid solution available to diffuse towards the gas-

liquid interface for reaction with CO and CO2 which does not encourage efficient sequestration. 

Also an increase in contact time aid carbon molecule escapes while travelling from gas bulk to 

the gas-liquid interface which led to poor mass transfer performance. It is also well-known that 

gases are volatile compounds and do require limited time for a chemical reaction such as that of 

absorption. The trend in this research work agrees with the work of Raganati et al., (2015), on 
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mass transfer performance of CO2 absorption from natural gas using monoethanolamine (MEA) 

in high pressure operations.  

4.3.4 Effect of Volume of Solvent on Mass Transfer Coefficient for the 

Captured Carbon Gases  
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       Fig. 4.9: Effect of Volume of Solvent on KGAV for the captured carbon gases 

 

Figure 4.9 elucidates the effect of volume of ammonia solvent on the mass transfer coefficient. 

As shown in figure 4.9, an increase in volume of solvent led to an increase in CO2 and CO 

removal (%) and KGAV values. By increasing the volume of solvent from 40 to 200 millilitres, a 

large amount of free amine molecules are available to come in contact with carbon molecules in 

the gas phase, thus enhancing the reaction of ammonia with the flue gas. Also the decrease in 

liquid film thickness led to an increase in the liquid-side mass transfer coefficient, this trend was 

reported in the work of Aroonwilas and Yusup (2011), Lin and Li (2002) and Tan and Bustam 

(2015). Furthermore, as volume of ammonia solvent increased, more liquid was spread on the 

contact surface which led to an increased area per unit volume supporting carbon sequestration; 

this phenomenon was corroborated in the work of Zeng et al., 2011. 
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4.4 Optimization Process Using Response Surface Methodology 

4.4.1 Optimization for CO2 Capture 

The responses obtained using design matrix of Table 3.2 is presented in Table 4.3. 

Table 4.3: Optimization Results for the Capture of CO2 in Ammonia Solution 

Std Concentration of 

Solvent  

(Mol/dm
3
) 

Contact Time 

(Seconds) 

Volume of 

Solvent (ml) 

Removal 

Efficiency (%) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

4 

8 

4 

8 

4 

8 

4 

8 

2 

10 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

40 

40 

80 

80 

40 

40 

80 

80 

60 

60 

20 

100 

60 

60 

60 

60 

60 

60 

60 

60 

80 

80 

80 

80 

160 

160 

160 

160 

120 

120 

120 

120 

40 

200 

120 

120 

120 

120 

120 

120 

50.33 

54.98 

37.71 

49.17 

35.71 

28.57 

43.02 

44.35 

30.23 

34.55 

23.09 

24.58 

43.19 

22.09 

83.06 

84.05 

78.73 

85.38 

83.39 

79.57 
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4.4.1.2 Statistical Analysis and Optimization of CO2 Capture 

The design of the experiment (DOE) as shown in Table 4.3 was used to analyze and optimize the 

amount of CO2 absorbed/captured using ammonia solution. The coded and uncoded values of the 

capture were used and the percentage yield was presented in Table 4.3. The percentage 

absorption of CO2 depends on the results of the interaction between the process parameter which 

is significant. The empirical relationship between amount of CO2 absorbed and three variables in 

coded values obtained by using the statistical package Design-Expert 10.0.6 version for 

determining the levels of factors which gives optimum percentage yield was given by the 

Equation (4.2). The absorption result of the optimization process using ammonia solution is 

given in Table 4.2. It shows the combined effects of concentration of solvent (A), time (B) and 

volume of solvent (C). The highest percentage of CO2 absorbed was 5.14 (85.38%) at a 

Concentration of solvent of 6mol/dm
3
, Time of 60 seconds and Volume of solvent at 120ml. A 

quadratic regression equation that fitted the data is: 

Y CO2 captured = 4.96 + 0.065A + 0.022B + 0.32C + 0.13AB – 0.15AC + 0.33BC – 0.75  + 

0.88  + 0.75                                                                                                     (4.2) 

Where Y is the response variable (amount of CO2 captured) and A, B and C are the coded values of 

the independent variables. The above equation represents the quantitative effect of the factors (A, 

B and C) upon the response (Y). Coefficients with one factor represent the effect of that 

particular factor while the coefficients with more than one factor represent the interaction 

between those factors. Positive sign in front of the terms indicates synergistic effect while 

negative sign indicates antagonistic effect of the factor. The adequacy of the above proposed 

model was tested at 5 percent (%) level of significance using the Design Expert sequential model 

sum of squares and the model test statistics. The model F-value of 317.20 implied that the model 

was significant. The low probability value (<0.0001) indicated also that the model was 

significant. The value of the correlation coefficient, R
2
 being a measure of goodness of fit to the 

model indicated high degree of correlation between the observed value and predicted value. The 

predicted R
2
 of 0.9947 is in reasonable agreement with the adjusted R

2 
of 0.9934. Adequate 

precision measured the signal to noise ratio. A ratio > 4 is desirable. The ratio of 45.397 in this 

experiment indicated an adequate signal. The ANOVA quadratic regression model demonstrated 
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that the model was highly significant, as was evident from the very low probability (p < 0.0001) 

of F-test and insignificant result from the lack of fit model. The coefficient of variation (CV) as 

the ratio of standard error of estimate to the mean value of the observed response is a measure of 

reproductibility of the model, generally a model can be considered reasonably reproducible if its 

CV is not greater than 10 percent (Agarry and Owabor, 2012). Hence, the low coefficient of 

variation, CV value (CV = 3.68) obtained indicated a high precision and reliability of the 

experiments.  

Table 4.4: ANOVA Analysis for the absorption of CO2  

                                           Sum of                          Mean               F               p-value 

 Source                             Squares        df              Square            Value         Prob > F 

 Model                                36.31                  9                4.03               317.20       < 0.0001  significant 

A-Conc. of Solvent               0.068                 1                0.068              5.32            0.0138    significant 

B-Contact Time                8.100E-003           1            8.100E-003        0.64            0.0038    significant 

C-Vol. of Solvent                   1.61                  1                 1.61             126.83        < 0.0001   significant 

   AB                                       0.13                  1                 0.13              10.23           0.0045   significant 

   AC                                       0.19                  1                 0.19               14.63          0.0033   significant 

   BC                                       0.84                  1                 0.84               66.44        < 0.0001  significant 

   A2                                      14.14                 1               14.14             1112.08        0.0715  not significant 

   B2                                       19.42                 1               19.42             1526.66      < 0.0001  significant 

   C2                                      14.00                 1               14.00             1100.99      < 0.0001  significant 

 Residual                               0.13                10              0.013 

 Lack of Fit                      2.292E-0.03          5         4.583E-0.04        0.1018           0.9676  not significant 

 Pure Error                             0.12                5                0.25  

    Cor Total                             36.43              19 

 

Std. Dev. = 0.11; Mean = 3.06; C.V.% = 3.68; PRESS = 0.19; R
2
 = 0.9965; Adj. R

2
 = 0.9934; 

Pred. R
2
 = 0.9947; Adeq. Precision = 45.397 

 

The ANOVA results for the model terms are given in Table 4.4. Analysis of variance (ANOVA) 

was applied for estimating the significance of the model at 5% significance level and shown in 
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Table 4.4. A model is considered significant if the p-value (significance probability value) is less 

than 0.05. From the p-values presented  in Table 4.4, it can be deduced that all the linear terms 

A, B and C and interaction terms AB, AC, BC and quadratic terms   and  are significant 

model terms. Based on this, the insignificant term (A
2
) of the model was removed and the model 

reduced as shown in equation (4.3).  

Y CO2 captured = 4.96 + 0.065A + 0.022B + 0.32C + 0.13AB – 0.15AC + 0.33BC + 0.88  + 

0.75                (4.3)  

The experimental data in Table 4.4 were also analyzed to ascertain the correlation between the 

experimental and predicted values for CO2 captured. Normal probability versus residual plot as 

well as predicted versus actual plot are also shown in Figures 4.10 and 4.11 respectively. It can 

be seen from figure 4.11 that the data points on the plot are well distributed near the straight line, 

indicating a good relationship between the experimental and predicted values of the response, 

and that the underlying assumptions of the above analysis is appropriate. The result also 

suggested that the selected quadratic model was adequate in predicting the response variables for 

the experimental data. 
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   Fig. 4.10: Plot of normal probability versus residuals for the absorbed CO2. 
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Fig. 4.11: Plot of predicted versus actual for the absorbed CO2.          

4.4.1.3   Statistical Analysis of the models for CO2 Capture 

Design Expert 10.0.6 trial version was used to analyze the results. The results were shown in 

Table 4.5 to 4.7. In Table 4.4, the summary of P-values for CO2 captured indicated that a 

quadratic model fitted the ANOVA analysis because the adjusted R-squared value was very 

close to the value obtained for the predicted R-squared, also the P-value obtained in Lack of Fit 

was close to unity and hence it was suggested. The linear and 2FI models were not suggested, the 

cubic model was always aliased because the CCD does not contain enough runs to support a full 

cubic model. A significance level of 95% was used hence sequential P-value terms that are less 

than 0.05 are considered significant. In Table 4.6, quadratic model was suggested because of the 

closeness of the adjusted R-squared and predicted R-squared, with the cubic model aliased as a 

result of the CCD not having enough runs for a full cubic model. In Table 4.7, quadratic model 

was suggested because the p-value is close to unity and there is a good relationship between the 

sum of squares and mean square.  
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     Table 4.5: Summary of P-values for CO2 captured 

                     Sequential         Lack of Fit         Adjusted          Predicted 

 Source           p-value p-value           R-Squared       R-Squared        Remark 

    Linear            0.8537           < 0.0001              -0.1325              -0.3656             Not suggested 

    2FI                 0.9280            < 0.0001             -0.3954              -0.5428             Not suggested 

   Quadratic       < 0.0001            0.9998               0.9934               0.9947                Suggested 

   Cubic              1.0000               0.7742                                                                    Aliased 

 

    Table 4.6: Model Summary Statistics for CO2 captured 

 Std.                              Adjusted        Predicted 

Source          Dev.      R-Squared      R-Sq                R-Sq            PRESS           Remark 

Linear           1.47        0.0463            -0.1325           -0.3656           49.75           Not suggested 

2FI                1.61          0.0782           -0.3472           -0.3428          56.21           Not suggested  

Quadratic      0.11        0.9965             0.9934             0.9947           0.19              Suggested 

Cubic            0.15         0.9965            0.9889              0.9982         < 0.65              Aliased 

 

     Table 4.7: Lack of Fit Test for CO2 captured 

                        Sum of     Mean      F p-value 

 Source          Squares     df    Square          Value Prob > F           Remark 

Linear              34.62         11     3.15    126.01    < 0.0001   Not suggested  

2FI                  33.46           8      4.18             167.45              <  0.0001            Not suggested 

Quadratic    2.292E-003     10     4.582E-004         0.018                    0.9998              Suggested 

Cubic           2.292E-003     1      2.292E-003         0.092                    0.7742                 Aliased 

Pure Error         0.12            5            0.025 

 

4.4.1.4 Surface and Contour Plots for CO2 Capture Yield 

The 3D response surface plots were generated to estimate the effect of the combinations of the 

independent variables on the amount of the captured CO2. The plots are shown in Figures 4.12 to 

4.14.  
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Figure 4.12 showed the dependency of amount of CO2 captured for the interaction of 

concentration of solvent and contact time. At a value of 6 mol/dm
3
 for concentration of ammonia 

solution and 60 seconds for contact time, the optimum yield in amount of CO2 captured was 

achieved as a result of an increased amount of active ammonia in the liquid solution that are 

available at a resaonable time of 60 seconds to diffuse toward the gas-liquid interface and react 

with dissociated CO2. The shape of the curvature implies that there was good interaction between 

the two independent variables as the conditions were favourable for CO2 capture.  

 

Figure 4.13 showed the dependency of amount of CO2 captured on the interaction of 

concentration of solvent and volume of solvent. Optimum yield was observed at a value of 

120ml volume of solvent and between 6 to 7 mol/dm
3
 for concentration of ammonia solution as 

seen,  amount of CO2 captured increased as both the concentration of ammonia solution and 

volume of solvent increased up to the mid point of these independent variables and then a sharp 

decrease for volume of solvent is noticed. CO2 captured efficiency was achieved at a volume of 

120ml. 

 

Figure 4.14 showed the dependency of amount of CO2 captured on the interaction of contact time 

and volume of solvent. Similar trend was observed in figure 4.12, as the optimum yield for CO2 

captured is observed at the midpoint of the curvature with values of 120 ml for volume of solvent 

and 60 seconds for contact time. This may be that beyond the midpoints of these variables, the 

conditions were no longer favourable for CO2 capture. 

 

 

 



94 

 

Design-Expert® Software
Factor Coding: Actual
Amount of CO2 (%)

Design points above predicted value
Design points below predicted value
5.14

1.33

X1 = A: Conc. of Solvent
X2 = B: Contact Time

Actual Factor
C: Vol. of Solvent = 120

40  

50  

60  

70  

80  

  4

  5

  6

  7

  8

1  

2  

3  

4  

5  

6  

Am
ou

nt 
of 

CO
2 (

%)

A: Conc. of Solvent (Mol/dm3)B: Contact Time (Sec)

 

Fig. 4.12: 3D plot showing the effect of concentration of solvent and contact time on the amount 

of CO2 captured.         
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Fig. 4.13: 3D plot showing the effect of concentration of solvent and volume of solvent on the 

amount of CO2 captured. 
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Fig. 4.14: 3D  plot showing the effect of contact time and volume of solvent on the amount of 

CO2 captured.       
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4.4.1.5   Optimal Values of CO2 and Validation of the Experimental Data 

Table 4.8: Optimum conditions for CO2 capture 

Conc of Solvent 

(Mol/dm
3
) 

Contact 

Time (Secs) 

Volume of 

Solvent 

(ml) 

Predicted 

Amount of 

CO2 (%) 

Experimental 

Amount of 

CO2 (%) 

Percentage 

Error (%) 

6.15 59.21 107.84 5.021 5.41 2 

 

The optimum conditions obtained are concentration of solvent 6.15 mol/dm
3
, contact time 59.21 

seconds, volume of solvent 107.84 with 5.021 percent of CO2 absorbed as shown in Table 4.8. 

Table 4.8 also depicts the validation of the optimal results of the sequestration process by 

performing the experiment with predicted optimum conditions, from the table it can be observed 

that the percentage error between the actual and predicted was 2 percent, this showed that the 

model was adequate in predicting the response for the absorption of CO2. 
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4.4.2 Optimization for CO Capture 

The responses obtained using design matrix of Table 3.2 is presented in Table 4.9. 

 

Table 4.9: Optimization Results for the Capture of CO in Ammonia Solution 

Std Concentration of 

Solvent  

(Mol/dm
3
) 

Contact Time 

(Seconds) 

Volume of 

Solvent (ml) 

Removal 

Efficiency (%) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

4 

8 

4 

8 

4 

8 

4 

8 

2 

10 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

40 

40 

80 

80 

40 

40 

80 

80 

60 

60 

20 

100 

60 

60 

60 

60 

60 

60 

60 

60 

80 

80 

80 

80 

160 

160 

160 

160 

120 

120 

120 

120 

40 

200 

120 

120 

120 

120 

120 

120 

47.37 

52.92 

49.22 

61.88 

53.34 

42.25 

50.78 

52.20 

44.24 

45.80 

41.54 

53.34 

43.10 

39.40 

64.58 

71.27 

68.56 

80.37 

65.58 

70.13 
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4.4.2.1 Statistical Analysis and Optimization of Carbon (II) Oxide Capture 

The design of the experiment (DOE) as shown in Table 4.9 was used to analyze and optimize the 

amount of Carbon (II) Oxide absorbed using ammonia solution. The coded and uncoded values 

of the capture were used and the percentage yield was presented in Table 4.9. The percentage 

absorption of Carbon (II) Oxide depends on the results of the interaction between the process 

parameter is significant. The absorption result of the optimization process using ammonia 

solution is given in Table 4.10. It showed the combined effects of concentration of solvent (A), 

time (B) and volume of solvent (C). The highest percentage of CO absorbed was 0.0583 

(85.38%) at a Concentration of solvent of 6mol/dm
3
, Time of 60 seconds and Volume of solvent 

at 120ml. A quadratic regression equation that fitted the data is: 

 

Y CO captured = 0.0490 + 0.0007A + 0.0020B – 0.0007C + 0.0020AB – 0.0021AC + 0.0011BC 

+ 0.0045  – 0.00041  + 0.00051                                                                                 (4.4) 

Where Y is the response variable (amount of CO absorbed) and A, B and C are the coded values of 

the independent variables. The above equation represents the quantitative effect of the factors (A, 

B and C) upon the response (Y). Coefficients with one factor represent the effect of that 

particular factor while the coefficients with more than one factor represent the interaction 

between those factors. Positive sign in front of the terms indicates synergistic effect while 

negative sign indicates antagonistic effect of the factor. The adequacy of the above proposed 

model was tested at 5 percent (%) level of significance using the Design Expert sequential model 

sum of squares and the model test statistics. The model F-value of 23.37 implied that the model 

is significant. The low probability value (<0.0001) also indicated that the model is significant. 

The value of the determination coefficient, R
2
 being a measure of goodness of fit to the model 

indicated high degree of correlation between the observed value and predicted value. The 

predicted R
2
 of 0.8908 is in reasonable agreement with the adjusted R

2 
of 0.9138. Adequate 

precision measured the signal to noise ratio. A ratio > 4 is desirable. The ratio of 12.7332 in this 

process indicated an adequate signal. The ANOVA quadratic regression model demostrated that 

the model was highly significant, as was evident from the very low probability (p < 0.0001) of F-

test and insignificant result from the lack of fit model. The coefficient of variation (CV) as the 

ratio of standard error of estimate to the mean value of the observed response is a measure of 
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reproductibility of the model, generally a model can be considered reasonably reproducable if its 

CV is not greater than 10 percent. Hence, the low coefficient of variation, CV value (CV = 0.09) 

obtained indicated a high precision and reliability of the experiments. This test was shown in 

Table 4.10. 

    Table 4.10: ANOVA Analysis for the Absorption of CO  

                                           Sum of                                 Mean               F               p-value 

 Source                             Squares              df              Square            Value         Prob > F 

 Model                                0.0012               9             0.0001            23.37     < 0.0001    significant 

A-Conc. of Solvent              0.0015               1              0.0015            5.32          0.0021   significant 

B-Contact Time                   0.0001               1              0.0001           11.43          0.0570 not significant 

C-Vol. of Solvent                 0.0018               1               0.0018           1.57            0.0023  significant 

   AB                                    0.0000                1              0.0000            5.93           0.0351   significant 

   AC                                    0.0000                1              0.0000            6.69          0.0271    significant 

   BC                                    0.0000                1              0.0000           0.0000       0.0780 not significant 

   A
2
                                    0.0005                 1              0.0005           82.59       < 0.0001   significant 

   B2                                    0.0004                 1              0.0004            66.94      < 0.0001   significant 

   C
2                                     0.0006                 1             0.0006           110.26     < 0.0001  significant 

 Residual                            0.0001               10             0.0000 

 Lack of Fit                      9.002E-0.6            5           8.328E-06      0.0380        0.9517  not significant 

 Pure Error                         0.0001                5           9.262E-06  

    Cor Total                          0.0012               19 

 

Std. Dev. = 0.0024; Mean = 0.0386; C.V.% = 0.09; PRESS = 0.001; R
2
 = 0.9546; Adj. R

2
 = 

0.9138; Pred. R
2
 = 0.8908; Adeq. Precision = 12.7332 

 

The ANOVA results for the model terms are given in Table 4.10. Analysis of variance 

(ANOVA) was applied for estimating the significance of the model at 5% significance level and 

shown in Table 4.10. A model is considered significant if the p-value (significance probability 
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value) is less than 0.05. From the p-values presented  in Table 4.10, it can be deduced that the 

linear terms A and C, interaction terms AB, AC, and quadratic terms ,  and  are 

significant model terms. Based on this, the insignificant terms of the model B and BC were 

removed and the model reduced to the following equation: 

Y CO captured = 0.0490 + 0.0007A – 0.0007C + 0.0020AB – 0.0021AC + 0.0045  – 

0.00041  + 0.00051                                                   (4.5)  

The experimental data in Table 4.10 were also analyzed to check the correlation between the 

experimental and predicted CO2 absorbed, and the normal probability and residual plot, and 

actual and predicted plot are shown in Figures 4.15 and 4.16 respectively. It can be seen from the 

Figures that the data points on the plot are reasonably distributed near the straight line, indicating 

a good relationship between the experimental and predicted values of the response, and that the 

underlying assumptions of the above analysis is appropriate. The result also suggested that the 

selected quadratic model is adequate in predicting the response variables for the experimental 

data. 
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    Fig. 4.15: Plot of normal probability versus residuals for the absorbed CO. 
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    Fig. 4.16: Plot of predicted versus actual for the absorbed CO. 

4.4.2.2   Statistical analysis of the models for Carbon (II) Oxide Capture 

Design Expert 10.0.6 trial version was used to analyze the results. The results were shown 

below. The summary of P-values indicates that a quadratic model fitted the ANOVA analysis 

and hence it was suggested. The linear and 2FI models were not suggested. The Cubic model is 

always aliased because the CCD does not contain enough runs to support a full cubic model. A 

significance level of 95% was used hence all terms whose P-value are less than 0.05 are 

considered significant. The model summary test and the lack of fit test for the Carbon (II) Oxide 

capture were also presented in Tables 4.11 to 4.13. 

In Table 4.11, the summary of P-values for CO captured indicated that a quadratic model fitted 

the ANOVA analysis because the adjusted R-squared value was very close to the value obtained 

for the predicted R-squared, also the P-value obtained in Lack of Fit was close to unity and 

therefore it was suggested. The linear and 2FI models were not suggested, the cubic model is 

always aliased because the CCD does not contain enough runs to support a full cubic model. A 

significance level of 95% was used therefore sequential terms whose P-value are less than 0.05 

are considered significant. In Table 4.12, quadratic model was suggested because of the 

closeness of the adjusted R-squared and predicted R-squared, with the cubic model aliased as a 

result of the CCD not having enough runs for a full cubic model. In Table 4.13, quadratic model 
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was suggested because the p-value was close to unity and there was a good relationship between 

the sum of squares and mean square.  

 

   Table 4.11:  Summary of P-values for Carbon (II) Oxide captured 

                     Sequential         Lack of Fit       Adjusted            Predicted 

 Source           p-value p-value        R-Squared         R-Squared          Remark 

    Linear            0.7761               0.0085             -0.1106                 -0.3539            Not suggested 

    2FI                 0.8370               0.0051             -0.2832                 -0.4488            Not suggested 

   Quadratic       < 0.0001             0.9517              0.9132                  0.8908               Suggested 

   Cubic              0.9097               0.6995              0.8756                   0.6851                Aliased 

 

   Table 4.12: Model Summary Statistics for Carbon (II) Oxide captured 

 Std.                            Adjusted     Predicted 

Source          Dev.      R-Squared      R-Sq            R-Sq            PRESS           Remark 

Linear         0.0084     0.0648            -0.1106       -0.3539           0.0016        Not suggested 

2FI              0.0091     0.1220            -0.2832       -0.4488           0.0018        Not suggested  

Quadratic    0.0024    0.9546              0.9138         0.8908          0.0001           Suggested 

Cubic          0.0028      0.9607             0.8756         0.6851          0.0004           Aliased 

 

    Table 4.13: Lack of Fit Test for Carbon (II) Oxide captured 

                         Sum of   Mean  F p-value 

 Source          Squares      df   Square           Value Prob > F        Remark 

Linear              0.0011         11   0.0011  10.73   0.0085  Not suggested  

2FI                   0.0010          8   0.0010            13.81                  0.0051            Not suggested 

Quadratic     9.002E-06        5        1.800E-06       0.1944               0.9517              Suggested 

Cubic           1.549E-06        1       1.549E-06        0.1673                0.6995                Aliased 

Pure Error        0.0000          5       9.262E-06 
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4.4.2.3 Surface and Contour Plots for Carbon (II) Oxide  Capture Yield 

The 3D response surface and contour plots were generated to estimate the effect of the 

combinations of the independent variables on the amount of the captured Carbon (II) Oxide. The 

plots are shown in Figures 4.17 to 4.19.  

 

Figure 4.17 showed the dependency of amount of Carbon (II) Oxide captured on  the interaction 

of concentration of solvent and contact time. The concentration of ammonia solution at 

6mol/dm
3
 and contact time of 60 seconds is observed as the optimum condition,  as the amount 

of CO captured increased as both the concentration of ammonia solution and contact time 

increase up to the mid point and then sudden decrease takes place after that. This may be that 

beyond the midpoint of the variables, the conditions were no longer favourable for CO capture.  

 

Figure 4.18 showed the dependency of amount of Carbon (II) Oxide captured on the interaction 

of concentration of solvent and volume of solvent. As can be seen from the figure,  amount of 

CO captured increased as both the concentration of solvent and volume of solvent increased up 

to the mid point of these variables with concentration at 6mol/dm
3
 and volume at 120ml, and 

then decreased for volume of solvent but remained constant for concentration of solvent. This 

may be that the CO captured has attained it optimum level at volume of 120ml. 

 

Figure 4.19 showed the dependency of amount of Carbon (II) Oxide captured on the interaction 

of contact time and volume of solvent. As can be seen from the figure at contact time of 60 

seconds and concentration of solvent at 6mol/dm
3
, amount of CO captured is optimum at the 

midpoint level of the curvature. This may be that beyond the midpoints of these variables, the 

conditions were no longer favourable for CO capture. 
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Fig. 4.17: 3D  plot  showing the effect of concentration of solvent and contact time on the 

amount of Carbon (II) Oxide absorbed. 
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Fig. 4.18: 3D plot showing the effect of concentration of solvent and volume of solvent on the 

amount of Carbon (II) Oxide absorbed. 

 
Design-Expert® Software

Factor Coding: Actual

Amount of CO (%)

Design points above predicted value

Design points below predicted value

0.0277 0.0535

X1 = B: Contact Time

X2 = C: Vol. of Solvent

Actual Factor

A: Conc. of Solvent = 6

80  

100  

120  

140  

160  

  40

  50

  60

  70

  80

0.025  

0.03  

0.035  

0.04  

0.045  

0.05  

0.055  

Am
oun

t of
 CO

 (%
)

B: Contact Time (Seconds)C: Vol. of Solvent (ml)

 

Fig. 4.19: 3D plot showing the effect of contact time and volume of solvent on the amount of 

Carbon (II) Oxide absorbed. 
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4.4.2.4   Optimal Values of CO and Validation of Experimental Data 

Table 4.14: Optimum conditions for CO captured 

Conc of Solvent 

(Mol/dm
3
) 

Contact 

Time (Secs) 

Volume of 

Solvent 

(ml) 

Predicted 

Amount of 

CO (%) 

Experimental 

Amount of 

CO (%) 

Percentage 

Error (%) 

6.14 59.21 107.84 0.0567 0.0561 1.07 

 

The optimum conditions obtained are concentration of solvent 6.14 mol/dm
3
, contact time 59.21 

seconds, volume of solvent 107.84 with 0.0567 percent of CO absorbed as shown in Table 4.14.  

Table 4.14 also depicts the validation of the optimal results of the sequestration process by 

performing the experiment with predicted optimum conditions, from the table it can be observed 

that the percentage error between the actual and predicted was 1.07 percent, this showed that the 

model was adequate in predicting the response for the absorption of CO. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS  

5.1 Conclusion 

From this research the following conclusions were drawn: 

1. The  effect of process variables showed that optimum yield were obtained for 

concentration of solvent at 6 mol/dm
3
, contact time of 60 seconds and volume of solvent 

at 120 mililitres. 

2. There was an increase in overall mass transfer coefficient when process variables, 

concentration of solvent and volume of solvent were increased whereas an increased 

contact time above 60 seconds does not favour the absorption process. 

3. Statistical quadratic model was suggested by the analysis of variance (ANOVA) as 

significant because of the closeness of the adjusted R-squared and predicted R-squared 

values of the response surface methodology which was essential in analysing and 

optimizing the amount of carbon gases captured in the sequestration process. 

4. Material and energy balances were carried out for the prototype absorption column to 

determine the amount of all materials introduced and consumed as well as to determine 

the energy requirements during the carbon sequestration process. 

5. Design and process equipment specifications were elucidated for a pilot plant batch 

absorption column for this research capable of functioning efficiently in the region where 

the work was carried out. 

5.2 Recommendations  

As this work does not claim to be exhaustive, this research recommends the following for further 

studies: 

1. Commercialization of sequestered CO2 for use in firefighting measures and food 

processing industry. 

2. The ammonium carbamate absorbate can be removed and subsequently undergo a 

chemical process for use as fertilizer and as well can be retreated for production of CO2.  
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5.3 Contribution to Knowledge 

From this work the following contributions were added to knowledge: 

1. Statistical models were obtained for predicting carbon sequestration from flue gas. The 

various statistical analysis of the models based on the operating conditions of the 

sequestration process can be used to predict the optimal conditions. 

2. A prototype absorption column was designed and fabricated for the carbon sequestration 

process using an all glassware material to mitigate the effect of possible corrosion during 

the absorption process. 
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APPENDIX A 

Calculation Details for Mass Transfer Coefficient and Kinetics 

On the basis of all considerations concerning the various reactions with CO2 in aqueous 

ammonia, the reaction rate for CO2 absorption into NH3 solution mainly controlled by the 

reactions are given as: 

     CO2 (g) + NH3 (aq) →   NH2COONH4 (aq)  

     CO2 + OH    ═   HCO3

-
   

The reaction rate for CO2 absorption into aqueous ammonia solution can be described as follows: 

   rCO2-NH3 =  k2[NH3][CO2]                                                                  

   rCO2-OH   =  KOH
-
 [OH][CO2]        

The overall reaction rate can be described as                                                    

   rCO2   =    rCO2-NH3  +  rCO2-OH 

     rCO2  =   k2[NH3][CO2] + kOH
-
 [OH][CO2]    

Using ambient temperature = 30
o
C, pH: 8 

To get kinetic rate constant 

 

 

KOH
-
 = 104.085 

KOH
-
 = 12161.86 dm

3 
mol

-1
s

-1
  

To get the Hydroxyl Ion Conc: 

Using the equations:   

    

[OH
-
] = √Kb [NH3] 

   



114 

 

 

Take log of both sides  

 

For Hydroxyl ion conc. 

 [OH
-
] = √Kb[NH3] 

Using Ionization equilibrium constant of aqueous ammonia, Kb = 1.710 x 10
-5 

(Qing and 

Yincheng, 2011) 

For 2 mol/dm
3
: 

Substitute for each value of [NH3] and Kb 

OH
-
 = √(1.710 x 10

-5 
) x [2]    

       = 0.00585 

For 4 mol/dm
3
: 

OH
-
 = √(1.710 x 10

-5 
) x [4]    

       = 0.00827 

For 6 mol/dm
3
: 

OH
-
 = √(1.710 x 10

-5 
) x [6]    

       = 0.01013 

For 8 mol/dm
3
: 

OH
-
 = √(1.710 x 10

-5 
) x [8]    

       = 0.01169 

For 10 mol/dm
3
: 

OH
-
 = √(1.710 x 10

-5 
) x [10]    

       = 0.01308 

The kinetic rate constant KOH- can be described in terms of temperature 

 

Where T is the ambient temperature at 30
o
C 

Substituting the value (30 +273) = 303K 
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KOH
-
 = 12161.86 m

3
/kmol.s 

K2 is the ambient temperature, K2 = 303K 

Table A1: Kinetic Data for the absorption of CO2 in aqueous ammonia  

Using Ionization equilibrium constant of aqueous ammonia, Kb = 1.710 x 10
-5 

(Qing and 

Yincheng, 2011) 

NH3 

mol/dm
3
 

KOH
-
 

dm
3
 mol

-1
s

-1
 

OH 

mol/dm
3
 

[KOH
-
][OH] 

s
-1

 

K2(NH3) 

mol.secs/dm
3
 

2 

4 

6 

8 

10 

12161.86 

12161.86 

12161.86 

12161.86 

12161.86 

0.00585 

0.00827 

0.01013 

0.01169 

0.01308 

71.1468 

100.5786 

123.1996 

142.1721 

159.0771 

606 

1212 

1818 

2424 

3030 

The calculated value of KOH
-
 is 12161.86 m

3
/kmol.s at temperature of 30

o
C 

To get the kinetics of the reaction for CO2 

Specific Gravity of CO2 = 1.5189; Molar Mass of CO2 = 44 

Specific Gravity of CO = 0.9660;  Molar Mass of CO2 = 28 

We convert CO2 in % to mol/dm
3
 

  For value of 1.82 (also applicable to other values): 

 

To get [NH3][CO2]:  

  Multiply the value of [NH3] by [CO2 mol/dm
3
] 

To get the value of r for CO2: 

Using Numerical Differentiation Formula: 

Initial point: 

     



116 

 

Interior point: 

     

Last point: 

     

t0 =  

t1 =     

 

t2 = 

 

t3 = 

 

t4 =  

 

t5 =  
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Table A2: Data required for obtaining kinetics of CO2 (Calculated using Numerical Differential 

Formula) 

NH3 

mol/dm
3
 

[CO2] 

% 

[CO2] 

mol/dm
3
 

t 

s
-1

 

[NH3][CO2] 

mol/dm
3 

(x) 

r 

mol.secs/dm
3
 

(Y) 

 

0 

2 

4 

6 

8 

10 

0 

1.82 

3.35 

5.18 

5.16 

5.14 

0 

0.63 

0.89 

1.79 

1.78 

1.77 

0 

20 

40 

60 

80 

100 

0 

1.26 

3.56 

10.74 

14.24 

17.70 

0.05250 

0.06475 

0.0830 

0.19325 

0.2135 

0.3880 

To get the value of r for CO: 

Using Numerical Differential Formula: 

t0 = 

 

t1 = 

 

t2 = 

 

t3 = 

 

t4 = 
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t5 = 

 

 

Table A3: Kinetic Data for the Absorption of CO in Aqueous Ammonia  

NH3 

mol/dm
3
 

[CO] 

ppm 

[CO] 

% 

[CO] 

mol/dm
3
 

t (s
-1

) [NH3][CO]    

mol/dm
3
 

(x) 

r 

mol.secs/dm
3
 

(Y) 

0 

2 

4 

6 

8 

10 

0 

311 

357 

501 

529 

533 

0 

0.0311 

0.0357 

0.0501 

0.0529 

0.0533 

0 

0.0107 

0.0123 

0.0173 

0.0182 

0.0170 

0 

20 

40 

60 

80 

100 

0 

0.0214 

0.0492 

0.1038 

0.1560 

0.1700 

0.001567 

0.00129 

0.000475 

0.00043 

0.00008 

0 

 

Determination of the Overall Mass Transfer Coefficient 

Factors such as Height of the column dh and gas flow rate is considered, The mass balance can 

be given as follows: 

dmA = ΩGBdY = NAaVΩ dh                                                                                A 

and 

             B 

Where mA represents the amount of carbon (IV) oxide absorbed per unit time in kmol/h,  

           Y is the mole ratio of CO2 gas,  

            h is column height in m, GB is gas flow rate in kmol/(m
3
.h),  

            y is the mole fraction of CO2 in the gas stream. 

From Equation 3.19, the element of column dh can be determined as 

                                                                                                                  C 

When used for the chemical absorption, y* in Equation 3.21 is assumed to be zero since the 

chemical reaction is fast (Lin, Liu and Tan, 2003). Thus, Equation 3.21 is expressed as 
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                                                                                                                        D 

and 

                                                                                                                                     E 

Therefore, 

                                                                            F 

and 

                                                                                         G 

To plot the effect of the independent variables on the overall mass transfer coefficient 

             H 

Where the expression below is used: 

KGAV = 3.24 L
0.52 

CNH3
0.9 

To find Liquid Flow Rate: 

 Choosing the optimum values;  

Volume of Solvent = 120 ml, Contact Time = 60 Seconds 

 = 7.2 x 10
-6

 m
3
/s 

Diameter of the column = 5cm = 0.05m 

Height/Length of the column = 40cm = 0.4m 

Area of the column, A = 2⌅r(r + h) 

  Substituting the values 

  Therefore, A = 0.0668m
2
 

 

Flowrate, L = 1.078 x 10
-4

 m
3
/m

2
h 
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   KGAV = 3.24 L
0.52 

CNH3
0.9 

   KGAV = 3.24 x (1.078 x 10
-4

)
0.52 

CNH3
0.9 

KGAV = 0.028 CNH3
0.9 

To get value for Effect of Concentration on Overall Mass Transfer Coefficient:
 

 
KGAV = 0.028 CNH3

0.9 

For 2 mol/dm
3
: 

 
KGAV = 0.028 x 2

0.9 
= 0.052

 

For 4 mol/dm
3
: 

 
KGAV = 0.028 x 4

0.9 
= 0.097

 

For 6 mol/dm
3
: 

 
KGAV = 0.028 x 6

0.9 
= 0.1404

 

For 8 mol/dm
3
: 

 
KGAV = 0.028 x 8

0.9 
= 0.1819

 

For 10 mol/dm
3
: 

 
KGAV = 0.028 x 10

0.9 
= 0.2224

 

To get the Y values 

 

Making Y the subject 

 

To calculate the values for CO2: 

For value of CO2 absorbed at 1.98 

 

6.02-1.98 = 4.04/100 = 0.0404 
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For value of CO2 absorbed at 2.59 

6.02-2.59 = 3.43/100 = 0.0343 

 

 

 

For value of CO2 absorbed at 5.18 

6.02-5.18 = 0.88/100 = 0.0088 

 

 

 

For value of CO2 absorbed at 5.16 

6.02-5.16 = 0.86/100 = 0.0086 
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For value of CO2 absorbed at 5.14 

6.02-5.14 = 0.84/100 = 0.0085 

 

 

 

Table A4: KGAV against Conc. of Sol. for CO2 

KGAV (kmol/(m
3
.h.kPa)) Effect of Conc. of Solvent on 

CO2 absorbed (%) 

Amount of CO2 absorbed 

(%) 

0.0520 

0.0970 

0.1404 

0.1819 

0.2224 

0.4430 

0.1746 

1.5961 

1.6076 

1.6311 

1.98 

2.59 

5.18 

5.16 

5.14 

Where for Gas flow rate, GB = 0.0785 * pressure * height = 3454k/mol 

To calculate the values for CO: 

CO initially absorbed = 703.33 ppm which is converted to % to get 0.0703% 

 

For value of CO absorbed at 310.00 (0.0310) 

0.0703-0.0310 = 0.0393/100 = 0.0000393 

 

 

 

For value of CO absorbed at 432.69 (0.0432) 
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0.0703-0.0432 = 0.0219/100 = 0.000219 

 

 

 

For value of CO absorbed at 498.12 (0.0498) 

0.0703-0.0498 = 0.0192/100 = 0.000192 

 

 

 

For value of CO absorbed at 484.33 (0.0484) 

0.0703-0.0484 = 0.0174/100 = 0.000174 

 

 

  

For value of CO absorbed at 295.10 (0.0295) 

0.0703-0.0295 = 0.0171/100 = 0.000171 
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 Table A5: KGAV against Conc. of Sol. for CO 

KGAV (kmol/(m
3
.h.kPa)) Effect of Conc. of Solvent on CO absorbed (%) 

0.0520 

0.0970 

0.1404 

0.1819 

0.2224 

0.5825 

0.5849 

0.7165 

0.8149 

0.8324 

Where for Gas flow rate, GB = 0.5368 * pressure * height = 23619.2k/mol 

To establish the relationship between Time against KGAV: 

From the equation: 

KGAV = 3.24 L
0.52 

CNH3
0.9 

 

The optimum value from the optimization Vol. of solvent is 120ml 

Converted to litre as 120 x 10
-3

 

The most suitable condition (optimum condition) CNH3 = 6 mol/dm
3
 

KGAV = 3.24 L
0.52 

CNH3
0.9 

Substituting the values for each time: 

For t = 20 seconds: 

KGAV = 11.36 (0.12/20)
0.52 =

 0.794 

For t = 40 seconds: 

KGAV = 11.36 (0.12/40)
0.52 =

 0.554 

For t = 60 seconds: 

KGAV = 11.36 (0.12/60)
0.52 =

 0.449 

For t = 80 seconds: 

KGAV = 11.36 (0.12/80)
0.52 =

 0.386 
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For t = 100 seconds: 

KGAV = 11.36 (0.12/100)
0.52 =

 0.344 

    Table A6: KGAV against Contact Time 

KGAV (kmol/(m
3
.h.kPa)) Time (secs) 

0.794 

0.554 

0.449 

0.386 

0.344 

20 

40 

60 

80 

100 

 

To establish the relationship between Volume of Solvent against KGAV: 

From the correlation: 

KGAV = 3.24 L
0.52 

CNH3
0.9 

                                       

 

Therefore,  

 

Substituting the values for each time: 

For t = 40 ml: 

 

For t = 80 ml: 

 

For t = 120 ml: 
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For t = 160 ml: 

 

For t = 200 ml: 

 

   Table A7: KGAV against Volume of Solvent 

KGAV (kmol/(m
3
.h.kPa)) Volume (ml) 

0.0075 

0.0151 

0.02272 

0.03029 

0.03787 

40 

80 

120 

160 

200 

 

For Hatta Number: 

 

Using equilibrium constant, K2 = 60, Temp. = 30
o
C (30 + 273 = 303K)

 
 

For 2 mol/dm
3
: 

Substitute for each value of [NH3] and K2 

       = 168.98 

For 4 mol/dm
3
: 

       = 238.98 

For 6 mol/dm
3
: 
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       = 292.70 

For 8 mol/dm
3
: 

       = 337.98 

For 10 mol/dm
3
: 

      = 377.87 

Table A8: Concentration of Solvent against Hatta Number 

Conc. of solvent (mol/dm
3
) Hatta Number 

2 

4 

6 

8 

10 

169.98 

238.98 

292.70 

337.98 

377.87 

 

Table A9: Effect of Concentration of Solvent on Absorbed Carbon Gases 

S/N Concentration 

of solvent 

(mol/dm
3
) 

Amount of 

CO2 

absorbed 

(%) 

Removal 

Efficiency for 

CO2 

(%) 

Amount of 

CO 

absorbed 

(ppm) 

Amount of 

CO 

absorbed 

(%) 

Removal 

Efficiency 

for CO 

(%) 

1 

2 

3 

4 

5 

2 

4 

6 

8 

10 

1.98 

2.59 

5.18 

5.16 

5.14 

32.89 

55.65 

86.05 

85.71 

85.38 

310.00 

432.69 

498.12 

484.33 

295.10 

0.0310 

0.0432 

0.0498 

0.0484 

0.0295 

44.10 

61.45 

70.84 

68.85 

41.95 

 Conditions: Contact Time = 60s, Volume of Solvent = 120ml 
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Table A10: Effect of Contact Time on Absorbed Carbon Gases 

S/N Contact 

time 

(seconds) 

Amount of 

CO2 absorbed 

(%) 

Removal 

Efficiency 

for CO2 

(%) 

Amount of 

CO 

absorbed 

(ppm) 

Amount of 

CO absorbed 

(%) 

Removal 

Efficiency 

for CO 

(%) 

1 

2 

3 

4 

5 

20 

40 

60 

80 

100 

2.30 

4.20 

5.25 

4.24 

2.89 

38.20 

69.77 

87.21 

70.43 

48.01 

289 

424.7 

485.2 

412.6 

307 

0.0289 

0.0425 

0.0485 

0.0413 

0.0307 

41.11 

60.45 

68.99 

58.74 

43.67 

 Conditions: Concentration of Solvent = 6 mol/dm
3
, Volume of Solvent = 120ml 

Table A11: Effect of volume of solvent on absorbed carbon 

S/N Volume of 

solvent (ml) 

Amount of 

CO2 

absorbed (%) 

Removal 

Efficiency 

for CO2 

(%) 

Amount of 

CO 

absorbed 

(ppm) 

Amount of 

CO 

absorbed 

(%) 

Removal 

Efficiency for 

CO 

(%) 

1 

2 

3 

4 

5 

40 

80 

120 

160 

200 

1.89 

4.67 

5.40 

3.52 

2.35 

31.39 

77.57 

89.70 

54.47 

39.04 

263.1 

433.6 

486.0 

358.2 

278.0 

0.0263 

0.0433 

0.0486 

0.0358 

0.0278 

34.41 

61.59 

69.13 

50.92 

39.54 

 Conditions: Concentration of Solvent = 6 mol/dm
3
, Contact Time = 60s 
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APPENDIX B 

DETAILED MATERIAL BALANCE CALCULATIONS 

DATA AVAILABLE   

1 The rate of the absorbing liquid is 0.1056kg/min and contains 5% mole/mole carbon (iv) 

oxide. 

2 The spent air effluent analysis, 0.000347ft
3
/s at 30

0
C, 1atm with % composition on dry 

basis of carbon (IV) oxide (3.5%), nitrogen (79%) and oxygen (17.5%). The exit air is 

saturated with water vapour at the absorbing liquid inlet temperature of 40
0
C. 

3 Recovery of 85% CO2. 

4 Reaction equation  

 

i) CO2 Absorption  

2CO2(g) + 2NH3(aq)  + H20    →           NH2COONH
+

4(aq)  + H2CO3                          

ii) Ammonia Regeneration  

NH2COONH
+

4(aq)  +    H2O       →            H2CO3  + 2NH3                     

 

CALCULATIONS 

To get the volumetric flow rate: 

 

The absorption column specifications are: 

- Length of column: 40cm 

- Diameter of column: 5cm 

- Number of plates: 10 

- Distance between plates: 2cm 

- Distance between outlet and plates in the column: 5cm 

- Distance between outlet and bottom of column: 5cm 

- Distance between inlet and plate contact: 5cm 
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Convert to feet: where 1ft3 =0.0283m3 

 

Assuming 75% absorption capacity for CO and converting the calculated values from ft3/hr to ft3/sec 

 

To get the mass flow rate: 

At optimum condition: Vol. of solvent = 120ml 

Multiply by the density; 120 x 0.88 x 1gram = 105.6 g/min = 0.1056 kg/min 

 

Basis: 1 minute operation  

Spent air effluent (dry basis) 

CO2 = 3.5% 

Nitrogen = 79% 

Oxygen = 17.5% 

Total volume of spent air effluent = 0.000347ft
3
/s 

= 0.000347ft
3
        (0.3048)

3
m

3    
            60s 

        S          1ft         1 minute  

 

 

= 0.000589 ft
3
/min 

Volume of CO2 in spent air effluent  

 

Volume of Nitrogen in spent air effluent  

= 0.79(0.000589) = 0.00046531M
3
 

Volume of Oxygen in spent air effluent  

= 0.175(0.000589) = 0.000103M
3 

Density of CO2 at 30C and 1 atm  
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Mass of CO2 at 30C and 1 atm  

= Density X volume  

=  1.770 X 0.0000206 = 0.0000364kg  

Density of N2 (30
0
C & 1 atm) 

= 101.325 (28)  = 1.13kg/m
3 

    8.314(303) 

Mass of N2 (30
0
C & 1 atm) 

= 1.13 X 0.0004653 = 0.000526kg 

Density of 02 (30
0
C & 1 atm)  

=  101.325 (32) = 1.29kg/m
3 

     8.314 (303) 

Mass of 02 (30
0
C & 1 atm)  

= 1.29 X 0.000103 = 0.000133kg 

 

Balance around the absorber  

 

 

 

 

 

 

 

 

 

 

CO2 in F3 = 0.0000364kg (0.000000827kmol) 

For 85% recovery, CO2 scrubbed  

= 0.85 X C02 Fed in F3 

= 0.85 X 0.0000364 = 0.0000309kg 

Kmol of CO2 scrubbed  

 

 

Wash 

Section 

Absorption  

Section  

F41 

F3 
F5 
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= 0.0000309  = 0.000000701kmol  

       44 

Reaction equation in Absorber  

2CO2(g) + 2NH3(aq)  + H20    →           NH2COONH
+

4(aq)  + H2CO3                          

Ammonium carbomate 

From above equation  

= (0.000000701 x 2) kmol of CO2 required (0.000000701 x 2) kmol NH3  

NH3 consumed = 0.000001402 kmol  

H2O consumed = 0.000000701 kmol  

Total mole of liquid consumed  

= 0.000001402 + 0.000000701 = 0.000002103 kmol  

Total mole of absorbing liquid = 0.1056kmol/min  

Recovery liquid is a 20% w/w NH3 

Average molecular weight of recovery  

 

Total mole of recovery liquid  

  

Mole of NH3 in recovery liquid  

= 0.20 (0.0059) = 0.00118kmol 

Mass of Ammonia in recovery liquid 

= 17 x 0.00118 = 0.02006 kg/min 

Kmol of H20 in recovery liquid  

= 0.80 (0.0059) = 0.00472kmol 

Mass of H20 in recovery liquid 

= 18 x 0.00472 = 0.08496 kg/min  

Unreacted NH3 = 0.00118-0.000001402 

   = 0.00118kmol  

Unreacted H20 = 0.00472 - 0.000000701 = 0.004719 kmol  
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Balance check  

Flow stream F3 (kg) 

CO2 = 0.0000364 

N2 = 0.000526 

02 = 0.000133 

Total F3 = 0.0006954kg/min 

Flow stream F8 

NH3 = 0.02006kg/min  

H20 = 0.08496kg/min  

From specification, CO2 in F8 

  

CO2 = 0.0000118kmol x 44 = 0.0005192kg 

Total F8 = 0.02006 + 0.08496 + 0.0005192 = 0.1055kg/min 

Flow stream F4 

Unscrubbed   CO2 = 0.0000118 - 0.000000701 

         = 0.000011 kmol x 44 = 0.000484kg/min 

N2 = 0.000526 

02 = 0.000133 

 From specifications, the exit air is saturated at 40
0
C. 
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Vapour pressure of water at 40
0
C, 760mmHg. 

  

Where A, B and C are Antione‟s constant, T = Temperature  

From Appendix G, Basic principles and calculations in Chemical Engineering. 

A = 18.3036, B = 3816.44, C= -16.13 

 


0

w  = e
5.448

 = 232. 293 mmHg 

Mole fraction of water vapour in flow F4 

 

 

 

air = total mole of air  

 = 0.000011 + 0.000019 + 0.0000042 

 = 0.0000342kmol  

 

0.306 (H20 + 0.0000342) = H20 

0.306 H20 + 0.0000342 = H20 
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0.0000342 = 0.694 H20 

 

Mass of water in F4 = 0.0000493 X 18 = 0.0008874kg 

Total F4 = 0.000887  + 0.000526 + 0.000133 + 0.000484 = 0.00203 

NH3 solution = 1X10
-6

 X 0.00203 = 0.00000000203kg  

Flow stream F5 (spent amine solution) 

Carbamate formed = 0.000000701kmol 

H2CO3 formed = 0.000000701kmol 

Mass of carbamate = 0.000000701 X 76 = 0.000053kg  

Mass of HCO3 formed = 0.000000701 X 62 = 0.000043kg  

CO2 = 0.0005192kg 

Flow stream F3
1 

Water used for washing  

= 0.5 X total gas washed  

= 0.5 X 0.00203kg = 0.001015kg 

Flow stream F4
1
 

Let assume H20 in F4
1
 = H20 in F3

1 

     = 0.001015kg 

H2O in F5 = H2O in F8 + H20 in F3
1
 – H2O in 
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     F4
1
 – H2O in F4 – H2O consumed  

      = 0.08496kg + 0.001015 

  - 0.001015 – 0.0008874 – 0.000000701(18) 

      = 0.08406 

Total F5 = 0.000053+ 0.000043+ (0.00118 x 17) + 0.08406 + 0.0005192  = 0.1047kg  

Balance  

At steady state 

Total input = total output  

F3 + F8 + F3
1
 = F4 + F4

1
 + F5 

0.0006954 + 0.1055 + 0.001015 = 0.00203 + 0.001015 + 0.1047 

0.1072104 = 0.107745 

Balanced  

Knock-out drum 2 

 

 

 

 

  

 

 

F7 

F4 

F6 
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Overall balance  

F4 = F7 + F6   

Stream F7 

Assume complete separation  

N2 = 0.000526kg/min  

O2 = 0.000133kg/min  

CO2 = 0.0005192kg/min  

H20 vapour = 0.0008874kg/min 

Stream F6 contains only the entrained NH3 solution from absorber. 

From literature, the NH3 solution entrained by exit air from Absorber = 1 ppm  

= 1X10
-6

 X 0.00203 

= 0.00000000203kg  

NH3 solution = 0.00000000203kg 

Balance on tee I 

 

 

    

 

F9 = F8 – F6 

NH3 = 0.02006 – 0.2 (0.00000000203) = 0.02006kg  

H20 = 0.08496 – 0.8 (0.00000000203) = 0.08496kg  

CO2 = 0.0005192kg  

 

F6  

F9 

F8 
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FLASH DRUM  

  

 

 

 

 

 

 

 

F13 = F15  + F16 

F13 = F10 = F5 = F15 + F16 

Flow stream F16 

Assuming complete separation of gas from liquid  

Carbamate = 0.000053kg/min 

H2CO3 = 0.000043kg/min  

NH3 = 0.02006kg/min 

H2O = 0.08406kg/min  

Total = 0.104216kg/min  

Flow stream F15 

CO2 = 0.0005192  

 

STRIPPER  

  

 

 

 

 

 

 

 

    F16 

    F15 

    F13 

F19 

F16 

F17 
F18 
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F18 is the steam required for the heating to regenerate the NH3 

Reaction equation  

NH2COONH
+

4(aq)  + H2CO3     →       2CO2(g) + 2NH3(aq)  + H2O    

Assuming complete regeneration of HCO3 regenerated  

= 0.00118 kmol (0.000043kg/min) 

NH2COONH4
+

 regenerated  

= 0.00118 kmol (0.000053kg/min) 

NH3 formed by equation above  

= 0.00118 kmol (0.000043kg/min) 

H20 formed by equation above  

= 0.00118 kmol (0.08406kg/min) 

CO2 formed by equation above  

= 0.00118 kmol (0.0000309kg/min) 

Flow stream F17 

NH3 = NH3 formed by regeneration + NH3 Feed  

= 0.000043 + 0.02006 = 0.02010kg/min  

H20 = H20 formed by regeneration + H20 Fed in F16 

= 0.08406 + 0.08406 

=  0.16812kg/min  

CO2 = CO2 in F8 

 = 0.0005192  

Total F17 = 0.02100 + 0.16812 + 0.0005192 

 = 0.1896kg/min  

Flow stream F19 

CO2 = CO2 formed by regeneration – CO2 in F17 

= 0.0000309 – 0.0005192 

= 0.0005501kg/min  

H20 (steam) = H20 (steam) in F18 

But steam in F18 = 1.4kg steam/kg CO2 formed  

   = 1.4 (0.0000309) = 0.00004326 
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Total F19 = 0.0005501 + 0.00004326 = 0.0005933kg/min  

Overall balance  

F16 + F18 = F17 + F19   

F16 + F18 = 0.104216 + 0.00004326 

 = 0.1042kg/min 

F17 + F19 = 0.1896 + 0.0005933 

 = 0.1902kg/min 

 

KNOCK-OUT DRUM 3 

 

 

 

 

 

 

 

 

 

Assuming total condensation of steam and complete separation  

F19 = F21 

FLOW STREAM F22 

CO2 = 0.0005501kg/min  

FLOW STREAM IN F23 

H20 = 0.00004326kg/min 

Overall balance  

F21 = F22 + F23 

F21 = F19 = 0.0005933kg/min  

F22 + F23 = 0.0005501 + 0.00004326 

  = 0.0005933  

 

F22 

F21 

F23 
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Balance on Tee 3 

 

 

 

Overall balance 

 

 

 

F23 + F24 = F25 

F24 = F25 – F23  

F25 = F14 = F12 = F15 F9  

H20 in F24 = H20 in F25 – F20 in F23 

 = 0.08496 – 0.00004326  = 0.08492 

Make-up coater = 0.08492 kg/min 

Material Balance Summary Tables 

Absorber 

 

 

 

 

 

 

                Fig. B1: Material Balance diagram for Absorber 

 

 

 

F23 

F24 

F25 

F8 

F4 

F5 

F3 

F4
1 

F3
1 
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Table B1: Absorber Input Streams 

  F3 F8 F3
1
  

Comp  Mol. Wt Mole kmol/ 

hr 

Mass kg/hr  Mole 

kmol/ hr 

Mass kg/hr 

 

Mole kmol/ 

hr 

Mass kg/hr 

 

CO2 44 0.0000118 0.0000364 0.0000118 0.0005192 - - 

O2 32 0.000526 0.000133 - - - - 

N2 28 0.000133 0.000526 - - - - 

NH3 17 - - 0.00118 0.02006 - - 

H2O 18 - - 0.08496 0.08496 - 0.001015 

H2CO3 61 - - - - - - 

Carbamate  62 - - - - - - 

Total    0.0006954  0.01055  0.001015 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



143 

 

Table B2: Absorber Output Streams 

  F4
1
 F4 F5  

Comp  Mol. 

Wt 

Mole 

kmol/ hr 

Mass 

kg/hr  

Mole 

kmol/ hr 

Mass kg/hr 

 

Mole kmol/ 

hr 

Mass kg/hr 

 

CO2 44 - - 0.02006 0.000484 0.0000118 0.0005192 

O2 32 - - 0.08406 0.000526 - - 

N2 28 - - 0.000043 0.000133 - - 

NH3 17 - - - 0.0005713 0.0000118 0.02006 

H2O 18 - 0.001015 - 0.000286 0.000000701 0.08406 

H2CO3 61 - - - - 0.000000701 0.000043 

Carbamate  62 - - - - 0.000000701 0.000053 

Total    0.001015  0.00203  0.1047 

 

Knock-Out Drum 1 

 

 

 

   

      

            Fig. B2: Material Balance diagram for Knock Out Drum 1    

  

 

 F6 

 F4 

F7 
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Table B3: Knock-Out Drum 1 Calculation Details 

 INPUT (F4) OUTPUT (F6) OUTPUT (F7) 

Comp  Mol. 

/wt  

Mole 

Kmol/h 

Mass 

kg/hr  

Mole 

kmol/hr 

Mass  

Kg/hr  

Mole 

Kmol/hr  

Mass  

Kg/hr 

CO2  44 0.000484 0.000484 - - 0.000484 0.0005192 

O2 32 0.000526 0.000133 - - 0.000526 0.000133 

N2 28 0.000133 0.000133 - - 0.000133 0.000133 

NH3 17 - - - 0.0029 - - 

H2O 18 - - - 0.00116 - - 

Total    0.000203  0.00000000203  0.0011782 

 

Flash Drum 

 

 

 

 

 

 

               Fig. B3: Material Balance diagram for Flash Drum     
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 Table B4: Flash Drum Input and Output Streams 

INPUT STREAM OUTPUT STREAM 

 F13 F15 F16 

Comp  Mole 

kmol/hr 

Mass 

kg/hr 

Mole 

kmol/hr 

Mass 

kg/hr 

Mole 

kmol/hr 

Mass 

kg/hr 

CO2 - 0.0005192 - 0.0005192 - - 

NH3 - 0.02006 - - 0.86 0.02006 

H2O 0.000000701 0.08406 - - 0.000000701 0.08406 

H2CO3 0.00118 0.000043 - - 0.00118 0.000043 

Carbamate  0.00118 0.000053 - - 0.00118 0.000053 

Total   0.1047  0.0005192  0.104216 

 

Stripper 

       

 

 

 

 

              Fig. B4: Material Balance diagram for Stripper 
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Table B5: Stripper Input and Output Streams 

INPUT STREAMS OUTPUT STREAMS 

 F16 F18 F17 F19 

Comp  Mole 

kmol/ hr 

Mass 

kg/hr  

Mole 

kmol/hr 

Mass 

kg/hr 

Mole 

kmol/ hr 

Mass 

kg/hr 

Mole 

kmol/hr 

Mass 

kg/hr 

NH3 - 0.02006 - - - 0.02006 - - 

H2O 0.00000701 0.08406 - 0.00004326 - 0.1690 - 0.00004326 

H2CO3 0.00118 0.000043 - - - - - - 

Carbamate  0.00118 0.000053 - - - - - - 

CO2  - - - - - 0.0005192 - 0.00055004 

Total   0.104216  0.00004326  0.1896  0.0005933 

 

Knock-Out Drum 2 

 

 

 

 

 

       Fig. B5: Material Balance diagram for Knock Out Drum 2 
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Table B6: Knock-Out Drum 2 Input and Output Streams 

INPUT STREAMS OUTPUT STREAMS 

 F21 F22 F23 

Comp  Mole/ wt  Mole 

kg/hr 

Mass kg/hr Mole 

kmol/hr 

Mass 

kg/hr 

Mole 

kmol/hr 

Mass kg/hr 

CO2 44 - 0.0005501 - 0.0005501 - - 

H2O 18 - 0.00004326 - - - 0.00004326 

Total    0.0005933  0.0005501  0.00004326 
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                                       APPENDIX C 

DETAILED ENERGY BALANCE CALCULATIONS 

The energy balance calculations were carried out in those equipment that have change in heat 

and temperature across them. During the calculation, the heat load and temperature of the 

process were determined. The equipment considered is; 

(1) Gas cooler (Head Exchanger 2)  

(2) Absorber 

(3) Stripper 

(4) Solution heat exchanger (H.E. 3) 

(5) Solution cooler (H.E. 4) 

(6) Gas Cooler (H.E. 5) 

(7) Reboiler 

(8) Junction tees. 

The specific heat data used in the calculations were evaluated from basic principles and 

calculations in chemical engineering by David Himahalblan (Appendix D, E and F). Also the 

reaction of reactants was evaluated from literature review.  

 Specific heat data 

Cp   =  a + bt + ct
2
 + dt

3
 (kg/kg

0
C) gas 

Where a, b, c and d are constants. 

Comp. A bx10
2
  Cx10

5
 dx10

9
 

CO2 36.11 4.233 -2.887 7.464 

O2 29.10 1.158 -0.6076 1.311 

N2 29.00 0.2199 0.5723 -2.871 

H2O vapour 33.46 0.6680 0.7604 -3.593 

 

Specific heat capacity for liquids  

NH3   =   2.1225 kJ/kg
0
C 

H2O   =   4.20 kJ/kg
0
C 

NH4  carbamate   =  1.795kJ/kg
o
C 
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CALCULATIONS   

ABSORBER 

 

 

 

 

 

 

 

The heat of reaction will be considered: 

Balance around the absorber 

Qp   = total heat output   - total heat input - Qr 

 

Where Qp = heat of the process, in this case Qp =  0 (Adiabatic process) 

Qr = Heat of the reaction   =   Σ- ΔHr
0
) 

Total heat input = H3 + H3
1
 + H8 

Total heat output   = H5 + H4 + H4
1
  

            

Tref  =  reference temperature. Since it was not provided in the specifications average room 

temperature of 30
0
C is assumed. 

  

temperature (provided by literature).  

 

 

 

 

 

 

        

                         T4  =  400C 

T3
1 = 300C H3

1 

      T4
1 = 700oC H4

1                                                                                                                                                         H8      T8 = 400C 

 H3 

T3  =  400C 

                

              H5 

 

H4 



150 

 

∑nCp 

Comp N (kmol/ hr) Na nbx10
-2

  ncx10
-5

 ndx10
-9

 

CO2 0.0000364 0.001314 0.000154 -0.0001051 0.0002718 

O2 0.000526 0.01531 0.0006091 -0.0003196 0.0006896 

N2 0.000133 0.0003857 0.00002925 0.00007611 -0.0003818 

ΣnCp                             0.017              + 0.00079             - 0.000348          0.0005796 

 

             40  

H3  =             0.017 + 0.00079x10
-2

T – 0.000348x10
-5

T
2
 dt  + 0.0005796 x 10

-9
 T

3  
  

    30 

  

=     0.017T + 0.00079 x 10
-2

T
2
 – 0.000348 x10

-5
 +   0.0005796 x 10

-9
T

4        40 

                      2                            3                                4 

                                                                                                                            30 

= 0.17 + 0.000395-0.00000116+0.000000001449 

H3  =  0.1704kJ/min 

Enthalpy input H3
1
  =  MwCPw  ΔT 

ΔT  =  T3
1
 – Tref   =  30 – 30   =  0 

Hence, H3
1
   =  0 

Enthalpy input H8  = ΣmCpΔT 

Comp Mass 

kg/hr 

Cp 

(kJ/kg
0
C) 

ΔT(
o
C) mCpΔT(kJ/hr) 

NH3 0.02006 2.1225 10 0.4257 

H2O 0.08496 4.20 10 3.5682 

CO2 0.0005192 0.265 10 0.001376 

                                                                        ΣMCp ΔT =      3.9953 

H8   =  3.9952KJ/min 

Total Heat Input 

=  0.1704 + 0 + 3.9953 

= 4.1657kJ/min 
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Heat of Reaction from Literature 

= -20Kcal/mol 

=       20Kcal            4.1868 Joule            1000mol  

           Mol     I Cal       1 kmol  

 

ΔHr    =  83736kJ/kmol 

ΔHr   =  0.00118 (83736)   =  -98.8085kJ/min 

Qr   =  - ΔHr  =  98.8085kJ/min 

                                                   

ΣnCpdT 

 

                ΣnCp                   0.03316       +     0.002686      -       0.001640        -  0.003920 

Note: The enthalpy of the NH3 solution is neglected. 

H4  =    40     0.03316T + 0.002686x10
-2

 – 0.001640x10
-5

T
3
 – 0.00392x10

-9
T

4
  

                                2                                3                        4 

              30 

       40 

H  =       0.03316T + 0.002686x10
-2

T
2 

   –    0.001640x
 

      - 0.00392x10
-9

T
4
 

      

        30                                 2                                   3                                  4                                                        

H4  =  0.3316 + 0.001348  - 0.00005467 – 0.0000000098 

 = 0.3329kJ/min 

Enthalpy output H4
1
  =  mCp∆T 

 

Comp Ni 

(kmol/hr) 

Na nbx10
-2

  ncx10
-5

 ndx10
-9

 

CO2 0.000484 0.01747 0.002048 -0.001397 0.003612 

O2 0.000526 0.01531 0.0006091 -0.0003196 0.0006896 

N2 0.000133 0.0003857 0.00002925 0.00007611 -0.0003818 
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= 0.001015 x 4.20 (70-30) 

H4
1
  =  0.1705kJ/min 

Total heat output  =  H5 + H4 + H4
1
 

=  0.3329 + 0.1705 + H5 

= 0.5034 + H5 

 0  =  0.5034 + H5 – 4.1657 - 98.8085 

0 =  H5 – 102.4708 

 H5  = 102.4708kJ/min 

 H5 = 102.4708  =   ΣmCpΔT 

ΣmCpΔT 

Comp Mass 

kg/min 

Cp(kJ/kg
0
C) ΔT(

o
C) mCpΔT(kJ/hr) 

NH3 0.02006 2.1225 T5-30 0.0426T5 – 1.2773 

H2O 0.08406 4.20 T5 – 30 0.3530T5 – 10.5915 

NH4 Carbamate 0.000053 1.795 T5 – 30 0.000095T5 – 0.002854 

CO2 0.0005192 0.285 T5 – 30 0.0001479T5 – 0.004439  

                                    0.3958T5 – 11.8761 

H5 = 102.4708  = 0.3958T5 – 11.8761 

 

 

STRIPPER 

 

 

 

 

 

 

 

 

        H19     T19 = 

 

          

  H16                           

 

               T16 = 1500C    

 

                                                     = C 
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Note:   The regeneration reaction takes place at 150
0
C, so the raw material is supplied at the 

reaction temperature.  

Regeneration reaction is an endothermic reaction, and the heat required is supplied by steam at 

300
0
C and 5 bar (according to literature information). The steam is generated in the reboiler at 

the bottom of the stripper. 

Balance around the stripper 

Qp  =  total heat output   - total heat input – Qr 

Qp = 0 (Adiabatic)  

Qr = - 98.805kJ/min 

Total energy input  = H16 + H18 

Enthalpy input H16  =  ΣmCpΔT 

ΣmCpΔT 

Comp Mass 

kg/hr 

Cp(kJ/kg
0
C) ΔT(

o
C) MCp ΔT(kJ/hr) 

NH3 0.02006 2.1225 120 5.1093 

H2O 0.08406 4.20 120 42.3662 

NH4 Carbamate 0.000053 1.795 120 0.01141 

                                           47.4869 

H16  =  47.4869kJ/min 

Enthalpy input  H8  =  Enthalpy of steam at 300
0
C and 5 bar. 

From steam table, enthalpy of steam at 300
0
C and 5 bar  = 3065kJ/kg steam  

H18  = 0.00004326 (3065) 

 = 0.1326kJ/min. 

Total energy input 

= 47.4869 + 0.1326 

= 47.6195kJ/min 

Total energy output  = H19+H17 

0 = H19 + H17  -  47.6195 + 98.805 

 =  H19 + H17   - 51.1855 

H19 + H17  =  51.1855 
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ΣnCpdT 

Comp Ni 

(kmol/hr) 

Na nbx10
-2

  Ncx10
-5

 Ndx10
-9

 

CO2 0.00118 0.04261 0.004995 -0.003406 0.008807 

H2O(g) 0.00118 0.03948 0.000197  0.000897 -0.004249 

  0.08209 0.00519 -0.002509 0.004558 

 

H19  =         T19 

   0.08209 + 0.00519 x 10
-2

T – 0.002509x10
-5

T
2
 + 0.004558x 10

-9
T

3
     30        

 

                                     T19 

=     0.08209T + 0.00519x10
-2

T
 2 

- 0.002509x10
-5

T
3
 + 0.004558x 10

-9
T

4
   

 

                 2                              3                    4      

                                                                                                            30 

=  0.08209 (T19 – 30) + 0.00002595 (T
2

19 – 30
2
) -  8.3633x10

-9
 ( T

3
19 – 30

3
)  

 + 1.1395x10
-12

 (T
4
19 – 30

4
) 

H19  =  0.08522 T19 + 0.00002595 T
2

19 – 8.3633 x 10
-9

T
3
19

 
+ 1.1395 x10

-12
T

4
19

 
 +  2.4858

 

H17   =  ΣmCp ΔT 

ΣmCp ΔT 

                       

                                                                                                                0.3993T17 -11.9822       

H17  =  0.3993T17 -11.9822       

H17 + H19 = 0.08522 T19 + 0.00002595 T
2

19 – 8.3633 x 10
-9

T
3
19

 
+ 1.1395 x10

-12
T

4
19

 
 +  2.4858

 

Comp Mass 

kg/hr 

Cp(kJ/kg
0
C) ΔT(

o
C) MCp ΔT(kJ/hr) 

NH3 0.02006 2.115 T17-30 0.0424T17 – 1.2728 

H2O 0.08496 4.20 T17-30 0.3568T17 – 10.7050 

CO2 0.0005192 0.285 T17-30 0.0001450T17 – 0.004439 

 dT 
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51.1855 = 0.08522 T19 + 0.00002595 T
2

19 – 8.3633 x 10
-9

T
3
19

 
+ 1.1395 x10

-12
T

4
19

 
 +  2.4858

 

 

F(T19) = 0 = 0.08522 T19 + 0.00002595 T
2

19 – 8.3633 x 10
-9

T
3
19

 
+ 1.1395 x10

-12
T

4
19

 
 – 48.6997

 

IF  T17  =  350
0
C 

H17  =  0.3993(350) -11.9822      = 127.77kJ/min 

H19  =  51.1855 -  127.77 = -76.5845kJ/min 

 REBOILER 

 

 

 

 

 

 

 

H18
1 

  = Enthalpy of Water At room temperature  = 0 

Q1  =    H18  -  H18
1
  

Q1   =  0.1326kJ/min 

Note: It is assume the only duty of the reboiler is to supply steam.  

 

GAS COOLER 5 

 

 

 

 

 

H15 + H19  =  H20 

Q5  =  H20  -  H21 

 

 

         

          

   

            

           H18
1                                               H18 

                        

 

     

    

        Q8 

                      

   Q1 

 

        

 

 

               H20       

                                      H21 

   H15        T21 =  600C 

                              H19 

                 H5 

 

                                                                      Q5  
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Enthalpy of H15 

=                 150 

      0.34          36.11 + 4.233 x 10
-2

T – 2.887x10
-5

T
2
 +7.464x10

-9 
T

3 

  
        30 

  

         150 

= 0.34     36.11T +4.233x10
-2

T
2
- 2.887x10

-5
T

3
 + 7.464  X10

-9
T

4     

                                  2                 3                                     4 

                                                                                                                                                                  30   
 

= 0.34           4333.2  +  457.164  -  32.219 + 0.943 

=   0.34        4759.088   =  1618.090kJ/hr 

H15   =  1618.090kJ/hr 

Hence, H20  =  1618.090 - 76.5845kJ/min 

  =  1541.5055 kJ/min 

                                                                                                        

 

Σncp 

Comp Ni 

(kmol/hr) 

Na nbx10
2
  Ncx10

5
 Ndx10

9
 

CO2 0.00118 0.04261 0.004995 -0.003406 0.008807 

H2O(g) 0.00118 0.03948 0.000197  0.000897 -0.004249 

 0.08209 0.00519 -0.002509 0.004558 

 

 H21  =      60 

          0.08209 + 0.00519x10
-2

T – 0.002509x10
-5

T
2
 + 0.004558x10

-9
T

3
  dT       

                30                

 

                                                                                                                          60 

H21  =  0.08209T + 0.00519 x10
-2

T
2
  - 0.002509x10

-5
T

3 
 + 0.004558x10

-9
T

4
                                         

                                   2                                 3                             4                   30     

       
 

dT 
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H21 =2.4627 + 0.07006 – 0.001581 + 0.00001384 

H21  =  2.5312kJ/min 

Heat condensation of water  

=  0.00004326  x 2258.333 

Qvap  =  0.09769kJ/min 

Q5  = H21 – H20 + Qvap  = 2.5312 + 0.09769  

     = 2.62889 

 

SOLUTION HEAT EXCHANGER 3 

 

 

 

 

 

 

 

 

 

 

 

Balance  

H10 + H14  =  H12 + H13 

ASSUMPTIONS 

(1) The reboiler only generate steam for desorption process. 

(2) Regenerated Amine solution does not pass through the reboiler so that H17 = H14  

(3) That the energy recovery system is dominant. 

Hence H5 = H10  

H5  = H10  = 102.4708KJ/min 

H14 = H17 = 127.77kJ/min 

Hence H10 + H14  = 102.4708 + 127.77  = 230.2408KJ/hr 

       

H12      T12  =  202.80C 

              

 

   H10 

     T10 = 400C                         T13  =  1500C 

                            H14 

     T14  = 3500C 
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H13   =  ΣmCpΔT 

T13 = 150
0
C (stripper reaction temperature). 

T13   =  ΣmCpΔT 

Comp Mass 

kg/hr 

Cp 

(kJ/kg
0
C) 

ΔT(
o
C) mCp ΔT(kJ/hr) 

NH3 0.02006 2.1225 120 5.1093 

H2O 0.08406 4.20 120 42.3662 

NH4 Carbamate  0.000053 1.995 120 0.01269 

CO2 0.0005192 0.834 120 0.05196 

    47.5402 

                     

H13  =  47.5402kJ/min 

H12 = H10 + H14 – H13 

= 230.2408 – 47.5402 

 = 182.7006kJ/hr  

H12  = 0.3993T12  - 11.9822 

T12  =  182.7006 + 11.9822 

  0.3993 

 = 487.56  =  487.6
0
C 

 

SOLUTION COOLER 4 

 

 

 

 

 

Balance Q4  =  H11 - H9 

Neglect heat from stream f6 (composition is small compared to stream F9) 

H8  = H9   =  3.9952 

Hence Q4 = (H12  =  H11)  -  H9 

       

              

 

   H9       H11 

 

     T9 = 400C                          T11  =  201.80C 

 

                            Q4 
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=  182.7006  -  3.9952 = 178.7054KJ/min 

GAS COOLER 2 

 

 

 

 

 

 

 

 

Since there was no information about the temperature of raw gas, it will be assumed to 80
0
C 

H2  =  H3   =  0.1704kJ/min 

 

   

        

                                                                                                                             80 

H1
1    

=  0.017 T + 0.00079x10
-2

 T
2
 – 0.000348x10

-5
T

3
 +  0.0005796 x 10

-9
 T

4   

      2                                              3                                       4 

                                                                                                                                                                                          
30 

=  0.85 + 0.02172 – 0.0005626 + 0.000005818 

H1
1
    =  0.8712kJ/min 

Q2   =  H1
1
  - H2  

 = 0.8712 – 0.1704 

Q2 =  0.7008kJ/min 

 

 

 

 

       

              

 

            H11         H2 

 

     T11 = 800C                    T2  =  400C 

 

                            Q2 
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Energy Balance Results 

The conservation of energy differs from that of mass in that energy is generated (or consumed) in 

a chemical process. Material can change form; new molecular species was formed by chemical 

reactions where the total mass flow into a process unit must be equal to the flow out at the steady 

state (Kister, 1992). The same is not true of energy. The total enthalpy of the outlet streams will 

not equal that of the inlet streams if energy is generated or consumed in the processed, such as 

that due to heat of reaction. 

Energy Balance Summary Tables (Detailed Calculations in Appendix C) 

Evaporative Gas Cooler 2 

 

 

 

 

 

        Fig. C1: Energy Balance diagram for Evaporative Gas Cooler 2 

 

Table C1: Gas Cooler Energy Balance Summary 

ENERGY INPUT (KJ/Hr) OUTPUT (KJ/Hr) 

H1
1
 0.8712 - 

H2 - 0.1704 

Q2 - 0.7008 

TOTAL 0.8712 0.8712 

 

 

 

       

              

          H1
1          H2 

             

                           Q2   

      

                         

 

                            Q2 
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Absorber 

 

 

 

 

 

 

 

            Fig. C2: Energy Balance diagram for Absorber 

 

Table C2: Absorber Energy Balance Summary 

ENERGY INPUT (KJ/hr) OUTPUT (KJ/hr) 

H3 0.1704 - 

H4 - 0.3329 

H4
1
 - 0.1705 

H8 3.9952 - 

H5 - 102.4708 

Qr 98.8085 - 

Total 102.9741 102.9741 

 

 

 

 

       

              H4    

 

                 H31       

                                                                 H8                  

                                  F4
1       

                             

   H3 

H5 

      

 

       

              H4    

                             

                  H5             

                                                                 H8                  

                                  H4
1                                                

                                  
Qr
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Solution Cooler 4 

 

 

 

 

         Fig. C3: Energy Balance diagram for Solution Cooler 4 

Table C3: Solution Cooler 4 Energy Balance Summary 

ENERGY INPUT (KJ/hr) OUTPUT (KJ/hr) 

H9 - 3.9952 

H11
 

182.7006 - 

Q4 - 178.7054 

Total 182.7006 182.7006 

 

4.5.2.4 Solution Heat Exchanger 

 

 

 

 

 

           Fig. C4: Energy Balance diagram for Solution Heat Exchanger 

 

 

 

   

H9          H11                                                          

                 

                                         

                             

       

      

 

       

 

                

        H13                                                               

H10                  

                                                      

    

 

H14 

      

 

 

               H12    

 

                           H14 

             H13                                                                                             

                               

                               H10                  

                                                      

    

 

H14 
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Table C4: Solution Heat Exchanger Energy Balance Summary 

 ENERGY INPUT (KJ/hr) OUTPUT (KJ/hr) 

H10 102.4708 - 

H12 - 182.7006 

H13 - 47.5402 

H14 127.77  

Total 230.2408 230.2408 

 

4.5.2.5 Stripper 

 

 

 

 

.2.1 

               Fig. C5: Energy Balance diagram for Stripper 

Table C5: Stripper Energy Balance Summary 

ENERGY INPUT (KJ/hr) OUTPUT (KJ/hr) 

H16 47.4869 - 

H18 0.1326 - 

H17 - 127.77 

H19 - - 76.5845 

Qr  - 98.805 

Total 47.6195 - 47.6195 

 

 

                  H19   

 

           H16                 Qr 

                                                                                                          

 

                                                            H17       H18 

 

    

H18 

       H17 
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4.5.2.6 Gas Cooler 5 

 

 

 

 

                   Fig. 4.30: Energy Balance diagram for Gas Cooler 5 

 

              Fig. C6: Energy Balance diagram for Gas Cooler 5 

Table C6: Gas Cooler 5 Energy Balance Summary 

ENERGY INPUT (KJ/hr) OUTPUT (KJ/hr) 

H20 5.0624 - 

H21 - 2.5312 

QVAP 0.09769 - 

Q5 - 2.62889 

TOTAL 5.16009 5.16009 

 

 

 

 

 

 

 

 

 

 

 

      QVAP 

               

                      H20   H21    H21 

                        

                                                                                                       

                          

Q5 
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                                      APPENDIX D 

ABSORBER DESIGN DETAILED CALCULATION 

The absorber is made up of two sections, (i) Absorption section and (ii) wash section. The 

absorption section makes use of packings. 

Absorption of CO2 in 20% w/w NH3 solution 

- G∂y = KGa (PA – PAC) ∂h 

PAe = partial pressure that would be in equilibrium with the bulk of liquid, because the liquid 

is  a concentrated solution of NH3, the partial pressure of CO2, PAe in equilibrium with it is 

virtually zero. Also PA = yp where P is the total pressure. 

- G∂y = KGayp∂h 

 

Onda‟s method 

KL  ℓL   
1/3

 =  0.0051  Lw 
x    2/3

    /L      
-1/2

   adp  
0.4

 

      Lg                       awL       ℓLDA   

 

 

KGRT =K5    Vw
x    0.7     

 v      
1/3

  adp   
-2.0

 

A Dv             av          ℓvDv     

 

 

aw  = 1 – e   -1.45      c   
 0.75   

 Lw
x    0.1

   Lw
x2

a    
-0.05

 

 a                                 L          aL              ℓL
2
g  

 Lw
x2  

 
0.2

 

  ℓLLa  

 

 

Dv       = 1.013 X 10
-7 

X
  
71.7 (1  +  1)   ½  

                                                  ma   mb  

              P      a vi 
1/3     

+   b vi
1/3

  
2
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COLUMN DIAMETER 

Gas flow rate (mat. bal) = F3 

     = 0.0006954kg/min = 0.00001159kg/s 

Liquid flow rate (mat. bal) = F8 

    = 0.1055kg/min = 0.001758kg/s 

Liquid density = 

Total volume of liquid 

= 0.02006 + 0.08496 = 0.00011m
3
/min 

     880            983   

Density of the liquid mixture 

  = 0.1055   =  965.90kg/m
3
 

     0.00011 

Density of gas  

               =  101.325 (17) 

                  8.314 (40 + 273) 

             = 0.6619kg/m
3
 

Flow factor, Lw
x
     ℓv 

                  Vw
x
      ℓL  

      

     = 3.9708 

Percentage flooding 

       =   0.08  x 100 = 85.28% 

            0.11      1   

Vw
x
 = 0.3033kg/m

2
s 

Column area = 0.00001159 = 0.000038m
2
 

                           0.3033  

Column diameter =       4(0.000038)   
0.5

 

                                            3.142  

                           = 0.00697m 

Column area Ac = 3.142(0.01)
2
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                     Ac = 0.0003142m
2
 

COLUMN HEIGHT (PACKING HEIGHT) 

Lw
x
 = 0.001758  = 5.59kg/sm

2
 

           0.0003142  

 Vw
x
 = 0.00001159 = 0.037kg/m

2
s 

            0.0003142 

Liquid surface tension, at 40
0
C 

L F      pch (ℓL  -  ℓv )
4
  x 10

-12
 

                       M  

Pch = sugden‟s paractor 

For NH3 solution (H20) = 4.8 x 11.3 = 16.10 

 

 L =    16.1 (965.90-0.6619)
4
 X 10

-12
 

                          17.8 

      = 0.7851mN/M 

 

   = 1 – exp - 1.45    61       
0.75     

 0.001758          
0.1

 

                                    0.7851         194 x 0.9 x 10
-3

  

 

   0.001758
2
 x 194   

-0.05               
       0.001758

2
                          

0.2 

       965.90
2
 x 9.81                 965.90 x 0.7851 x 10

-3
 x 194 

 

   = 1 – exp [- 1.45 (26.1700) (0.6314) (3.2299) (0.029)] 

  = 1 – exp [- 1.45 (1.555)] 

  = 1 – exp – 2.2550 

      = 1 – 0 = 1 – 0  

= 1 => aw = 194m
2
/m

3
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Dv = DC02 = 1.013 x 10
-7

(313)
1.75     

 1    +   1     
0.5

 

                                                        44       17                     

                     1.013   ( 27.46)
1/3

 + (11.63)
1/3

  

                         

= 0.0001272m
2
/s 

Note, summation volume were evaluated from Table 8.5 (Sinnott & Towler) 

DL = DNH3 = (1.173 X 10
-13

 (2.6 X 17.8)
0.5

 (313)) 

                             0.9 X 10
-3

 X (0.0340)
0.6

  

DNH3 = 2.4977 X 10
-10

 

              0.0001183 

DNH3 = 2.1113 X 10
-6

M
2
/S 

Hence, height of packing 

h  = GM      In  yin   

       KGa         Yout 

          =     0.0775      6.20 

     0.0036 

  =  21.5 

Height + liquid depth at the bottom of the column 

Volume of liquid 

             = 0.00011m
3
/min = 0.00000183m

3
/s 

Volume of liquid for 10 minutes hold – up time 

       = 0.00000183 x 10 x 60 = 0.0011m
3 

Liquid depth = volume = 0.0011 = 0.000044m 

                        Area         25.3  

Gas disengagement height = 1.0ft 

                                        = 0.3048m 

=> 

Height of absorption column 

    = 1.0 + 0.000044 + 0.3048 

    = 1.3048 = 1.0m 
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                               APPENDIX E 

GAS COOLER 2 DESIGN DETAILED CALCULATION 

This cooler cools the incoming gas from fermentation process from about 80
0
C to 40

0
C. 

Heat load Ǿ = 0.7008KJ/min 

 

 

 

 

 

 

 

 

 

To avoid scaling, the maximum water outlet temperature 

t2 = 80 – 10 = 75
0
C 

                2  

Choosing water outlet temperature  

t2 = 60
0
C 

 

 

 

 

 

 

 

 

 

ΔζLn =     Δζ1 – Δζ2         = 20 – 10  

               In (Δζ1/ Δζ2)     In (20/10) 

                                           = 14.43
0
C  

    Gas out T2 = 400C 

 

 

 Cooling  water in t1 = 300C              Hot  out t2 = 

 

 

                               Gas  in  T1 = 800C  

 

      800C 

      600C   Shell  side   

         

    Tube  side            400C             Δζ2 = 40-30 =100C 

Δζ1 = 80-60=200C              300C 
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R = ζ1 – ζ2 
 
= 80 – 40 = 40 

       t2 – t1  60 – 30    30  

                                     = 1.3 

    S = t2 - t1 = 60 – 30 = 30 

          ζ1 – t1    80 – 30     50  

                                = 0.60 

Area of cooler A =     Ǿ 

                            UΔζm  

             = 0.7008 x 10
3
 = 0.0034m

2
 

                60 x 300 x 11.4  

Area of one tube =  (do) L 

                         = 3.142 (4.88) (20 x 10
-3

) 

                          = 0.3066  

Number of tubes required 

             =  0.0034 = 0.011 

                 0.3066  

Shell inside diameter Ds = 11 + 37.5 

                                    = 48.5mm 

Baffle spacing = Ds = 48.5 = 9.7mm 

                             5       5  

Tube – side heat transfer coefficient 

hi = 4200 (1.35 + 0.02ti)(Ut
0.8

) 

                      di 
0.2

   

Tube – side cross – sectional area 

  = (du)
2
 = 3.142 (16 x 10

-3
)
2
 

          4                     4  

                               = 2.01 x 10
-4

m
2
 

Total flow area  =   1 x 2.01 x 10
-4

  

                          =    2.01 x 10
-4

m
2
 

Density of water tube mean temp. 
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  = 994kg/m
3
 

Mass of cooling water 

           =      =          0.7008 

         Epw Δζ       4.20 x 60 x (30) 

                        = 0.000093kg/s 

Tube linear velocity = 0.000093 

                                994 x 2.01 x 10
-4

  

                                 = 0.00046m/s 

                hi = 4200 [(1.35 + 0.02 (40)](0.00046)
0.8

 

                                        16
0.2  

                                        = 11.0935w/m
2 0

C 

Shell – side coefficient 

hs = kf Jn fe pr 
0.33

        
0.14

 

        de                     w  

Cross – flow area As = (PE – do) Ds IB 

                                           PE  

                = 25 – 20  (48.5)(9.7) 

                       25  

           As = 94.09mm 

Shell – side mass velocity, Gs 

    = mass flow rate 

       Cross – flow area 

     =       0.0006954              

           60 x 94.09 x 10
-6

 

     = 0.1232kg/m
2
s 

Gas density, = pm = 101.325 x 17.8 

                        RT     8.314 (40 + 273)  

                           = 0.6931kg/m
3
 

Shell linear velocity, Gs =   0.1232 

                                             0.6931 

                                  = 0.18m/s 
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Equivalent diameter, de 

  = 1.10    PE
2
 – 0.917(do

2
)     

       do  

= 14.201mm 

Re = Gsde = 0.1232 x 14.201 

                          0.03  

            = 58.3188 

Trace the above value from figure 12.29 (Coulson & Richardson),  

Heat transfer factor, Jn = 6.2 x 10
-2

 

Jn = 6.2 x 10
-2

        

Neglecting (/w)
0.14

, pr = 0.284 x 0.03 

                                             0.046 

                                   = 0.0185 

hs = 0.046 x 4.2 x 10
-2

 (58.3188)(0.0185)
0.33

 

       14.201 x 10
-3 

  

   = 3.1391w/m
2 0

C 

Overall heat coefficient 

 

= 0.3186 + 0.0002 + 0.0000558 + 11.8484 + 0.00025 = 12.1675 

Uo = (12.1675) 
-1

 = 0.082w/m
2 0

C 

Pressure – drop  

Tube – side 

                                                      

Trace the value from figure 12.24 (Coulson & Richardson) 

Frictional factor, Jf 

Jf = 8.0 x 10
-1

, 
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=0.00022pa  = 0.00000022Kpa 

Shell-side 

=  169.17Kpa 

The use of split – flow shell well increses the pressure drop. 
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                               APPENDIX F 

SOLUTION COOLER DESIGN DETAILED CALCULATION 

This cooler cools the regenerated amine solution from solution heat exchanger from 202
0
C to 

40
0
C by removing (4) = 178.7054kg/min 

 

 

 

 

 

 

 

 

 

 

 

Maximum water outlet temperature 

 

The fluid that have greater tendency to foul the equipment (cooling water) is passed through the 

tubes. 

Temperature profile 

 

 

 

 

 

 

 

 

 

    Gas out T2 = 400C 

 

 

Cooling  water in t1 = 300C             Hot water  out t2 =2500C 

 

 

                             Regenerated amine solution 

         T1 = 2020C  

 

     2020C 

      900C   Shell  side   

         

ΔT1 =202 -90  Tube  side                                 400C           ΔT2 = 100C 

   =1120C                  300C 
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 =     

  R = T1 – T2   =  202 – 40 

          t2 – t1           90 – 30  

                     = 2.7 

S = t2 – t1   = 90 – 30    = 0.30 

      T1 – t1      202 – 30  

From 12.22 (Coulson and Richardson), split flow shell, 2 tube pass. 

       Ft = 0.92 

ΔTm = 0.92 (42.219) = 38.841
0
C 

Basic design equation 

       =  UAΔTm 

  A =    =     178.7054 x 10
3
 

       UΔTm   60 x 700 x 38.841 

                     =  0.1095m
2
  

Outer area of exchange 

      = 3.142 (20 x 10
-3

) (4.88) 

          =  0.306m
2
 

Number of tubes required 

         = 0.1095  =  0.35 = 1 

            0.306  

Shell – inside diameter, Ds = 50 + 37.55 

                                   Ds = 87.55mm 

Baffle spacing, IB = Ds  =  87.55 = 17.51mm 

                                 5           5  

Baffle cut = 25% 

Tube – side coefficient 

Mean temperature = 90 + 30 = 60
0
C 

                                      2  
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Cross – sectional area of one tube 

=  2.01 x 10
-4

m
2 
 

Total tube flow area 

           = 1.005x10
-4

m
2
 

Mass flow rate of water 

    =           =      178.7054 

       Cpw ΔT   4.20 x 60 x (90 – 30)  

                          = 0.01182kg/s 

Density of water at 60
0
C = 979kg/m

3
 

Tube velocity = mass flow rate 

                       Density x total flow area  

                    =      0.01182 

                      979 x 1.005x10
-4

 

                   = 0.1201m/s 

  hi = 4200 (1.35 + 0.02t) Ut
0.8

 

                     di
0.2

           =  1128.75w/m
2 0

C  

Shell – side heat transfer coefficient  

 

hs = shell – side heat transfer coefficient, de = equivalent diameter, h = heat transfer correction 

factor, Re = Reynolds number, Pr = prandth number,  = viscosity of fluid at mean temp, w = 

viscosity of fluid at wall temp, (/w)
0.14

 = viscosity correction factor. 

Overall heat coefficient 

Fouling factors 

Tube – side = 2000w/m
2 0

C 

Shell – side = 5000w/m
2 0

C (table 12.2) 

Kw for mild steel = 45w/m
0
C (Sinnott and Towler) 
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Uo = (0.002755)
-1

 = 362.9896w/m
2 0

C 

This is close enough to the assumed value of 700w/m
20

C. 

Tube – side pressure drop 

 

From figure 12.24, (Coulson and Richardson) 

    f = 7.1 x 10
-3

 

 

   = 0.013pa 

  Δpt = 0.000013kpa 

 

Shell – side pressure drop  

 

Neglecting viscosity correction factor 

From figure 12.30 (Coulson and Richardson)  

      f = 5.5 x 10
-2 

 

     Δps  =  243.17kpa  

 

MECHANICAL DESIGN 

Design pressure: 10% above internal operating pressure 

Tube – side = 1.1x2.5 = 2.7atm 

Shell – side = 1.1 x 2 = 2.2atm 

Design temperature: maximum temperature x allowance for any uncertainty 

Tube – side = 90 + 10 = 100
0
C  

Shell – side 202 + 10 = 212
0
C  
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APPENDIX G 

COOLER 5 (CONDENSER 5) DESIGN DETAILED CALCULATION 

This cooler is responsible for cooling of the gases from top of flash drum and top of regenerated, 

also condenses any water vapour associated with the gas. 

Heat load Q = 2.62889kg/hr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ΔT1 = 300 – 250 = 50
0
C 

ΔT2 = 60 – 30 = 30
0
C 

 

R = T1 – T2   =  300 – 60 

       T1 – t2        250 – 30 

                   =  1.1 

 

    Gas out T2 = 600c 

 

 

            Cooling  water in t1 = 300C      cooling water  out t2 =2500C 

 

                   Gas  in  T1 = 3000c  

 

    3000C 

     2500C   Shell  side   

         

    Tube  side            600C              

                 300C 
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S = t2 – t1   =  250 – 30 

      T1 – t1       300 – 30  

                     = 0.81 

New temperature profile  

 

 

 

 

 

 

 

  

ΔT1 = 300 – 150
0
C  = 150

0
C 

ΔT2 = 60 – 30     =   30
0
C 

 

ΔTLn = 150 – 30    = 120     =  74.50
0
C 

          In (150/30)   1.6894  

 ΔTm   = FE ΔTLn   

   =  0.80 (74.50) 

ΔTm  =  59.60
0
C  

Overall heat coefficient from Table 12.1 (Coulson and Richardson)  

     U  =  300w/m
2 0

C 

Surface area of the cooler from basic design equation. 

  ΔT1 UA ΔTm    

A = surface area of exchange. 

  =      =    2.62889 X 10
3
 

   UΔTm      60 x 300 x 59.60  

          = 0.00245m
2
 

Selecting tube dimensions, from TEMA standard. 

Tube outside dia. (do) = 25mm 

 

      3000C 

      1500C   Shell  side   

         

    Tube  side               600C            

                    300C 



180 

 

Tube inside dia. (di)  = 20mm 

Standard tube length =  4.88m 

Surface area of one tube 

     =     (do) L 

     =  3.142 (25 X 10
-3

)(4.88) 

     =  0.383m
2
 

Number of tubes required 

   =  Surface area of Exchanger 

          Surface area of one tube  

      = 0.00245    = 0.0064 

          0.383  

Number of tube per pass  =0.0064/4 = 0.0016 

Tube bundle diameter (Db)  

 

From Table 12.4 (Coulson and Richardson), for triangular pitch. 

        K1  =  0.175,  ni  =  2.285 

 

          = 5.88mm. 

From figure 12.12 (Coulson and Richardson), for split-ring floating head, bundle diametrical 

clearance = 58mm. 

Shell inside diameter = 5.88 + 58 

                               = 63.88mm 

Baffle spacing, IB = Ds (for condenser) 

            =   12.8mm 

Baffle cut = 25%  

 

Tube inside coefficient. 

Cross – sectional area of one tube 
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= 0.00032m
2
 

Total flow area = 30 (0.00031) 

               = 0.0093m
2
 

Mass flow rate of water  

               = 0.000087kg/s  

Tube velocity   =   0.000087 

                           983 x 0.0093  

         Ut   =   0.000095m/s 

hi  =  4200 (1.35 + 0.02t)(Ut 
0.8

) 

                            di 
0.2

 

    hi  =  4.4008w/m
2 0

C  

Shell – side heat transfer coefficient 

 

where hs = shell – side heat coefficient, Kf = thermal conductivity of fluid,   h = heat transfer 

coefficient,  R = Reynolds number, Pr = prandth  

        
0.14

  = viscosity correction factor. 

   w   

     Tube pitch = 1.25do = 1.25 (25) 

                                    = 31.25mm 

    Cross - flow area As =  (PE – do) Ds-IB 

                                              PE  

                  = 0.00016m
2
  

Mass velocity, Gs = mass flow rate 

                                   As  

                   = 645.1305kg/ms
2
 

Gas average molar mass = 0.583(18) +0.417 (44) 

                                     = 28.842kg/kgmol. 
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Gas density = pm = 101.325(28.842) 

                     RT     8.314(180 + 273)  

                          = 0.78kg/m
2
 

Shell – side linear velocity, Us  

                         = Gs = 645.1305 

                              ℓ       0.78  = 827.10m/s 

de (equivalent diameter) 

   

  =  17.75mm 

Re = Gsde  =  645.1305 x 17.75 

                          0.003                           = 3817022.125 

Pr = Cp  =  0.284 x 10
3
 x 0.003 x 10

-3
 

          KF                   0.046                       = 0.0185 

From figure 12.29 (Sinnott and Towler) 

     h = 8.0 x 10
-3

 

Neglecting viscosity correction factor 

 

  hs = 21210.01w/m
2 0

C 

Overall heat transfer coefficient 

 

Taking fouling factors as 5000w/m
20

C for towns water (soft), 5000w/m
20

C for flue gas. This is 

taken from Table 12.2 (Coulson and Richardson). 

       =   0.2846 

   Uo  =  (0.2846)
-1

, Uo  = 3.5142w/m
20

C  

This close enough to the assumed value of 300w/m
20

C. 
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Tube – side pressure drop 

    

From figure 12.24 (Coulson and Richardson) 

F =  8.0 x 10
-1 

Neglecting viscosity correction factor  

 

= 0.0079pa = 0.0000079kpa 

Shell – side pressure drop 

                    

ΔPs = 791.388kpa. 

 

MECHANICAL DESIGN 

Design pressure 

Tube – side = 1.1 x 2.5 = 2.75atm 

Shell – side = 1.1 x 5.44  = 5.984atm 

Design temperature 

Tube -  side = 160
0
C 

Shell – side  =  310
0
C 

Material of construction 

Tube – side  =  mild steel 

Shell – side   =   stainless steel 

Shell wall thickness  =  5mm 

Shell cover thickness  =  5mm 

No of rods = 12 

Diameter of rods = 9.5mm. 
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APPENDIX H 

   KNOCK – OUT DRUM 1 DESIGN DETAILED CALCULATION 

This knock – out drum separate water condensate associated with the spent air from emission 

point. 

Liquid flow rate = 10x10
-4

 x 0.0006954 

                                100                               = 0.000000006954kg/min 

Liquid density from literature at 40
0
C 

                   = 994kg/m
3
 

Gas density,  ℓg =  pm 

                               RT     ℓg = 0.6931kg/m
3
  

vapour velocity 

Vg = Kv   ℓL  - ℓv     
1/2

  

                     ℓv          

Where vg = gas velocity 

           ℓL = liquid density,  ℓv = gas velocity, kv = constant = 0.107m/s with mist eliminator. 

According to literature (process design by Hillar Sula), with mist eliminator, 99.9% and above 

separation efficiency. 

   =>  Vg = 0.107    994 – 0.6931  
0.5

 

                                   0.6931             = 4.0507 m/s 

Vapour volumetric flow rate 

Vf = mass flow rate 

               density     = 0.00001672m
3
/s 

Drum area = Vf  = volume rate 

                     Vg       velocity            = 0.000004128m
2
 

 

Drum diameter  =  4A   
0.5

 

                                                = 0.002292m 

Rounding off to 0.002m 

From literature (H. Sila), the length to diameter ratio for knock-out drum is 2. 

Hence, length of drum = L – 2D 
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                   =  2(0.002)  = 0.004m 

Liquid volumetric flow rate 

  = liquid mass flow rate 

               Density  =  1.166x10
-13

m
3
/s 

Volume of liquid for 10 minutes hold up time          = 6.996 x10
-11

 m
3
 

Liquid depth = 6.996x10
-11

 

                              A  

Area of drum = 3.142 (0.002)
2
 

                                  4  

                   = 0.000003142 m
2
 

=>  Liquid depth = 6.996 x10
-11

 

                              0.000003142  

               = 0.0000223m 

From literature (H. Sila), the depth of liquid can be L or 2ft minimum 

Hence L = 1ft = 1 (0.3048) 

                = 0.3m 

Clearance between the liquid surface and centre of inlet nozzle 

      =  0.5D or 1ft min 

     = 0.5 (0.002) = 0.001m 

         Or  = 1 (0.3048)  = 0.3m 

Clearance between the centre of inlet nozzle and the mist eliminator 

         = D or 0.5ft minimum 

         = 0.002m or 0.5(0.3048) = 0.1524m 

Thickness of mist eliminator 

        = 0.152m 

Mist eliminator type = knitted wire mesh  

Clearance between the mist eliminator and the top of the vessel 

 = 1ft = 0.305m 
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        APPENDIX I 

KNOCK – OUT DRUM 2 DESIGN DETAILED CALCULATION 

This drum separates the entrained liquid by the gas from the outlet nozzle of the absorber. 

From the material and energy balance calculation. 

Gas flow rate = 0.0006954kg/min 

Liquid flow rate = 0.1055kg/min 

Gas density = ℓv = P mave 

                                 RT  

But average molecular weight of the gas = mave 

   = x102 mc02 + x02 m02 + XN2 mN2  + ….. 

    =>     ℓv = 101.315 (28.735) 

                     8.314 (40+273)       =   1.119kg/m
3 
 

Vapour velocity  Vv = ku   ℓL -ℓV  
1/2

 

                                               ℓL  

          =  3.161m/s 

Vapour volumetric flow rate 

   = vapour mass rate 

       Vapour density  =  0.00001036m
3
/s 

Drum area = vapour volume flow rate 

                       Velocity    = 0.0000033m
2
 

Drum diameter  =    4(0.0000033)  
0.5

 

                                     3.142               =   0.002m 

Liquid volumetric flow rate 

 = liquid mass flow rate  

                Density      = 1.7979x10
-6

m
3
/s 

Liquid depth = Ls =   0.001079 

                                    0.007855  

               = 0.1374 

Liquid depth Ls = 0.1374 or 1ft mm 

         = 0.1374m or 0.3m 
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                APPENDIX J 

SOLUTION HEAT EXCHANGER DESIGN DETAILED CALCULATION 

The solution heat exchanger, exchange heat between regenerated amine solution and spent amine 

solution. 

Fluid allocation: The hotter fluid should be passed through the tubes while cold fluid through 

the shell. 

 

 

 

 

 

 

Duty (Q) = H13 – H10  =  H14 – H12 

                 = 127.77 – 182.7006 

                   = - 54.9306kg/min 

Temperature profile 

 

 

 

 

 

 

ΔT1  = 350 – 150  = 200
0
C 

ΔT2 = 203 – 40   =  163
0
C  

Logmean temperature difference 

= 180.87
o
C 

Mean temperature difference  

ΔTm  =  ft ΔTLn  

Where ft = temperature correction factor which is a function of R & S. 

    Spent amine solution 

     Gas out T2 = 1500C 

 

Cooling  water in t1 = 3500C                                        t2 =2030C 

Regenerated amine                                    Regenerated amine solution 

solution 

                   Amine spent solution T1 = 400C 

 

 

  

                   

  T1 = 2020c  

 

    3500C 

    1500C   Shell  side   

         

                              Tube  side                               2030C               

                                                                       

                                                                                                              400C 
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   R   =   T1 – T2  =    40  -  150 

                 t2  -  t1      203 – 350 

                             =  0.75  

   S  =  t2 – t1   =  203  - 350 

           T1 – T1      40  -  380  

                             =  0.474 

Basic design equation 

Q  =  UA ΔTm   

Where Q = heat load, U = Overall heat coefficient,  A = Surface area of exchanger 

=> A = Q 

          U ΔTm             =  0.019m
2
 

Selecting tube dimensions from TEMA Standard 

Outside tube diameter (do) = 20mm, Inside tube diameter (di) = 16mm 

Standard tube length (L) = 4.88m 

Surface area of one tube 

    = (do)L = 3.142 (20X10
-3

)(4.88)  = 0.306m
2
 

Number of tubes required 

  = Surface area of exchanger 

     Surface area of one tube  =  0.063 

Number of tubes = 1 tubes 

Tube bundle diameter 

 

From table 12.4 (Coulson and Richardson) 

Ki  =  0.249  

Ni  =  2.207 (for triangular pitch)  

   = 37.5504mm 

From figure 12.12 (Coulson and Richardson) 

Bundle diametrical clearance (split-flow floating head tube) = 50mm 
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      =>  Shell inside diameter = 50 + 37.5504  =  87.5504, Ds =  88mm 

Baffle spacing = Ds  = 0.2(80) 

                             5  =  17.6mm  

Tube – side heat coefficient 

 

where hs = heat coefficient, di = tube inside diameter,  kf = fluid thermal conductivity 

         h = heat coefficient correction factor, Re = Reynolds number,  Pr = prandth number 

           = viscosity at mean temperature,  w = viscosity at wall temperature 

Tube mean temperature 

  = 203 + 350  =  276.5
0
C 

             2  

Average molecular height = 17.8 

   =  0.5561w/m
0
C 

Tube cross – sectional area 

 = 0.00020/m
2
 

Mass velocity =         0.1055 

                    60 x 0.0002    

                     = 8.7917kg/m
2
s 

Tube linear velocity 

   Ut = 8.7917  =   

            948         =  0.0093m/s  

                   

Pr  =     Cp  =   4.38x10
3
x0.89x10

-3
 

Kf                0.5561                                =  7.01 

From figure 12.23 (Coulson and Richardson) 

  h = 2.5x10
-2

 for 25% baffle cuts 

Neglecting viscosity correction factor 
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 hi = 261.13w/m
2 0

C 

Shell – side heat transfer coefficient 

 

  Where de = equivalent diameter 

For triangular pitch  

  de = 1.10 [PE
2
 – 0.917(do)

2
]  

           do   

Tube pitch (PE) 1.25do = 1.25(20)  =  25mm 

  de =  1.10 [25
2
- 0.917(20

2
)] 

              20   =  14.201mm 

Linear velocity, Us = Gs 

                                    ℓ  

Density of liquid = 966kg/m3 

Us = 6.23  = 0.006455m/s 

         966  

Overall heat coefficient (Uo) 

 

From Table 12.2. (Coulson and Richardson) 

Fouling factor for both tube-side and shell-side = 1500w/m
20

C,  

Thermal conductivity of tube material (stainless steel) 55w/m
0
C 

Uo =    1          =     105.35w/m
20

C 

       0.009492  

This is close enough to the assumed value. 

Pressure drop 

Tube – side 
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NP = number of tube pass 

From figure 12.24 (Coulson and Richardson) 

f = frictional correction factor = 7.0x10
-2

 

Neglecting viscosity correction factor 

Δpt =  0.00000076kpa 

Shell – side 

 

From figure 12.30, (Sinnott and Towler) 

F  =  2.2 X 10
-1 

 

Neglecting viscosity correction factor 

Δps  = 0.0000012kpa (too low, the split flow, will increase the pressure drop. 

 

MECHANICAL DESIGN 

Design temperature 

Tube – side = 360
0
C    

Shell – side = 160
0
C 

Design pressure 

Tube – side = 1.1x1 = 1.1atm 

Shell – side = 1.1x1 = 1.1atm 

Material of construction 

Tube – side = stainless steel 

Shell – side = stainless steel  

Baffle cut = 25% 

Baffle height = 0.75 (Ds) = 0.75x120 = 90mm 
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APPENDIX K 

FLASH DRUM DESIGN DETAILED CALCULATION 

  

AVAILABLE  DATA  

Gas flow rate  = 0.0005192kg/min, Liquid flow rate  = 0.1042 kg/h 

Liquid density  = 966kg/m
3
 

Gas density = PM   

   RT = 1.268kg/m
3
 

Kv   = 0.107m/s for a mist eliminator 

Vapour velocity  

Uv   = Kv (ρv-ρv)
1/2

  

            ρv   = 2.951m/s 

Vapour volumetric flow rate  

Qv   = mass flow rate  

        density     = 0.0000068m
3
/s 

Area of the flash drum  

   = Volumetric flow rate  

    vapour velocity  = 0.0000023m
2
   

Drum diameter Dv =  

                           4x Area 

                    = 0.0017m 

Rounding off to 0.002m, 80 

diameter of the flash drum  = 0.002m 

                         Dv = 50m = 500mm 

Area of the drum   

   = 3.142 (0.002)
2
 = 0.0003142m

2
 

     4 

Height of the flash drum, using height to diameter ratio =  2.5 

 h = 2.5 (0.002)  = 0.005m 
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Liquid volumetric flow rate (max) 

  = liquid mass flow rate  

         density  = 1.7973 x 10
-6

m
3
/s 

Liquid volume for 10 minutes holds up in the drum.  

  = 1.7973 x 10
-6

 (10 x 60)  = 0.001078m
3
 

Liquid depth in the drum for every 10 minutes  

  = 0.001078 = 3.4322m 

   0.0003142 

This value is too high, so try hold up time of 5 minutes  

=  Volume of liquid in 5 minutes holdup  

  = 1.7973 x 10
-6

 (5 x 60)   = 0.0005392m
3
 

Liquid depth  = 0.0005392 

    0.0003142      = 0.1716 m 

Clearance between the surface of liquid and the centre of inlet nozzle.   

= 1ft = 1(0.3048) = 0.30m 

Clearance between the centre of inlet nozzle and the mist eliminator  

 = 2 ft = 2 (0.3048) = 0.61m 

Thickness of must eliminator  = 0.152m 

Choosing must eliminator type  = kilted wore mesh. 

Clearance between the mist eliminator and the top of the vessel  = 1ft  = 0.305m 

 

MECHANICAL DESIGN  

Material of construction  = stainless steel  

Design pressure  = 10% above working  pressure (internal) = 1.1 N = 1.1atm 

Design temperature  = 160
0
C   

Drum minimum wall thickness 

  

  

The nearest thickness  = 5mm, The valve is a throttling type 
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                         APPENDIX L  

 STRIPPER (REGENERATOR) DESIGN DETAILED CALCULATION 

The stripper is the reverse of the absorber. The reverse reaction for absorber is applicable here 

with first order rate constant (K1)  

  Column diameter   

Gas flow rate = 0.00004326kg/hr = 0.002595kg/s 

Liquid flow rate = 0.104173kg/min = 6.2504kg/s 

Assume packed column with packing size 38mm Raschig-ring.  From table 11.3 (Coulson and 

Richardson) 

Packing size  dp = 38mm, Packing factor (Fp)  = 310m, Interfacial area     = 128 

Packing material   = ceramic  

From material and energy balance, the gas enter at 300
0
C and 5bar, and liquid enters at  150

0
C 

and 2 atm 

Gas density at 300
0
C  =  pm 

       RT    = 1.914kg/m
3
 

Physical properties of liquid from literature 

ℓL  = 936 kg/m
3 
L  = 0.7 X 10

-3
 ms/m

2 
  KL  = 0.56 w/m

0
C

 

Liquid  - vapour flow factor 

 

Where    Lw
x 
 = liquid mass flow rate per unit cross-sectional area.  

             Vw
x 
 = vapour mass flow rate per unit cross- sectional area. 

          = 108.39 

From figure 11.44, (Coulson and Richardson), for 21mm H2O per unit meter of packing pressure 

drop 

Percentage flooding 
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But 

     K4  = 13.1 (Vw
x
)
2
  Fp  (L/ℓL)

0.1
 

                           ℓv (ℓL -  ℓv)          Vw
x
 = 1.3432kg/m

2
s 

Column area = Gas flow rate 

                          Vw
x
        = 0.001932m

2
                        

 

COLUMN HEIGHT 

Liquid diffusivity 

DL = 1.173 X 10
-13

 (Ǿm)
0.5

T 

               Vm 
0.6

 

Where Ǿ = an association factor for the solvent 

                = 1.0 for unassociated solvent 

            M = molecular weight,   = viscosity of solvent,  T = temperature  

            Vm = molar volume of the solvent at its boiling, m
3
/kmol. This can be estimated from the 

group contribution in Table 8.6 vol. 6 Coulson and Richardson. 

Vm for NH3 carbamate (NH4 COONH2) 

C =  1 x 0.0148 = 0.0148 

H = 6 x 0.0037 = 0.0222 

O = 2 x 0.0074 = 0.0148 

N = 2 x 0.0105 = 0.0312 

Primary amines = 0.0728 

 

=> DL = 1.173 x 10
-13

[1.0 x 78]
0.5

 (423) 

                  0.7(0.0728)
0.6

      = 3.015 X 10
-9

m
2
/s 

Gas diffusivity 

Dv = 1.013 x 10
-7 

T
1.75  

  1   + 1   
1/2

 

                                       ma   mb 

          p[avi)
1/3

 + (bVi)
1/3

]  

avi, bvi are the summation of special diffusion volume coefficient. 

 



196 

 

Diffusion volume for NH3 carbamate  

                  Vi       No. of 

C             16.50  x 1 = 16.50 

H             1.98    x 6 = 11.88 

O             5.48   x  2 = 10.96 

N              5.69  x  2  = 11.38 

                                     50.72 

Diffusion volume for steam = 12.7 

 

Dv = 1.013 x 10
-7

(423)
1.75

   1   +   1 
1/2

 

                                            18     78 

         5(1.013) (9.44)
1/3

 + (50.72)
1/3  

 
2
 

=   0.000006238m
2
/s 

Using Onda‟ method 

= 1 – exp -1.45 (c)
0.75

 (Lu
x
)
0.1   

x (Lw 
x2

a) 
-0.05

 (Lw
x2

)
0.2

                                                                                                                                              

                                                aL             ℓL
2
g             ℓLLa 

 

From literature, surface tension of liquid (L), NH3 carbamate = 0.220m/m
2
 

From literature, surface tension for ceramic packing = 61m/m
2
 

Lw
x
 = 6.2504 = 3235.20kg/m

2
s 

         0.001932   

aw = 1- exp -1.45  61    
-0.75

     3235.20    
      0.1

 

  a                          0.22          128 x 0.7x10
-3

  

 

  = 1- exp [- 0.3440] = 1.0 

aw = a, Where aw = effective interfacial area,  Aw = 128m
2
/m

3
 

Mass transfer coefficient   

Vw
x
 = 0.002595 = 1.3432kg/m

2
s 

         0.001932  

KGRT = K5  Vw
x   

0.7  v     
1/3

  adp   
-2.0

 

 aDv               av         ℓvDv                    = 0.0003827kmol/m
2
sbar 
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K   ℓL   
1/3

 = 0.0051    Lw
x
     

2/3     
L   

 1/3
  adp  

-2.0
 

     Lg                      aw L         ℓLDL  

   = 1.4538 

KL         936                 
0.33  

= 1.4538 

        0.7X10
-3

X9.81          

  

For stripping with chemical reaction 

The rate or reaction coefficient at 150
0
C is 36.7 x 10

6
 m

3
/kmol, bar (from literature) 

(forment), equilibrium constant.   

      Ka  = 9.0 x10
-6 

kmol/m
3
 

        Forward reaction, k2  = 36.7 x 10
6
 m

3
/kmol.hr    = 1.019 x 10

4 
 m

3
/kmol.s 

         Reverse reaction, k1 = 1.019 x10
4
 x9.0 x 10

-6 
= 9.171 x10

-2
/s

 

Note:   forward reaction is a second order, and reverse reaction is first order 

Also from literature (forment), Henry‟s constant = 35.7m
3
/kmol bar   

Mass transfer coefficient for chemical reaction 

       K
1

L  =       KDV 

       = 7.5653 X 10
-2 

m/s 

             Overall liquid mass transfer coefficient ε 

         = 0.072s 

Height of packing 

 

Lm   = liquid molar flow rate per unit cross- sectional area 

Xout   = mole fraction of CO2  in the outlet liquid =  0.0081 

Xout    =  mole fraction of CO2 in the inlet liquid 

          = 0.00001 [since pure liquid enters the column without any CO2 gas] 

Lm  =          0.002595             =    0.011kmol/m
2
s 

     0.001932 x128 
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CT      = total concentration of liquid 

         =    936         =   7.31 kmol/ m
3 

    128 

CT   =  7.31Kmol/m
3 

      

  =  0.021 x 6.685, H  = 0.14m 

Height of packing = 0.14m 

Height of column = packing height + liquid depth at column bottom + gas disengagement height. 

For 15% safety factor 

  Height of packing = 1.15 x 0.14 =0.16m 

Volume of liquid at 1 minute hold-up time 

 = 6.2504  x 1 x 60 =  0.401m
3 

                      
936 

Gas disengagement height  = 1.0ft =0.3048m 

Height of column 

    =  0.14 +0.401 + 0.914 = 0.85m 

 

MECHANICAL   DESIGN  

Column wall thickness  

     t   =      pd          +      c 

              2f – p 

    Where t  = minimum wall thickness, P  = design pressure, d  = column diameter 

    c  = corrosion allowance,   J  = welded efficiency 

    f  = permissible stress  =  115m/mm
2
 for stainless steel at 300

0
C  

 c = 3.0mm, P = 1.1 x operating pressure = 5.5bar 

t =   0.55x 0.05         + 3.0   = 3.0011mm 

      2x 115 – 0.55 

Taking   t = 3.0mm 

Column cover thickness = 3.0mm 
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APPENDIX M 

   REBOILER DESIGN DETAILED CALCULATION 

The reboiler vapourized some of water into steam, that will be used to regenerate the NH3 used 

to scrub CO2 gas. 

 

Design datas 

Duty (Q) = 0.1326kJ/min 

Reboiler type: Kettle reboiler  

It have lower heat transfer coefficients than the other types, as there is no liquid circulation. They 

are not suitable for fouling materials, and have a high residence time. They will generally be 

more expensive than an equivalent thermos upon type as large shell is needed, but if the duty is 

such that the bundle can be installed in the column base, the cost will be competitive with the 

other types. They are often used as vapourizers, as a separate vapour – liquid disengagement 

vessel is not needed. They are suitable for vacuum operation, and for high rate of vapourization 

up to 80% of the feed. 

 

 

 

 

 

 

 

 

 

 

 

From Figure 12.1 (Coulson and Richardson), 

Assume U = 600w/m
2 0

C 

Mean temperature difference 

ΔTm  =  ΔTLn ft 

                                                          Condensate      

                                                                    T2 = 1200C    5atm 

 

             water in t1 = 300C                       steam    t2 =3000C    p2 = 5.4 atm 

 p1 = 1 atm                                   

                   

                  heating steam  

  T1 = 4000C (5 atm) 
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  =>  

ΔT1 = 300 – 120  =  180
0
C 

ΔT2 = 400 – 300 = 100
0
C 

       

R = T1 – T2  = 400 – 120 

        t2 – t1      300 – 30  

               = 280  = 1.4 

                  200 

S = t2 – t1  =       200 

      T1 – t1       400 – 30  = 0.54  

From Figure 12.22 (Coulson and Richardson) 

Ft = 0.8 (split-flow shell, two tube passes) 

=>  Δtm = 0.8 (136.1) = 108.88
0
C 

Design equation 

Q  =  UAΔTm 

Q = heat load, U = overall heat transfer coefficient , A = surface area of exchanger 

A  =  Q   =          0.1326 X 10
3 

  
60 x 600 x 108.88   =   0.00003383m

2
 

Selecting,  

25-mm internal diameter, 30-mm outside diameter, Plain U-tubes length = 4.8m 

Number of U tubes 

     =  0.00003383     =  0.000075 

    (30x10
-3

) (4.8) 

Number of U tubes = 1 tube  

Number of U- per pass 

           = 1  = 0.5 tubes 

              2  

Using square pitch arrangement 

         =  1.5 od = 1.5 x 30 = 45mm 
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Drawing a tube layout diagram, taking minimum and radius 

             = 1.5x tube od = 45mm 

Proposed layout gives 1 U-tube, tube outer limit diameter 420mm 

Boiling coefficient 

Use Mostinski‟s equation 

 

Where p = operating pressure, bar, Pc = liquid critical pressure, bar, q  = heat flux, w/m
2
     

Note q = hnb (Tw – Ts) 

From literature, pc for water = 220.5, bar 

Heat flux based on estimated area  

        = 65.326kw/m
2
      

P = 5.44 (1.013) = 5.511 bar 

 

  =  10106.32 [0.96+0.88+(9.52x10
-16

)], hnb = 18595.63w/m
2 0

C  

Taking steam condensing coefficient as 8000w/m
2 0

C, fouling coefficient 5000w/m
2 0

C, water 

fouling coefficient 2000w/m
20

C. Tube material will be plain carbon steel, kw = 55w/m
0
C 

Overall heat transfer coefficient 

 
Uo  = 962w/m

2 0
C 

This is close enough to the assumed value 

Check maximum allowable heat flux, 

Use modified zuber equation. 

 

Surface tension of water at   30+300   = 165
0
C 

                                                    2  

T =  pch (ℓr -ℓv)
4 

x 10
-12

 

              m  

pch = sudgen parachor, = 17.1 +11.3 
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                                    = 28.4(for H20) 

                          (Table 8.7, Coulson and Richardson) 

  ℓv = pm =  5.51(101.325)(18) 

          RT      8.314(165+273)  

               = 2.760kg/m
3
 

T = 28.4 X [964 – 2.760]
4 

X 10
-12

 

                   18                       =       1.35 mJ/m
2 
 

   = 1.35 x 10
-3

N/m 

   ℓL = 964kg/m
3
, Nt (no of tubes) = 1 

 

For square arrangement Kb = 0.44 

 

Where qcb = maximum (critical) heat 

Flux for the tube bundle, w/m
2
 

Kb = 0.44 for square pitch arrangement  

Pt = tube pitch 

do = tube outside diameter 

Nt  = total number of tubes in the bundle 

  =>      

                                     

= 105462.08(3.1381) = 3309522.102w/m
2
 

qcb = 3309kw/m
2
 

Applying a factor of 0.7, maximum flux should not exceed 3309x0.7 = 2316.3 kw/m
2
  

Actual flux is 62.280kw/m
2
 is above maximum allowable meaning that the reactor needs to be 

scaled up. 

LAYOUT 

From tube – sheet layout, Db = 420mm 

Take shell diameter as twice bundle diameter  

                Ds = 2 x 420  =  840mm 
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Take liquid level as 500mm from base, 

Free board = 840 – 500  = 340mm, satisfactory. 

From sketch, width at liquid level = 0.8m 

Surface area  liquid = 0.5 x 2.4  = 1.9m
2
 

Vapour velocity at surface  

  =  0.002595      x   1     x    1 

      0.80  x 60      2.76         1.2   =   0.000016m/s 

Maximum allowable  velocity 

Uv =  ℓr - ℓv  
1/2

 (0.2) 

            ℓv     = 3.73m/s 

So actual velocity is wall below maximum allowable velocity. 

 

MECHANICAL DESIGN 

Design temperature 

Shell – side = 410
0
C 

Tube – side = 310
0
C 

Design pressure 

Tube – side = 5.44 x 1.1 = 5.984atm 

Shell – side = 5 x 1.1 = 5.5atm 

 Material construction 

Tube – side stainless steel, Shell – side stainless steel, Shell wall thickness (minimum) 

     = 5.014mm 

Shell cover thickness = 5mm (same as shell wall thickness) 

Baffle spacing = Ds = 840 = 168mm 

                             5       5   

Baffle cut = 35% 

Baffle height = 0.75 (Ds)  = 0.75x840 = 630mm 

Number of rods = 12 

Rod diameter = 12.5mm 
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APPENDIX N 

Process Equipment Specifications Summary 

Absorber Specifications 

Table N1: Results Summary of Absorber Specifications 

Equipment name Absorber 

Type 

Packing type 

Packing size 

Packing factor 

Column area 

Column diameter 

Height of absorption section 

Height of wash section 

Bottom liquid depth 

Top gas disengagement height 

Packing height 

Column material 

Design temperature 

Design pressure 

Column wall thickness 

Column cover thickness 

Wetted wall column 

Ceramic intallox paddle 

38mm 

170m
-1

 

0.0003142m
2
  

0.01m 

1.0m 

0.2m 

0.000044m 

0.3048m 

0.235m 

Stainless steel 

50
0
C 

1.1atm 

5mm 

5mm (terrispherical) 

The design of wet scrubbers or any air pollution control device depends on the industrial process 

conditions and the nature of the air pollutants involved. Inlet gas characteristics and dust 

properties are of primary importance. Scrubber was designed to collect particulate matter and/or 

gaseous pollutants (Coulson and Richardson, 2005). Wet scrubbers remove dust particles by 

capturing them in liquid droplets. Wet scrubbers remove pollutant gases by dissolving or 

absorbing them into the liquid. Droplets that are in the scrubber inlet gas were separated from the 

outlet gas stream by means of another device referred to as a mist eliminator or entrainment 

separator. 

Evaporative Gas Cooler 2 Specifications 

The evaporative cooler (also swamp cooler, desert cooler and wet air cooler) is a device that was 

designed to cool air through the evaporation of water. Evaporative cooling differs from typical 

air conditioning systems which use vapour-compression or absorption refrigeration cycles. 

http://en.wikipedia.org/wiki/Entrainment_%28engineering%29
http://en.wikipedia.org/wiki/Entrainment_%28engineering%29
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Evaporative cooling works by employing water's large enthalpy of vaporization. The temperature 

of dry air can be dropped significantly through the phase transition of liquid water to water 

vapour, which requires much less energy than refrigeration. 
 

Table N2: Results Summary of Evaporative Gas Cooler 2 Specifications 

Equipment name                        Gas Cooler 2 

Type  

Sub-type  

Shell type 

Number of tubes 

Number of tubes per pass 

Surface area of exchange            

Heat load 

Tube bundle diameter  

Shell inside diameter 

Bundle clearance 

Overall heat coefficient 

Tube-side heat coefficient 

Shell-side heat coefficient 

Tube-side fouling factor       

Shell-side fouling factor       

Tube pitch                          

Tube arrangement pattern 

Baffle spacing                     

Baffle cut                           

Baffle type                         

Baffle height                      

No of support place nods    

Diameter of nods   

Tube-side design press    

Tube-side design temp. 

Tube-side pressure drop 

Shell-side design press 

Shell-side design temp. 

Shell-side design pressure Drop 

Tube material 

Shell material                 

Horizontal C & R 

Split-ring floating Head 

Split-flow 

130 

65 

0.003m
2
 

0.7008KJ/min 

37.5mm 

48.5mm 

11mm 

0.082w/
0
C 

11.935 w/
0
C 

3.1391 w/
0
C 

5000w/m
20

C 

5000w/m
20

C 

25mm 

 Triangular 

9.7mm 

25% 

Segmented 

76.275mm 

8 

9.5mm 

2.2atm 

70
0
C 

0.215kpa 

1.1atm 

90
0
C 

169.77kpa 

Mild steel 

Stainless steel. 

 

                     

 

http://en.wikipedia.org/wiki/Enthalpy_of_vaporization
http://en.wikipedia.org/wiki/Refrigeration
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Solution Cooler 2 Specifications 

Table N3: Results Summary of Solution Cooler 2 Specifications 

Equipment name Solution cooler 

Type  

Sub-type 

Shell-type 

Surface area of exchange 

Tube-inside diameter 

Tube-outside diameter 

Heat load 

Tube length 

Tube-sheet 

Shell inside diameter 

Tube bundle diameter 

Bundle clearances 

Number of tubes 

Number of tube pass 

Number of tubes per pass 

Baffle spacing 

Baffle cut 

Tube pitch 

Tube arrangement pattern 

Overall heat coefficient 

Tube-side pressure drop 

Shell-side pressure drop 

Tube-side design pressure 

Shell-side design pressure 

Tube-side design temp. 

Shell-side design temp. 

Shell wall thickness 

Tube material 

Shell material 

Horizontal shell & tubes 

Split-ring floating head 

Split-flow 

0.304m
2
 

16mm 

20mm 

178.7054KJ/min 

4.88m 

0.03m 

87.55mm 

37.55mm 

50mm 

1 

1 

1 

17.51mm 

25 % (segmented type ) 

25mm 

Triangular 

362.9896 w/m
20

C 

0.000013kpa 

243.17kpa  

2.7atm 

2.2atm 

100
0
C 

212
0
C 

5mm 

Mild steel 

Stainless steel 
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Cooler 5 (Condenser 5) Specifications 

Table N4: Results Summary of Cooler 5 (Condenser 5) Specifications 

Equipment name                             Cooler 5 

Type   

Sub-type                            

Head load 

Shell type   

Number of tubes 

Number of tubes pass               

Number of tubes per pass          

Tube bundle diameter                

Surface area of cooler              

Shell inside diameter             

Baffle spacing                        

Baffle cut                      

Baffle height                        

Baffle type                            

Tube pitch                              

Tube pattern                           

No of rods                               

Diameter of rods                      

Shell-side design press 

Tube-side design press 

Shell-side design temp. 

Tube-side design temp. 

Shell material 

Overall heat coefficient         

Shell wall thickness             

Shell cover thickness 

Tube-side pressure drop 

Shell-side pressure drop 

Shell & tube H.E 

Split-ring floating head 

2.62889kJ/min 

Two shell pass 

1 

4 

1 

5.88mm 

0.00245m
2
 

63.88mm 

494mm 

25% 

0.75 Ds = 47.91mm 

Segmented 

31.25mm 

Triangular pattern 

12 

9.5mm 

5.984atm 

2.75atm 

310
0
C 

160
0
C 

Stainless steel 

3.5142w/m2
0
C 

5mm 

5mm 

0.0000079kpa 

791.388kpa. 
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Knock-Out Drum 1 Specification 

Vapour–liquid separator was designed to separate a vapour–liquid mixture. The vapour–liquid 

separator is also referred to as a flash drum, knock-out drum, knock-out pot, compressor suction 

drum or compressor inlet drum (Kister, 1992). The vapour travels gas outlet at a design velocity 

which minimizes the entrainment of any liquid droplets in the vapour as it exits the vessel. 

Table N5: Results Summary of Knock Out Drum 1 Specification 

Equipment name                          Knock-out drum I 

Type 

 Drum diameter                             

Drum length                                 

Mist eliminator type                       

Mist eliminator thickness                

Clearance between liquid surface and centre of nozzle                      

Clearance between centre of inlet Nozzle and mist 

eliminator              

Clearance between mist eliminator  and drum top edge                        

Drum material of construction      

Drum wall thickness                    

Head and closure type                  

Head and closure type                  

Mist eliminator material                                                          

Vertical vessel 

0.002m 

0.004m 

Knitted wire-mesh 

0.152m 

0.3m 

 

0.1524m 

0.31m 

Stainless steel 

7mm 

Ellipsoidal 

7mm 

Stainless steel. 

 

 

 

 

http://en.wikipedia.org/wiki/Entrainment_(engineering)
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Knock-Out Drum 2 Specifications 

Table N6: Results Summary of Knock Out Drum 2 Specifications 

Equipment name                          Knock-out drum 2 

Type   

Drum diameter                             

Drum length                                

Mist eliminator type                      

Mist eliminator thickness               

Liquid depth                                 

Clearance b/w liquid surface and centre of 

nozzle                            

Clearance b/w the centre of nozzle and the 

mist eliminator          

Clearance b/w the mist eliminator and drum 

top                                  

Drum wall thickness                        

Head and closure type                     

Head and closure thickness              

Mist eliminate material                    

Drum material                                                                       

Vertical cylinder vessel 

0.002m 

1.0m 

Knitted wire-mush 

0.152m 

0.1374m 

0.05m 

 

0.1m 

 

0.31m 

 

5mm 

Tom spherical 

5mm 

Stainless 

Stainless steel 

  

Solution Heat Exchanger Specifications 

A heat exchanger was designed for efficient heat transfer from one medium to another. The 

media is separated by a solid wall, so that they never mix, or they may be in direct contact 

(Kister, 1992). They are widely used in space heating, refrigeration, air conditioning, power 

plants, chemical plants, petrochemical plants, petroleum refineries, natural gas processing, and 

sewage treatment. 

 

http://en.wikipedia.org/wiki/Heat_transfer
http://en.wikipedia.org/wiki/Space_heating
http://en.wikipedia.org/wiki/Refrigeration
http://en.wikipedia.org/wiki/Air_conditioning
http://en.wikipedia.org/wiki/Power_plant
http://en.wikipedia.org/wiki/Power_plant
http://en.wikipedia.org/wiki/Power_plant
http://en.wikipedia.org/wiki/Chemical_plant
http://en.wikipedia.org/wiki/Petrochemical
http://en.wikipedia.org/wiki/Oil_refinery
http://en.wikipedia.org/wiki/Natural_gas_processing
http://en.wikipedia.org/wiki/Sewage_treatment


210 

 

Table N7: Results Summary of Solution Heat Exchanger Specifications 

Equipment name                             Solution Heat exchanger 

Type   

Sub-type                            

Head load 

Shell type   

Number of tubes 

Number of tubes pass               

Number of tubes per pass          

Tube bundle diameter                

Surface area of exchanger              

Shell inside diameter             

Baffle spacing                        

Baffle cut                      

Baffle height                        

Baffle type                            

Tube pitch                              

Tube pattern                           

No of rods                               

Bundle diameter 

Shell inside diameter 

Tube outside diameter 

Tube inside diameter 

Tube length 

Tube-sheet thickness 

Bundle clearance 

Diameter of rods                      

Shell-side design press 

Tube-side design press 

Shell-side design temp. 

Tube-side design temp. 

Shell material 

Overall heat coefficient         

Shell wall thickness             

Tube -side coefficient 

Shell-side coefficient 

Shell cover thickness 

Horizontal S&T 

Split-ring floating head 

- 54.9306 KJ/min 

Split flow 

1 

1 

1 

37.5504mm 

0.019m
2
 

87.5504mm 

17.6mm 

25% 

135mm 

Segmented 

25mm 

Triangular pattern 

8 

124mm 

180mm 

20mm 

16mm 

4.88mm 

0.03m 

50mm 

9.5mm 

1.1atm 

1.1atm 

160
0
C 

360
0
C 

Stainless steel 

300w/m
20

C 

5mm 

261.13w/m
20

C 

361.324w/m
20

C  

5mm 
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Flash Drum Specifications 

Table N8: Results Summary of Flash Drum Specifications  

Equipment name Flash drum 

Type  

Drum diameter 

Drum length 

Mist dominator type 

Mist dominator thickness 

Liquid depth 

Clearance between liquid surface and centre 

of nozzle 

Clearance between center wilet nozzle & 

mist dominator 

Clearance between mist dominator and drum 

top 

Drum material of construction 

Head and closure type 

Vertical gas 

Liquid separator 

0.002m 

Knitted wore mesh 

0.152m 

0.30m 

 

0.30m 

 

0.61m 

 

0.31m 

Stainless steel 

Ellipsoidal 

 

Stripper Specifications 

The hot CO2 rich NH3 solution was sent through a stripper where the CO2 is stripped 

from the NH3 solution. The stripped NH3 solution (Lean NH3) is recycled through the 

heat integrated Rich Lean NH3 heat exchanger and then cooled in a lean cooler and 

recycled back to the NH3 absorber. The CO2 gas from the stripper column is cooled in a 

Gas Cooler (condenser).  
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Table N9: Results Summary of Stripper Specifications 

Equipment name Stripper 

Type    

Packing type 

Packing size                                 

Column area        

Column diameter 

Packing height 

Top gas disengagement height     

Column material                  

Design temperature            

Design pressure 

Column cover thickness 

Column height 

Interfacial area of packing 

Packing factor                                     

Packed column 

Ceramic Raschy 

38mm 

0.001932m
2
 

0.05m 

0.16m 

0.3045m 

Stainless steel 

31
0
C 

5.5bar 

5.0mm 

0.85m 

128m
2
/m

3 
  

310/m 
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Reboiler Specifications 

Table N10: Results Summary of Reboiler Specifications 

Equipment name                             Reboiler 

Type 

 Sub-type                            

Head load 

Tube side operating temperature 

Shell side operating temperature 

Number of U-tubes 

Total number of tubes 

Number of tubes per pass          

Surface area of reboiler             

Surface area of one tube 

Heat flux 

Baffle spacing                        

Baffle cut                     

Baffle height                        

Tube pitch                              

Tube pattern                           

No of rods                               

Tube outside diameter 

Tube inside diameter 

Tube length 

Diameter of rods                      

Shell-side design press 

Tube-side design press 

Shell-side design temp. 

Tube-side design temp. 

Shell material 

Tube side material 

Shell wall thickness             

Shell cover thickness 

Kettle type 

Horizontal U-tube 

0.3126KJ/min 

30-300
0
C 

400-120
0
C 

1 

1 

2 

0.00003383m
2
 

0.452m
2
 

65.326kw/m
2
 

168mm 

35% 

630mm 

45mm 

Square pattern 

12 

30mm 

25mm 

4.88m 

12.5mm 

5.5atm 

5.984atm 

410
0
C 

310
0
C 

Stainless steel 

Stainless steel 

5mm 

5mm 
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  Plate 5.1a: Image showing the portable combustion gas analyzer 

 
 Plate 5.1b: Image showing the power generating set connected to the absorption column 

 
  Plate 5.1c: Image showing the power generating set connected to the absorption column 
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  Plate 5.1d: Image showing the reading of the data displayed on the LCD of the gas analyzer 

 
 Plate 5.1e: Image showing the preparation of the different ammonia concentrations for the 

reaction 

 
Plate 5.1f: Image showing the already prepared aqueous ammonia concentrations for the reaction 


