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Abstract 

Amine-based Carbon Capture (ABCC) is the advanced, cost-effective technology used to 

control climate change by capturing CO! emissions. Although it has been demonstrated 

commercially, amine degradation poses a significant threat to humans and aquatic life. Amine 

degradation produces a wide variety of complex products. Some of them are carcinogenic and 

mutagenic such as nitrosamines and some organic acids that have demonstrated acute toxicity for 

laboratory animals. In order to mitigate the adverse impact of these compounds on human health 

and aquatic life, heterogenous photocatalysis, an advanced oxidation process, which can degrade 

a wide variety of chemical species with the potent reactive hydroxyl radicals, was considered for 

the degradation of these compounds. The photocatalytic degradation of N-Nitrosodiethylamine 

(NDEA), acetic acid and formic acid were tested using various metal impregnated TiO2 such as 

Fe, Co, Ni and Cu. The operational parameters for the photocatalytic degradation process were 

chosen as solution pH, catalyst dose and metal impregnation percentage (imp %). Various 

techniques were used for the catalyst characterization such as Thermogravimetric Analysis (TGA), 

X-Ray Fluorescence Spectrometer (XRF), Brunauer-Emmett-Teller (BET), UV–visible 

spectrophotometer (UV-Vis), Scanning electron microscope (SEM), and X-ray 

diffraction (XRD).  

Designing the experiments, optimization, and impact of the parameters on the 

photocatalytic degradation of NDEA, acetic acid, and formic acid were analyzed using a Face-

centered-central composite design (FC-CCD) in Response Surface Methodology (RSM) by Stat-

ease Design expert software. Various regression models were tested using ANOVA to fit between 

the responses (NDEA, acetic acid, and formic acid) of FC-CCD experimental runs and the 

independent variables. The quadratic model was analyzed as the best fit for all the responses and 
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the independent variables by eliminating insignificant factors. This model was best demonstrated 

for all the catalysts such as Fe, Co, Ni, and Cu impregnated TiO2. The interaction between the 

three variables and the responses were studied and presented in three-dimensional graphical 

representation. pH was found as an important factor for all three responses. The optimum 

conditions for the degradation of NDEA, acetic acid and formic acid using Fe-TiO2 catalyst were 

found as 3.65, 1.5 g/l, and 4.46. Whereas for the Co-TiO2 catalyst the optimum conditions were 

pH 3.77, catalyst dose of 0.95 g/l, and a metal impregnation percentage of 5. For the Ni-TiO2 the 

optimum conditions were pH-5.89, dose-0.5 g/l, and imp % of 3.18. A pH of 4.71, dose of 1.5 g/l 

and imp % of 4.66 were found as optimum conditions for Cu-TiO2. The optimum conditions of 

the parameters for the photocatalytic degradation of NDEA, acetic acid, and formic acid were 

determined using RSM and the average degradation efficiency of all the compounds reached 

93.1% for Fe-TiO2, 92.08% for Co-TiO2. 89.09% for Ni-TiO2, 88.81% for Cu-TiO2, and 86.3% 

for TiO2 at the optimum conditions.  
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Chapter 1: Introduction & Thesis Overview 

Each individual has added substantial volumes of greenhouse gasses in the atmosphere 

since the Industrial Revolution started in 1700, primarily by using fossil fuels to produce 

electricity, cool buildings and electric cars, and by deforestation 1. Fossil fuels burning alone 

contributes approximately 65% of the greenhouse gas production, leading to possible catastrophic 

global warming 2–7. The emissions of greenhouse gases across the globe increased by 35% during 

the period 1990 to 2010, particularly CO2 emissions which accounts for more than three-fourths 

of total greenhouse gas emissions increased by 42% during the same period 1. The greatest source 

of emissions of greenhouse gases in the United States is electricity production, followed by 

transport 1. As of 2018, the total global primary energy consumption was 157,063.77 TWh 

(Terawatt-hours) as shown in Figure 1.1.1.1. Out of which fossil fuels remains the world’s 

dominant source of power, with a share of 86.95% (crude oil 34.52%, coal 27.93%, natural gas 

24.50%), whereas hydropower (2.67%), nuclear (1.72%), wind (0.81%), solar (0.37%), traditional 

biofuels (7.07%) and other renewables (0.4%) (excluding solar, wind, hydropower and traditional 

biofuels) contributed a total share of 13.05% 8,9. Therefore, it is evident that fossil fuels are the 

main source of primary energy generation. The major gases contributing to the greenhouse effect 

are the CO2, nitrous oxides, methane and chlorofluorocarbons. However, carbon dioxide is the 

most contributing gas to this effect among all greenhouse gases. This may be due to the following 

factors a) the lifetime of CO! is very long and cannot be defined with a single value - the 

unabsorbed CO!by the ocean surface persists in the atmosphere for thousands of years b) it is the 

largest emission of all greenhouse gases 1,10. Therefore, it is essential to reduce the anthropogenic 

CO! levels in the atmosphere in order to limit global warming to 1.5℃. In fact, enormous efforts 

were made to capture CO! from stationary energy sources as they are key source of CO!emissions 
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11–14. Various technologies are available for carbon capture and separation from gaseous streams, 

but the most well-known approaches included pre-combustion, post-combustion and oxy-fuel 

combustion capture 15–18  In pre-combustion capture, the fuel is decarbonized before combustion, 

while CO! is captured from the flue gas in the post- combustion chamber. Pure oxygen is used as 

combustion fuel in oxy- fuel combustion. These technologies have developed enormously over the 

years. Figure 1.1.1.2 outlined the three paths intrinsic benefits and drawbacks 19. Pre-combustion 

Capture of CO! needs a gasifier and hence can be used only with new facilities. Whereas oxy-fuel 

combustion may face difficulty in retrofitting existing coal-fired boilers that are more than twenty 

years old (as is true with most of the US fleet) 20. Therefore, Post-combustion CO! capture (PCCC) 

technology is preferred as the most viable option for existing coal-fired power plants due to its 

“end-of-pipe” functionality 19. 

 

Figure 1.1.1.1: Global primary energy consumption 21 
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For capturing CO! from the flue gas by post-combustion capture technology, there are 

many separation techniques commercially available such as absorption, membranes, solid sorbents 

and cryogenics 2223. However, comparative assessment studies by Hendriks, 1994 24; Riemer and 

Ormerod, 1995 25; IEA GHG, 2000b 26 found that absorption processes based on chemical solvents 

are currently the preferable method for post-combustion CO! capture. They offer high capture 

efficiency and selectivity at this moment, as well as lowest energy consumption and costs relative 

to other existing post-combustion capture processes 22.  

 

Figure 1.1.1.2: Various methods to capture, transport and store 𝐶𝑂! 22 

Various solvents are in use for PCCC, such as chilled ammonia, blended amines, non-

amine-based solvents, ionic liquids, and phase-changing sorbents, amine-based aqueous solvents 

11. However, amine-based solvents, due to their high absorption capacities and their ability to 

selectively absorb CO!/	H!S from natural and flue gases, were extensively tested and 

commercially proven for PCCC technology 27 11. 
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Although carbon capture with amines has been demonstrated commercially, it poses a 

major challenge due to solvent degradation [11], [23], [30], 29. Amines react irreversibly with CO!, 

O! and other oxygenated compounds present in the flue gas (SO", NO") 30–32, and also the metals 

in the fly ash (Fe, V, Cr, Cu, Mn, Ni) 33–35 leading to the formation of a complex mixture of 

degradation products.  Some of these degradation products such as nitrosamines could pose a threat 

to humans and the environment because of their hazardous nature 30.  

Due to the possible leakage of amines and their degradation products to the environment, 

reducing these compounds in the environment is of utmost importance. Amines like 

monoethanolamine (MEA), methyl diethanolamine (MDEA), and piperazine (PIP) potentially 

effect respiratory system at high levels of inhalation, and PIP along with 2-Amino-2-methyl-1-

propanol (AMP) has also been shown to be a sensitizer 36 37. The studies on MEA and PIP at high 

oral doses confirmed  that the carcinogenic and mutagenic effects were little or nil but observed 

reproductive, neurotoxicity, and target organ toxicity 38 37. Since these effects occurs only at high 

levels of intake or exposure, their presence is not of main concern. The degradation products 

formed due to irreversible reactions of amines with NOx compounds, produces potentially 

carcinogenic and mutagenic compounds such as N-Nitrosamines 7 39 40. The overall concentration 

of N-nitrosamine in pilot plant washwater samples was measured as 0.50-0.73 µM for MEA-based 

and 59 µM for 25% AMP and 15% PZ solvents 41 42. These concentrations are so high in order to 

meet the drinking water guideline values set by different environmental agencies such and USEPA 

and Norwegian Environment Agency 41 43.  Boundary Dam carbon capture plant in Saskatchewan 

reported the total concentration of some organic acids such acetic acid and formic acid present in 

the amine wastewater as 155 mg/l and 150 mg/l 44. These values are way higher than the guideline 

values set by the Centre for Disease Control (CDC) 45. Toxicology data network (TOXNET) 
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database (an integrated part of National Library of Medicine) revealed that the intake of 

contaminated water and aquatic organisms with nitrosamines even in very low concentrations 

(ng/l) may result in an increase in the risk of cancer over the lifetime are estimated at 1X10-6.  N-

nitrosodimethylamine (NDMA), a degradation of the product of amines, is considered one of the 

strongest nitrosamines and is used as a reference in assessing carcinogenic potency 46. Another N-

nitrosamine that formed during the degradation of amines, is N-nitrosodiethylamine (NDEA) 

which is more carcinogenic than the base NDMA (TD50-0.0959 mg kg-1d-1) and has the lowest 

TD50 value of 0.0265 mg kg-1d-1 46,47 among the N-nitrosamines in ABCC wastewater. Apart from 

nitrosamines, other degradation products that also effect human health are organic acids, and some 

have demonstrated acute toxicity for laboratory animals 30. Organic acids also act as precursors for 

the formation of some complex degradation products which creates operational issues. The 

formation of these hazardous compounds during carbon capture with amines raises some severe 

concerns for  the installation of ABCC plants such as the possible contamination of downwind 

airsheds and potable water aquifers by these compounds, which may be in the form of vapors 

escaped from the washwater unit or can be formed in the atmosphere through reaction between 

vaporized amines and NOx compounds present in the atmosphere 12,39,42. Therefore, effective 

treatment technologies for reducing its impact on human health and the environment is of utmost 

importance. 

In order to treat the degradation products effectively, the choice of a specific treatment 

technique is extremely important because of the very complex composition of amine wastewater. 

Numerous conventional treatment technologies have been in use for treating wastewater, but these 

methods can treat contaminants of a specific type and cannot destroys or oxidizes completely when 

the composition of wastewater has a wide variety of chemical species 48. Heterogeneous 
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photocatalysis (UV/TiO2), an advanced oxidation process that can mineralize a wide variety of 

chemical species with strong reactive hydroxyl radicals, is considered for treating the amine 

wastewater. Mild operating conditions and the use of cheap and chemically stable solid 

semiconductor catalyst (TiO2) for the destruction of contaminants are especially attractive 49. The 

major disadvantage of TiO2 photocatalysis is the recombination of electrons and holes and also 

wide energy band gap (3.0 eV for rutile and 3.2 eV for anatase), which makes the TiO2 active for 

UV light only, thereby limiting the practical use of TiO2 photocatalyst under solar light. Metals 

such as Fe, Co, Ni & Cu were impregnated on the TiO2 surface to overcome these complications 

and make the TiO2 catalyst more sensitive towards visible light with long holding of electrons 50. 

If amines and their degradation products are successfully treated, especially nitrosamines, using 

this treatment technology, the mitigation of greenhouse gases with ABCC technology will be more 

promising. 

 The main objective of this research is to degrade the hazardous products formed during the 

carbon capture with amines using the photocatalysis technique. To see whether this particular 

treatment technology would be able to degrade some important group of degradation compounds 

in the ABCC plants that are N-nitrosamines and the organic acids, NDEA, acetic acid, and formic 

acid were selected as the degradation products of amines based on the literature instead of actual 

amine wastewater. Since the actual amine wastewater constitutes hundreds of degradation products 

and all of them are not hazardous. Therefore, NDEA was chosen based on their carcinogenicity 

since it is more carcinogenic than the benchmark N-nitrosamine (NDMA), whereas acetic acid and 

formic acid were chosen based on the Boundary Dam report. In order to test the efficiency of 

photocatalysis for the degradation of NDEA, acetic acid and formic acid various metal 

impregnated TiO2 catalysts such as Fe, Co, Ni and Cu were studied under UV irradiation. The 
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operational parameters for the photocatalytic degradation process were chosen as solution pH, 

catalyst dose and metal impregnation percentage (imp %). For the catalyst characterization 

Thermogravimetric Analysis (TGA), X-Ray Fluorescence Spectrometer (XRF), Brunauer-

Emmett-Teller (BET), UV–visible spectrophotometer (UV-Vis), Scanning electron microscope 

(SEM), and X-ray diffraction (XRD) were used. Designing the experiments, optimization, and 

impact of the parameters on the photocatalytic degradation of NDEA, acetic acid, and formic acid 

were analyzed using a Face-centered-central composite design (FC-CCD) in Response Surface 

Methodology (RSM) by Stat-ease Design expert software. Various regression models were tested 

using analysis of variance (ANOVA) to fit between the responses (NDEA, acetic acid, and formic 

acid) of FC-CCD experimental runs and the independent variables. The interaction between the 

three variables and the responses were studied and presented in three-dimensional graphical 

representation. The optimum conditions of the parameters for the photocatalytic degradation of 

NDEA, acetic acid, and formic were determined using RSM. 

1.1  Background 

1.1.1 TiO2 and metal impregnated photocatalysis 

The photocatalysis method was inspired by the natural photosynthesis. Berzelius first 

identified the phenomenon of catalysis in 1835. In 1895, Ostwald defined catalysis as an 

acceleration of chemical reactions due to the presence of non-consumed foreign substances. In 

industrial catalysis the first significant breakthrough was the synthesis of ammonia from the 

components found by HABER in 1908, with the use of osmium as a catalyst 51. TiO2 based 

semiconductor materials have gained significant attention because of its physical and chemical 

stability, low toxicity, easy availability and excellent photoactivity 52.  
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In the year 1960, several research groups investigated the photoinduced phenomenon of 

semi-conductive solids like TiO2 and ZnO in UV radiation. Certain molecules such as O2 and H2O, 

depending on their surface circumstances, are either adsorbed or desorbed by UV lighting on the 

surfaces of semiconductor. The band theory of semiconductors has clarified these phenomena 53. 

In the year 1972, Honda and Fujishima first identified the electrolysis of H2O to H2 and O2 

by the phenomena of photosensitization of TiO2 at a very low voltage when compared with the 

normal electrolysis by using Pt metal as a cathode and TiO2 as photoanode 54. 

In the year 1977, G. N. Schrauzer and T. D. Guth demonstrated the splitting of water 

molecule on TiO2 surface which was loaded with metals Pt and Rh. This resulted in the 

development of mechanistic picture in which the electrons generated in TiO2 move to the surface 

of TiO2 where the platinum metal holds these electrons for longer time and induces the reduction 

reaction. Whereas the holes formed in TiO2 move to the surface and participates in oxidation 

reactions 55. For better visible light sensitive photocatalytic efficiency, several research groups 

developed TiO2 composites codoped with two or more nonmetals such as S-N, B-N, C-N, N-F in 

TiO2 50. 

1.1.2 Amine-based carbon capture and degradation 

Amine system is an enclosed circulation loop where any substances once entered into the 

solution would remain in the system until anyone could do something for the removal of that 

particular substance. Lean amine turns into rich amine by propagating lean amine from the 

absorber or scrubber to regenerator where acid gases has been eliminated by chemical reaction as 

well as water soluble materials. This process continues through the recirculation of regenerated 

amine from the regenerator to the scrubber for absorbing more acid gases. 
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In natural gas processing, amine treatment is still the flourishing alternative for CO2 isolation 

especially when CO2 concentration as well as partial pressure are significantly low and gas flows 

are large. However, these circumstances make the amine-based system more well fitted as a post 

combustion carbon capture technology for declining the CO2 emissions from the traditional power 

plants. Alkanolamines, especially MEA are being used for post combustion carbon capture as well 

as in other CO2 deduction processes. So, these amines mainly consist of one hydroxyl (OH-) and 

one amino group (-NH2, -NHR or -NR2) where R signifies the alkyl group which has the capability 

to substitute a hydrogen atom involved directly to the nitrogen 56. 

 

 

 

 

     

Amine 
wastewater 

Location where thermal degradation takes place Location where oxidative degradation takes place 

Amine 
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Figure 1.1.3: Schematic of amine based operation unit for CO2 recovery from flue gas with 

possible degradation locations 57 

A traditional amine-based CO2 absorption mechanism consists the following steps: 

• Firstly, for the absorption to occur the flue gas must be cooled, falling the temperature to 

40-60℃ especially when handling with amines.  

• After that, the resultant lean amine solvent is carried into a packed absorber tower to make 

it into contact with the flue gas with operating near to atmospheric pressure.  

• The flue gas coming out from the head of the absorber has not to give permit to be escaped 

into the atmosphere until it is being water-washed to decrease the loss of amine.  

• Then the rich solvent is at the base of the absorber tower first heated with a heat exchanger 

and thereby pumped to the peak of the amine stripping tower which operates at a 

temperature of 100-140℃ with slightly larger pressure than the absorber. A reboiler is 

installed in the system for supplying the required heat to reach upto this temperature.  

• Amine solvent is going to be discharged at the bottom by the stripper for reusing whereas 

the CO2 and steam moved out from the top of the tower. Finally, the steam is then 

compressed and the CO2 have been progressed for post processing. 

As shown in Figure 1.1.3 the degradation of amines has been classified into two types: 

Oxidative and thermal degradation. Oxidative degradation occurs in the absorber at 40-70℃ and 

in the cross-heat exchanger at 100-145℃ due to oxygen and oxygenated compounds 58.Thermal 

degradation occurs predominantly in the reboiler and stripper packing in the presence of CO! due 

to exposure to a high temperature by a process termed as carbamate polymerization 59. The rate of 

degradation of amine and formation mechanism of degradation products are relied on factors such 
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as chemical properties of amine and also the oxygen concentration and temperature of flue gas 

37,60. 

1.2  Motivation 

The wastewater produced during the process of carbon capture with amines constitutes a complex 

chemical composition. The wastewater consists of amines (alkyl), ammonia, aldehydes, 

nitrosamines, nitramines, organic acids, anions, heat stable salts and nitrogen compounds. The 

amines and amine degradation products can pose a risk to human health and aquatic life. Some of 

these degradation products are carcinogenic and mutagenic such as nitrosamines and nitramines 

and some organic acids, which have demonstrated acute toxicity for laboratory animals. Most of 

the studies till now focused on emissions of amines and their degradation products to air from the 

absorber stack of the amine plant. These studies especially focused on nitrosamines and nitramines 

in the air and their health and environmental effects due to their potent carcinogenicity and 

mutagenicity. Apart from emissions of different chemicals to air, some wastewater streams are 

generated during the carbon-capturing process, containing amines and amine degradation 

products. Recent studies have shown that the carbon capture process can negatively impact surface 

drinking water sources close to carbon capture plants. Due to the lack of availability of real-time 

data from a carbon capture plant, no studies have been addressed exactly the major composition 

of amine wastewater and the treatment technologies for this complex chemical composition to 

mitigate the impact on human health and aquatic life. This knowledge gap and need of more study 

in this area motivated for doing research on effective treatment technology for reducing the impact 

of amine wastewater on human health and environment. If amines and their degradation products 

are successfully treated, especially nitrosamines and carboxylic acids, the mitigation of greenhouse 

gases with amine-based carbon capture technology will be more promising. 
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1.3  Problem statement 

The presence of impurities in the flue gas such as NO"39,61,62, SO"29,63,64,O2 65,66, transition 

metal composition in the fly ash (iron 33–35, vanadium33–35 chromium 33, copper 33–35, manganese 

34, nickel 33,34) leads to the degradation of amines and formation of hazardous products 67. Some 

of them are carcinogenic and mutagenic such as nitrosamines and some carboxylic acids which 

have demonstrated acute toxicity when tested in laboratory animals. So far, no study has addressed 

for mitigating the impact of wastewater streams generated during the carbon capture with amines. 

Even though ABCC have been demonstrated commercially, addressing the health and 

environmental risk of wastewater streams is also of utmost importance since the emissions to air 

and wastewater produced during the CO!capture constitute compounds that are carcinogenic and 

mutagenic in nature. Therefore, effective handling wastewater streams generated during the 

CO!capture process using amines will reduce the impact on humans and aquatic life surrounding 

the plant and make the ABCC plants more environmentally friendly. 

1.4  Thesis scope, aim and specific objectives 

The scope of this research is to treat the contaminants in wastewater formed in amine-based 

carbon capture (ABCC) plants and reduce their levels to a minimum so that they cannot impact 

human health and aquatic life. There are different conventional techniques/methods such as 

adsorption, membranes, chemical oxidation and biological treatment for treating the contaminants 

in water. But these methods have limitations to treat the contaminants of ABCC plants wastewater 

due to the complex composition. ABCC plants wastewater constitutes heat-stable salts, 

nitrosamines, nitramines, carbamate polymers, ammonia and organic acids. To minimize these 

compounds' impact, conventional treatment processes have shown to be relatively less effective 

compared with the advanced oxidation processes. Advanced oxidation processes (AOPs) based on 
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in situ generation of highly reactive species (HO●, O2●-) can mineralize organic contaminants into 

relatively harmless compounds (CO2, H2O). AOPs include chemical oxidation (O3, Fenton 

reagents), photochemical oxidation (Ultraviolet-UV/O3, UV/H2O2) and heterogeneous 

photocatalysis (UV/TiO2). Among these advanced oxidation processes, heterogeneous 

photocatalysis is attractive, because of the possibility of creating potent reactive hydroxyl radicals 

with photon energy and treating a wide variety of contaminants without the need for extra 

chemicals. Mild operating conditions and the use of cheap and chemically stable solid 

semiconductor catalyst (TiO2) for the complete destruction of contaminants are especially 

attractive. 

1.4.1 Aim 

To reduce the hazardous contaminants level in amine-based carbon capture plant 

wastewater using photocatalytic technique for safe disposal. 

This research will achieve its aim by focusing on specific objectives as outlined below; 

1.4.2 Specific objectives 

1) Synthesis and characterization of TiO2 and metal impregnated TiO2catalyst. 

2) Assess the efficiency of metal impregnated TiO2 catalyst under UV light 

3) Parametric studies and process optimization using Response Surface Methodology 

 

 

 

 



 14 

1.5  Contributions 

This research will contribute in the following areas: 

1. It provides critical information on hazardous products collected from the literature and makes it 

easy for future researchers to understand the impact of these compounds on humans and the 

environment. 

2. It also provides information on different treatment technologies available for the treatment of 

amine wastewater and the advantages of heterogeneous photocatalytic treatment over other 

methods. 

3. Finally, this research contributes to human health and the environment significantly by reducing 

the impact of the compounds generated in ABCC plants and also contributes to the ABCC plants 

becoming more environmentally friendly. 

1.6  Theis layout 

This thesis was segregated into seven chapters, and each chapter contributed to attaining 

the main objective of this research.  

Chapter 1 introduces this thesis and information on energy consumption, CO2 emissions, 

ABCC technology, amine degradation, degradation products and their effects and the effective 

treatment technology for the degradation products. It also provides information on the scope and 

motivation for doing this research.  

Chapter 2 contains the literature review. Literature review contributes to this research by 

providing the critical information required, such as the degradation products, mechanisms, health 

and environmental impacts of the various degradation products and the best treatment technology 

for the degradation of these compounds. It also provides information on various treatment 

technologies available for the treatment of amine wastewater.  
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Chapter 3 contributes to this research by providing information on materials and methods 

used in this research. Materials include the chemicals used as degradation products, catalysts, 

metals used for impregnation, various equipment used for the catalyst's characterization, and the 

equipment used for testing the efficiency of the catalyst for the degradation of the compounds. It 

also provides information on preparing the synthetic amine wastewater, the preparation method 

for the metal-impregnated catalyst, and the software and method used for designing the 

experiments, regressions analysis and optimization. 

Chapter 4 contains the information on the catalyst characterization results, compound 

degradation results, regression, and optimization analysis. The discussion on the catalyst's 

characterization provides information on the various properties of the catalyst, which helps study 

the impact of the conditions during catalyst preparation and to know the change in properties of 

the catalyst. In this chapter, the results were discussed clearly and concisely and studied the effect 

of different parameters on the degradation of compounds. The ANOVA analysis study resulted in 

getting the information of essential parameters that affect the degradation by eliminating 

insignificant parameters.  The statistical analysis helped to determine the significance of the 

regression models in predicting the theoretical values. The optimization study further gives the 

optimum conditions for achieving the maximum degradation efficiency. 

Chapter 5 discusses the conclusions and recommendations for future work. This chapter 

provides an insight into the overall research work and scope for future work in the same area.  

Chapter 6 has the references cited for this research work 

Chapter 7 has the appendices for supporting the results and discussions of chapter 4. In this 

chapter, the supporting information for the catalyst characterization, GC calibrations for NDEA, 

acetic acid, and formic acid, ANOVA analysis, response surface analysis are presented. 
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Chapter 2: Literature Review 

2.1  Time analysis of the TiO2 photocatalysis 

The process of photocatalyst starts by the absorption of photon by which the catalyst 

generates the electrons and hole pairs. The generation of electron and hole causes reactions on the 

catalyst surface, such as the splitting of water or degradation of organic contaminants. When 

compared with other semiconductor photocatalyst materials TiO2 based semiconductor materials 

have gained significant attention because of its physical and chemical stability, low toxicity, easy 

availability and excellent photoactivity. The absorption of photon and generation of electron and 

hole pair by overcoming the energy band gap inside and at the surface of TiO2 is an extremely fast 

photocatalytic process. The knowledge of these processes are of most important for better 

understanding and design of the photocatalytic systems. Figure 2.1.1 shows the time scales of 

photoinduced reactions within and outside the TiO2 catalyst from femtoseconds to microseconds 

53. 
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Figure 2.1.1: Photoinduced reactions in TiO2 photocatalysis and the corresponding time scales 

53. 

2.2  Mechanism of photocatalytic activity of TiO2 

Error! Reference source not found. shows the UV and visible light photocatalysis. The 

visible light response of TiO2 arises when the catalyst is doped with metals or non-metals. It is 

believed that the visible light reaction in these doped products is due to localized concentrations 

of energy of the dopant lying above the valence band or oxygen vacancies 68. 
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Figure 2.2.1: Schematic of UV and visible light sensitive photocatalysis 69 

In Figure 2.2.2 the two forms of TiO2 anatase and rutile shows differential reaction zone. 

The hydroxyl radical generated in the anatase form of TiO2 diffuses to the bulk solution. While 

the hydroxyl radical of the rutile form strongly adsorbed on the surface. This mechanism shows 

that the photocatalytic activity may alter with certain reactants, depending on how strongly the 

reactants are adsorbed on the photocatalyst surface 70.   

  

 

                            

Figure 2.2.2: Illustration of photocatalysis on anatase (left) and rutile (right) exerted by •OH in 

solution OHf) and/or at the surface (•OHS). S represents a substrate molecule 70  
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Figure 2.2.3 shows the formation of hydroxyl radical as the concentration of H2O2 

increases. The decreased •OH formation detected by an increased H2O2 level for anatase may be 

explained by •OH with H2O2 scavenging. But, the rutile and mixed form of TiO2 forms more 

hydroxyl radicals with increase in the concentration of H2O2, this is due to the photocatalytic 

reduction of H2O2, is usually adopted based on the possible redox potential of +0.73 V vs SHE at 

pH 7 70–73. 

 

Figure 2.2.3: Concentration of H2O2 Vs Formation rate of OH radicals for various phases of TiO2 

70–73. 
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Figure 2.2.4: Plausible reaction pathways at TiO2’s OH site bridge. Solid arrows indicates 

anatase phase, whereas dotted arrows indicates rutile phase 70. 

The mechanism of formation of reactive oxygen species (1O2, O2•- and OH•) which are 

responsible for the photocatalysis process are given in the following equations (1)-(11) 74.  

[TiO2] +light → [TiO2]*   (1) 

[TiO2]* → [TiO2]+ h+ +e-           (2) 

H2O+ h+ →OH• +H+                            (3) 

O2+ e- → O2•-                           (4) 

O2•-+ h+ → 1O2                              (5) 

O2 + 2e- +2H+ → H2O2                           (6) 

O2•-+ O2•-+2H+ → H2O2 +1O2            (7) 

O2•-+ H2O2 → 1O2+ OH• + OH-  (8) 

O2•-+ OH•   → 1O2+ OH-   (9) 

[TiO2] +light → [TiO2]*   (10) 

[TiO2] +3O2  → TiO2 +1O2   (11) 
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The possible mechanisms of photocatalytic degradation of organic molecule on TiO2 

semiconductor photocatalyst. OH• is the main reducing agent in all the four mechanisms. Apart 

from oxidizing organic contaminants it also reduces the metals by the electrons generated during 

the photocatalysis process in TiO2 74. 

The excitation of TiO2 photocatalyst using photon energy that is larger than the energy 

band gap, resulting in generation of electrons and holes as given below: 

TiO2  
#$
/0  h+ +e-   (12) 

(ii) Adsorption on the catalyst surface and lattice oxygen (𝑂%!&) 

 

𝑂%!&+ TiIV + H2O → OLH-+ TiIV -OH-  (13) 

TiIV + H2O → TiIV-H2O    (14) 

site + R → Rads     (15) 

where; 

R- organic molecule 

Rads- adsorbed organic molecule 

Recombination of the electron(e-) and hole (h+) pair, producing thermal energy 

h+ +e-  → heat     (16) 

Trapping of the e- and h+ 

TiIV-OH- + h+ → TiIV- OH•   (17) 

 

TiIV-H2O + h+ → TiIV- OH•+H+  (18) 

Rads + h+ → Rads+    (19) 
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TiIV + e- → TiIII 

TiIII + O2 → TiIV- O2•-    (20) 

 

The following equations from 21-24 shows the attack of hydroxyl radical under different 

conditions. 

case I TiIV- OH•+ Rads → TiIV + R1ads  (21) 

case II OH• + Rads → R1ads   (22) 

case III TiIV- OH•+ R → TiIV + R1  (23) 

case IV OH•+ R → R1    (24) 

Reactions of other radicals 

 

e- + TiIV- O2•-+2H+ →TiIV (H2O2)  (25) 

TiIV- O2•-+ H+ → TiIV (HO2•)   (26) 

H2O2 + OH• → HO2•+ H2O   (27) 

2.3  Amine degradation and formation of products 

The degradation of amines has been classified into two types: Oxidative and thermal 

degradation. Oxidative degradation occurs in the absorber at 40-70℃ and in the cross-heat 

exchanger at 100-145℃ due to oxygen and oxygenated compounds 58.Thermal degradation occurs 

predominantly in the reboiler and stripper packing in the presence of CO! due to exposure to a high 

temperature by a process termed as carbamate polymerization 59. The rate of degradation of amine 

and formation mechanism of degradation products are relied on factors such as chemical properties 

of amine and also the oxygen concentration and temperature of flue gas 60 37. The presence of 

impurities in the flue gas such as NO"39,61,62, SO"29,63,64,O2 65,66, transition metal composition in the 
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fly ash (iron 33–35, vanadium33–35 chromium 33, copper 33–35, manganese 34, nickel 33,34) and also the 

operating conditions effects the extent of  amine degradation 67. 

2.3.1 Oxidative degradation 

The reaction mechanisms shown in Figure 2.3.1 and Figure 2.3.2 are proposed by Rooney 

et al 75 for the reaction between MEA and O!. Both mechanisms share a common carboxylic acid 

product, i.e., oxalic acid, but the mechanism proposed in Figure 2.3.2 has additional products such 

as ammonia, acetic acid and formic acid. 

 

Figure 2.3.1: Reaction of MEA with O2 75 
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Figure 2.3.2: Reaction of MEA with O2 75 

Lawal et al 76 proposed reaction pathways for O!  induced degradation of MEA. This 

mechanism only considers MEA − H!O − O! system, does not follow free radical mechanism, 

which is common for metal ion and 𝑂! systems. Oxygen is observed as one of the byproducts in 

this mechanism, which is not common in the case of free radical mechanisms proposed by many 

authors 77–84 and by Rooney et al 75 whose reaction system is also MEA − H!O − O!. A total of 

nine reaction products were observed in this mechanism, which are shown in Figure 2.3.3.  
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Figure 2.3.3:Pathways for the formation of O2-induced degradation products at 120°C and 250 

kPa O2 pressure 76 

The reactions involved in the above mechanisms did not take into account the presence of 

transition metals ion. The oxidation of MEA in the presence of metals ion either starts with the 

electron abstraction from the lone pair of nitrogen or the hydrogen abstraction from N-H, C-H and 

O-H, which of the hydrogen atom is being abstracted depends on the nature of the oxidant, pH, 

solvent effects and participation of oxygen in the reaction 79,80,85,86. Therefore, electron abstraction 

and hydrogen abstraction are the two main mechanisms proposed for the oxidative degradation of 

MEA in the presence of transition metals ion 77,78,80,81,85,87,88.  Both electron and H-abstraction 

mechanism follow the free radical formation pathway and shares a common intermediate aminium 

radical. Many authors 66,79,80,87 reported that electron and H- abstraction mechanisms were initiated 
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by the metal ion (Fe'!), but which of these mechanisms dominates is still unclear. The oxidation 

initiation by metal ions is not expected to control the rate 89. With the aid of theoretical calculations, 

Karl et al.,90 and Nielsen et al., 91 showed that Cα to N would be preferable to abstract hydrogen 

(approx. 80%) 77. Voice et al., 87 also reported that the abstraction of hydrogen takes place at α-

carbon of MEA molecule 87. Either electron abstraction or H-abstraction leads to the formation of 

primary degradation products such as aldehydes, which further reacts with oxygen to form 

carboxylic acids.  The reaction of carboxylic acids with a second molecule of MEA results in the 

formation of various secondary degradation products such as HSS, amides and piperazines, which 

will be explained in the subsequent sections. 

The reaction of aliphatic amines with single-electron oxidants by electron transfer and 

hydrogen abstraction from N-H and C-H were studied by Armstrong et.al., 92. The product formed 

by the electron transfer is N- centered radical cation, i.e., aminium and the hydrogen abstraction 

from α-C and N atom results in the formation of α-C centered radicals and aminyl 92. Electron and 

H- abstraction can lead to common products such as ammonia and aldehydes 66,83,84,87 

Bedell 80 and Stumm et.al., 93 proposed the reaction pathways for iron and oxygen in water 

as shown in equations (28)-(32) 80, and (33)-(36) 84. Hydroxyl radical (OH∙) and hydrogen peroxide 

(H!O!) were observed as the common reaction intermediates in both mechanisms proposed by 80 

and 93. Superoxide radical anion (O!&̇) is not a common reaction intermediate which was observed 

only in the reaction mechanism proposed by 80 whereas the intermediate hydroperoxyl radical 

(HOO∙) was only observed in the reaction mechanism proposed by 93 

 

Fe'! + O! → Fe') + O!&̇    (28) 

2H + Fe'! + O!&̇ → Fe') + H!O!   (29) 
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H' + Fe'! + H!O! → Fe') + H!O + OH•  (30) 

H' + Fe'! + OH• → Fe') + H!O    (31) 

Overall: 4Fe'! + O! + 4H' → 4Fe') + H!O  (32) 

 

Fe'! + O! → Fe') + HOO•    (33) 

Fe'! + HOO• → Fe') + H!O!   (34) 

Fe'! + H!O! → Fe') + OH• + H!O   (35) 

Fe'!HO• → Fe') + H!O    (36) 

Since the presence of the metal ion (Fe'!) in the amine solution, which could be mainly 

due to the corrosion or leaching of fly ash or by addition of corrosion inhibitors such as 

CuCO), NaVO) reacts directly with oxygen and produces free radical such as Fe'), OH•, HOO•and 

O!&̇ 77,80,84,94–98. The free radical (Fe')) reacts with MEA and abstracts an electron from the nitrogen 

in MEA and forms aminium radical. This step is thought to be rate limiting step. The aminium 

radical further loses a proton (H') to produce imine radical. Imine radical reacts with Fe') which 

abstracts an electron from the nitrogen and forms imine 66,77,82–84,88. Unlike O&̇, the radical OH• 

produces significant amount of aminium radicals by electron transfer 92. 

 

Chi 66 proposed electron abstraction mechanism for MEA degradation. This study was an 

extension of Hull et al., 99 by introducing the role the of oxygen which is shown in a boxed 

mechanism in Figure 2.3.4 66. Oxygen reacts with the imine radical, since it reacts quickly with 

free radicals and finally forms imine and hydrogen peroxide. In this case, imine was observed as 

a common product by both Chi 66 and Hull et al., 99. Imine further decomposes into formaldehyde 

and ammonia by a mechanism called oxidative fragmentation whereas hydroxyacetaldehyde and 
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ammonia are the products of imine by hydrolysis 8266. The products formed in this mechanism can 

react with MEA and produces secondary imine 10066. Hydroxyacetaldehyde can react at room 

temperature with oxygen to produce the corresponding organic acid 10110266. 

 

Figure 2.3.4: Degradation of MEA by single electron oxidation 66   

Bedell 80 proposed an amine autooxidation process (Figure 2.3.5), which explains a 

possible scenario of when an electron and H- abstraction could occur in the presence of transition 

metal ion and dioxygen. The dioxygen reduction intermediates (scheme X1) such as superoxide, 

peroxide, hydroxyl radical, and the oxidized metal ion (Fe'! → Fe')) degrades the amine through 

electron (route A) and H- abstraction mechanism (route B & C). 
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Figure 2.3.5: Amine autooxidation mechanism 80 

The degradation of amine by route A, i.e., electron abstraction, is initiated by the oxidation 

of metal ion. The oxidized metal ion reduces to their original state by abstracting an electron from 

amine. The metal ion oxidation process is anticipated to be quicker than the reduction of the metal 

ion by amine. The reduction of metal ion could be a rate-limiting factor in this scenario. Route B 

and C follow the hydrogen abstraction mechanism by abstracting hydrogen from amine by 

hydroxyl and organoperoxy radical 80. 

Petryaev et al., 78 proposed the H- abstraction mechanism for the oxidation of MEA (Figure 

2.3.6). the H-abstraction was initiated by radicals (H∙, OH∙	and	e+,.& ) formed in amine solution by 

ionization radiation. In this case, the MEA has shown existed in a five-membered cyclic form and 

hydrogen-bonded confirmation between HN---O or OH----N in aqueous solution at pH>6.  Free 

radicals present in the aqueous solution abstracts H atom from the C., C/ and N atom resulted in 

the formation amine radical.  Amine radical transforms internally through cyclic ring structure by 

transferring the radical, resulting in the cleavage of the N----C bond. Ammonia, acetaldehyde, 

formaldehyde and methylamine are the final degradation products 77,78,83,84. The aldehyde radical 
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formed in steps 1 and 2 abstracts H atom from another MEA and forms MEA radical and aldehyde, 

as shown in Figure 2.3.6. The validity of the cyclic transition state in Figure 2.3.6 was supported 

by several molecular simulation studies 83,103–105.  

 

 

Figure 2.3.6: Hydrogen abstraction reaction mechanism for the MEA oxidative degradation 78 

Alexander et al., 87 proposed a free radical mechanism for the degradation of MEA 

(equations (37)-(44)). This mechanism also considers the role of iron, which reacts with the oxygen 

to produce free radicals 9387. The free radicals in the solution oxidizes MEA by abstracting 

hydrogen atom from the 𝛼-carbon of MEA molecule, which results in the formation of MEA 

radical. Termination of reaction by the decomposition of MEA peroxide results in the production 

of ammonia, formaldehyde and hydroxy acetaldehyde 87. Figure 2.3.7, and Figure 2.3.8 shows H-

abstraction reaction mechanism proposed by Lepaumier et al., 81  and Bedell 80 for the production 

of glycolic acid and glycine from MEA. 
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Fe'! + O! → Fe') + OH• Initiation     (37) 

MEA + R• → MEA• Propagation     (38) 

MEA• + O! → MEAOO•      (39) 

MEAOO• +MEA → MEAOOH +MEA•    (40) 

MEAOOH → MEAO• + OH•      (41) 

MEAOOH +MEA → MEA• +MEAO• + H!O   (42) 

MEAOO• →→ 2CHO + NH)      (43) 

MEAOO• →→ HOCH!CHO + NH) Ammonia Production  (44) 

 

 

Figure 2.3.7: Hydrogen abstraction mechanism for carboxylic acid formation 81 
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Figure 2.3.8: H-abstraction reaction pathway for production of glycine from MEA 80 

 The radical reaction pathways proposed by many authors in the above reactions 

show that the degradation of MEA in the presence of metal ions and O!  takes place by electron 

and H-abstraction. In the case of electron abstraction mechanism, the main reactions are involved 

between metal ion in the oxidized form (Fe')) and MEA. However, none of the reactive oxygen 

species (OH•, HOO•and O!&̇) formed during the oxidation of metal ions in MEA − H!O − O! 

system have not been involved in the reactions proposed by Bedell 80 and Sushan chi et al., 66. The 

reactive oxygen species are involved only in H- abstraction mechanism, which can be found in the 

mechanisms proposed by 808178. 

2.4  Formation of N-nitrosamines 

The presence of NO" compounds in the flue gas results in the degradation of amines and 

forms nitrosamines and nitramines 106. Due to the carcinogenic and mutagenic nature of these 

compounds a detailed mechanistic understanding of their formation is very important to mitigate 

the impact on environment and humans. This type of degradation usually takes place in washwater 

and absorber units of amine plant 107. MEA can form stable nitramines, but cannot form a stable 
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nitrosamine which in water degrades to nitrogen (N2) and carbocation 108 41. Therefore, under the 

influence of NO", MEA forms DEA, which is then nitrosated and nitrated to nitros and nitra amines 

via the formation of a nitrosating agent N!O) and a nitrosating and nitrating agent N!O0 (equation 

45 & 46, Figure 2.4.1) 7 39 109 41. The formation of nitrosamines from MEA and NO", is shown in 

Figure 2.4.1 39.  

NO• +	NO!• ↔ N!O)   (45) 

2NO!• ↔ N!O0	  (46) 

MEA can also form nitrosamines in the desorber by reacting with aqueous nitrite, which is 

formed by hydrolysis of N!O)	 and N!O0 (equation 47 & 48) 39,42,106,110,111. Since N!O0 exists in 

two tautomeric forms ON − ONO and ON − NO! (Figure 2.4.4), one acts as a nitrosating agent, 

and the other acts as a nitrating agent, which, when reacts with morpholine, results in the formation 

of nitrosamines (equation 7 in Figure 2.4.2) and nitramines (equation 8 in Figure 2.4.2) 107 112 106. 

The isomer ON − ONO is believed to be more reactive than the isomer ON − NO! in the aqueous 

phase, and its formation from NO and NO! is considered as the rate-determining step during 

nitrosation 112106.  Equation 9 in Figure 2.4.2 shows the reaction between morpholine and NO!, 

leading to the formation of an intermediate amino radical, which is expected to demonstrate a 

similar reactivity towards NO and NO!to produce both nitrosamine and nitramine 113 107.  While 

NO itself cannot be nitrosated amine directly, but it is oxidized to NO!, which further reacts with 

NO to form N!O)  (equation 45) a nitrosating agent 107. Dai et al., 107 reported that the formation 

of NO!-MOR dependent on NO!, which indicates that NO! favors the nitramine formation, but not 

NO 107 106. Amines such as morpholine (MOR), diethanolamine (DEA) and dimethylamine (DMA) 

are potential precursors for the formation of NMOR, NDELA and NDMA 114 39. Alkylamines 

MMA and DMA are also potential degradation products of MEA 41 111 107.  
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NDEA a carcinogenic compound that is more hazardous than the NDMA can be formed in 

the presence of DEA when the relative humidity in the air is 25-30% at ambient level of NOX and 

the concentration of HNO2 is even low. Generally, the formation of NDEA through the DEA takes 

place in the presence of nitrosating agents. CO2 was also found to accelerate the production of 

NDEA with the formation of carbamate ion through reaction between dimethylamine (DMA) 7. 

Formation and accumulation of greater than 80% of nitrosamines and nitramines in the downward 

of CO2 capture systems could occur due to reactions between amines and residual NOx, especially 

in the presence of both volatile Morpholine (MOR) and non-volatile DEA amine solvents 115. 

N!O) + H!O ⇌ 2NO!& + 2H'     (47) 

N!O0 + H!O ⇌ NO!& + NO)& + 2H'        (48) 

2NO• + O! → 2NO!•       (49) 

 

Figure 2.4.1: N-nitrosamines formation pathways from MEA and NOx 39 
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Figure 2.4.2: Nitrosamines and nitramines formation resulting from NOx and morpholine 107  

 
 
 
 
Table 1: NOX related reactions in CO2 capture adopted from Kun et al., 106 

S.no Reaction Rate constants (aqueous)a Reference 

1 NO + NO! ⇌ N!O) k1 = 1.1 × 102(M&!S&3) 

 

k4 = 8.03 × 100(s&3) 

116 

2 2NO + O! ⇌ 2NO! ln k1

= −
876.1
T

+ 17.52(M&!s&3) 

117 

3 2H!ONO' ⇌ N!O) + 2H'

+ H!O 

ln k4

= −
1912.4
T + 13.79(s&3) 

118 

4 N!O) + X& → XNO + NO!& k56 = 1.44 × 107(M&3s&3) 119 120 



 36 

(X& =

Cl&, HCO)&, HPO0!&, H!PO0&) 

k859!"

= 1.49 × 10:(M&3s&3) 

k;<=>?<+@A

= 6.4 × 107(M&3s&3) 

5 2	NO! ⇌ N!O0 kB = 4.5 × 10C(M&3s&3) 

k4 = 6.9 × 10)(s&3) 

121 

6 NO + NO! + H!O ⇌ 2HNO! kB = 8 × 102(M&3s&3) 122 123 

7 N!O) + H!O ⇌ 2HNO! ln kB

= −
1912.4
T + 13.79(s&3) 

118 

8 N!O0 + H!O ⇌ HNO! + 	HNO) ln kB

= −
9526.7
T + 37.62(s&3) 

124 

9 HNO! + H' ⇌ NO' + H!O N/A  

a Constant reported at 25℃ if temperature relationship is not shown. 

 

Figure 2.4.3: NO_2 initiated radical pathway for the formation of nitrosamine and nitramine 112 

125 126 109 106 
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Figure 2.4.4: Formation of N2O3 isomers 112 106 

 

Figure 2.4.5: N2O3 pathway for nitrosamine formation 112 106 

 

Figure 2.4.6: Nitrosamine formation from the reaction between MEA and NO2- catalyzed by 

formaldehyde 106 

 Most of the oxidative degradation mechanism (electron and H- abstraction) discussed in 

this research were proposed for MEA. The degradation studies of amines such as AMP, DEA, 

MDEA, and MMEA were investigated by many researchers and identified some common 

degradation products such as acetic acid, and formic acid, which are common for all the mentioned 

amines, but the research on these amines is still not sufficient as compared to MEA 36. For the 

amines DEA, and MMEA, MEA was identified as the one of the degradation products which 

indicates the degradation of secondary amines leads to the formation primary amine whereas the 

degradation of MDEA leads to the formation of MMEA. Even though many authors have studied 

and identified the degradation products for secondary, and tertiary amines more research needs to 

be directed towards the mechanistic studies for secondary, and tertiary amines. 
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2.5  Health and environmental impact of amines and their degradation products  

Emissions from amine-based PCCC plants into the environment potentially affect the 

public health and also the aquatic life 127. Carbamate polymers, HSS, nitrosamines, nitramines and 

ammonia are the major contaminants from the amine plant entering to the environment. These 

contaminants enter into the environment from two sources of amine plant, point of discharge and 

fugitive emissions 128. The degradation products and their mechanism from different units of amine 

plant were discussed above.  

Nitrosamines and nitramines are considered as the potentially, carcinogenic and mutagenic 

compounds of all the contaminants entering in to the environment from the amine plant for both 

humans and aquatic life. Out of 300 nitrosamines tested 90% of them shown carcinogenic effects 

in bioassays and laboratory animals 129. Carcinogenicity and mutagenicity of nitrosamines and 

nitramines to humans are evaluated by different environmental regulation authorities are also 

presented in this section. 

2.5.1 Health effects of amines 

The health effects of amines and also the guideline values for concentration of amines in 

water and air are summarized in table 6. All the acute and chronic studies data that are given in 

table 6 were examined in rats by oral dose. The acute toxicity of MEA has been examined in rats 

and also in number of laboratory species and seems to be relatively low when compared with other 

amines 130. The LD50 for rats after which 50% of the species died was 1.1 -2.7 g/kg.  LC50 values 

for inhalation of amines after which 50% of the species died have not been reported. The chronic 

toxicity of MEA for oral dose in rats over a period of 90 days has reported a No observed adverse 

effect level (NOAEL) value of 320 mg/kg bw/day 131. For repeated inhalation of 160 mg/m3 of 
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MEA during the periods of 24 -90 days induced behavioural changes and also degenerative 

changes in liver and kidney 132. MEA has irritation properties and induces skin and eye irritation 

when exposed more than 4 hours 133. Mutagenic potential of MEA when tested in rats shown 

negative. MEA did not induce any changes in chromosomes when tested in rats and also failed in 

causing any mutations when it was tested in Escherichia coli which is sensitive to oxidative-type 

mutagens 134. The carcinogenic potential of MEA has not been reported. The threshold value and 

Lowest observed adverse effect level (LOAEL) for inhalation of MEA and also other amines are 

given in table 6. No maternal toxicity was observed for MEA at 50 mg/kg bw/day 135. The 

occupational health exposure of MEA for short term (15 min) is 7.6 mg/m3 and 2.3 mg/m3 for a 

period of 8 hours 136. 

The acute toxicity of piperazine by oral administration for rats was relatively low (LD50 

1-5 g/kg bw) 134. The chronic toxicity of piperazine was studied in rats by oral administration over 

a period of 90 days reported a LOAEL value of 150 mg/kg bw/day. The effects of chronic toxicity 

in rats are histopathological changes in liver and kidneys 134. It has been demonstrated that 

piperazine after 1-7 administrations induces neurotoxicity in mammals which includes humans 

and seems to be more sensitive for children 134.  Piperazine also shown irritating and corrosion 

properties when tested in rabbits 137. Piperazine has been demonstrated a dermal and respiratory 

sensitizing agent, but no threshold values have been found 134. In vivo and in vitro studies on 

piperazine have been shown that it does not induce point mutations and chromosome aberrations. 

However, the derivatives of piperazine, N-mononitroso-piperazine and N,N-dinitrosopiperazine 

have shown carcinogenic and genotoxic properties. LOAEL and NOAEL values for reproductive 

and developmental toxicity are given in table 6. The main effect of piperazine on reproductive 

system was evaluated as decreased litter size 138. 8.6 mg/m3 is used as risk level for inhalation of 
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piperazine. A threshold value of 5 𝜇g/m3 is suggested for general population, and should not be 

exposed higher than this level 134. 

In an acute toxicity study of AMP in rats by oral dose, the liver, kidney, spleen and lung 

lesions in LD50 dose were reported to be caused. The LD50 value for acute toxicity of AMP is 2.9 

g/kg bw 36 139 140. In rats with the highest dose, alopecia and focal skin erosion were observed and 

hepatocyte vaculation were found at all doses during the chronic studies. An LOAEL of 1000 

mg/kg was suggested 36 139. For inhalation studies monkeys have been exposed to 

27 μg / l hair spray with 0.21% AMP for a period of 90 days and the target organ was observed as 

liver. Based on this study, a threshold value of 6 𝜇g/m3 is suggested for general population, and 

should not be exposed higher than this level in air 134. The carcinogenicity studies of AMP in 

Saccharomyces cerevisiae and mutagenicity studies of AMP in dogs demonstrated that AMP is 

neither carcinogenic nor mutagenic 139 140 36. Reproductive toxicity screening study of HCl salt of 

AMP was done in rats and results shown that it is fetotoxic 36. AMP shown negative results for 

developmental toxicity at any dose level tested. 300 mg/kg bw/day were estimated to be NOAEL 

for developmental toxicity 36. 

The oral LD50 for acute toxicity of MDEA in rats is 1.9 g/kg bw, which is relatively low 

when compared with other amines. Dermal administration LD50s values for both male and female 

rabbits are 10.2 g/kg bw and 11.34 g/kg bw 141. MDEA has been demonstrated irritating effects to 

skin when tested in rabbits 140. MDEA has not shown any sensitization response, but it was found 

to be irritating to skin in undiluted form when tested in the guinea pig maximization assay 142. 

NOAEL of sub-chronic toxicity for MDEA is 750 mg/kg bw/day. At this dose no adverse systemic 

toxicity was observed. MDEA has not shown any genotoxicity when tested in the presence and 

absence of Salmonella typhimurium bacteria 134. No carcinogenic studies have been found for 
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MDEA. An occupational exposure limit value of approximately 49 mg/m3 is suggested for internal 

company by IUCLID (ICI C&P France SA, 140). No reproductive toxicity studies have been found 

for MDEA. Developmental toxicity in rats through dermal administration has shown no adverse 

effects on any gestational parameter, as well as an increase to the incidence of malformations or 

fluctuations were reported 134. 

2.5.2 Carcinogenicity and mutagenicity of nitrosamines and nitramines 

Table 2 provides the carcinogenicity and mutagenicity of various nitrosamines. Along with 

carcinogenicity and mutagenicity, other important factors such as Health reference level (HRL) 

and No significant risk level (NSRL) are also listed in Table 2. For chemicals known or expected 

to contribute to cancer, the HRL is the concentration in the drinking water of a million exposed 

persons over a period of exposure associated with higher risk of excess cancer. 

Among various nitrosamines presented in Table 2, NDEA is the most carcinogenic and 

mutagenic in nature and has the lowest HRL and NSRL values. NMOR has demonstrated the 

lowest mutagenic activity in both rats and humans, and the US EPA has given a unit risk factor 

since it has not determined the CSF for NMOR, which is the lowest among the nitrosamines 

presented in Table 2 143 46. NDELA has not shown mutagenic activity in standard modifications of 

the S. typhimurium/mammalian microsome assay 144.  The carcinogenicity and mutagenicity of 

other nitrosamines in table 7 is less when compared with NDMA, which can serve as a reference 

in the assessment of carcinogenic potency as this is one of strongest nitrosamines 46. The study by 

Klein et al. on NDMA claims that NDMA is even more potent through inhalation than oral 

exposure 145. For NDELA, NMEA, NPIP and NPYR the mutagenic activity has not been found in 

the literature. 
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Table 2: Comparison of carcinogenic and mutagenic potency of different nitrosamines 

 

Compound 

Oral 

CSF 

(mg/kg 

bw/d)-1 

Mutagenic activity 

(induced 

revertants/mg/plate) 

HRL 

(ng/l) 

NSRL 

(ng/day) 

References 

Induced 

rat S9 

Human 

S9 

(HLS-

014) 

 

N-Nitrosodiethanolamine 

(NDELA) 

2.8 - - - 30 46 146 

N-Nitrosodi-n-

butylamine (NDBA) 

5.4 52 

 

0.52 30 60 46 147  143 148 

N-Nitrosomorpholine 

(NMOR) 

 

- 0.56 0.63 - 100 46 143 149 

N-Nitrosodi-n-

propylamine (NDPA) 

 

7 25 2.5 7 

 

100 46 143 150 

N-

Nitrosomethylethylamine 

(NMEA) 

22 - - 3 30 46 147 151 
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N-Nitrosopiperidine 

(NPIP) 

 

37.5 - - - 70 46 152 

N-Nitrosopyrrolidine 

(NPYR) 

7 - - 2 300 46 147 153 

N-Nitrosodimethylamine 

(NDMA) 

 

51 8.0 66 0.6 40 46 147 143 154 

N-Nitrosodiethylamine 

(NDEA) 

150 4.3 11 0.4 20 46 147 143 155 

CSF- Cancer slope factor 

HRL- Health reference level  

NSRL- No significant risk level 

To measure the carcinogenic potency of different nitrosamines and nitramines, a numerical 

descriptor known as TD50, which can be found in Carcinogenic Potency Database (CPDB), is 

given in Table 3. The TD50 values for nitramines tend to be higher than the majority of the 

nitrosamines given in Table 3, which implies that the nitramines are relatively less potent than the 

nitrosamines. N-Nitrosodiethylamine (NDEA) and N-Nitrosomethylethylamine (NMEA) has the 

least TD50 values among all other nitrosamines and nitramines. 

Depending on studies and their reliability, the measured TD50 values differ and should be 

regarded only as indicators for relative potencies 46. For N-Nitrosomethanamine and N-

Nitrodiethylamine, the TD50 values have not been found in the literature. 
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Table 3: Comparison of TD50 values for N-nitrosamines and N-nitramines to show the relative 

carcinogenic potencies 

 

Nitrosamines 

 

Nitramines 

TD50(rat), mg kg-1d-1 

 

References 

Nitrosamines Nitramines 

N-Nitrosomethanamine N-Nitromethylamine  17.4 46 

N-Nitrosodimethylamine N-

Nitrodimethylamine 

0.0959 0.54 46 

N-Nitrosodiethylamine N-Nitrodiethylamine 0.0265 - 46 47 

N-Nitrosomorpholine  0.109  46 

N-Nitroso-di-n-

propylamine 

 0.186  46 

N-

Nitrosomethylethylamine 

 0.0503  46 

N-Nitrosopiperidine  1.43  46 

N-Nitrosopiperazine  8.78  46 

N-Nitrosodiethanolamine  3.7  46 

N-Nitrosodi-n-

butylamine 

 0.691  46 

N-nitrosodiphenylamine  167  47 

TD50- Toxic dose which would induce tumors in half the test animals at the end of a standard 

lifespan for the species. 
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The allowable concentration for nitrosamines in drinking water is summarized in Table 4. 

For amines and nitramines, the guidelines for drinking water have not been found. The guidelines 

for nitrosamines in drinking water were taken from the database of TOXNET, which are peer and 

QC reviewed. The intake of contaminated water and contaminated aquatic organisms for N-

nitrosomorpholine, N-nitrosopiperidine, and N-nitrosopiperidine may increase in the risk of cancer 

over the lifetime are estimated at 1X10-5, 1X10-6, and 1X10-7. The corresponding criteria are 8.0 

ng/l, 0.8 ng/L, and 0.08 ng/L, respectively [TOXNET]. 

Table 4: Allowable concentration of nitrosamines in drinking water 

Nitrosamine CASRN Guideline value (ug/l) References 

N-Nitrosodiethanolamine 

(NDELA) 

1116-54-7 - 7 

N-Nitrosodimethylamine 

(NDMA) 

62-75-9 0.01ug/l (CA) 

7.5 ug/l(FL) 

0.01ug/l(MA) 

 

156 157 

N-Nitrosomorpholine 

(NMOR) 

59-89-2 0.01 ug/l (DE) 

0.001 ug/l (AU) 

158 

N-Nitrosodiethylamine 

(NDEA) 

55-18-5 0.01ug/l (CA) 

4 ug/l (FL) 

 

147 159 

N-Nitrosodi-n-butylamine 

(NDBA) 

924-16-3 4 ug/l (FL) 160 



 46 

N-Nitrosodi-n-propylamine 

(NDPA) 

 

621-64-7 

 

0.01ug/l (CA) 

4 ug/l (FL) 

147 127 161 

N-nitrosodiphenylamine 86-30-6 

 

70 ug/l(MN) 

7 ug/l(WI) 

7 ug/l(FL) 

127 162 

N-nitrosomethylethylamine 10595-95-6 

 

7.5 ug/L(FL) 

 

163 

CA-California 

FL-Florida 

MA-Massachusetts  

MN -Minnesota 

WI -Wisconsin 

AU- Australia 

DE- Germany 

2.6  Technologies for treating Amine wastewater 

2.6.1 Ozone and UV 

Poisonous chemical compounds such as nitrosamines, nitramines could be generated due 

to the reaction between flue gas NOx and amines which have been generally used in CO2 capture 

plants. For this reason, the level of the impact associated with the emission of this carcinogenic N-

nitrosamines and N-nitramines has come to the limelight of the researchers. Different treatment 

methods and their effectiveness have been evaluated to destroy these toxic elements. Washwater 

scrubbers could be a solution through the process of capturing nitrosamines, nitramines and even 
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amines. However, solely UV mechanism or both UV and ozone together could utilize for 

controlling the accretion rate of these harmful products 164. 

Formation and accumulation of greater than 80% of nitrosamines and nitramines in the 

downward of CO2 capture systems could occur due to reactions between amines and residual NOx, 

especially in the presence of both volatile Morpholine (MOR) and non-volatile DEA amine 

solvents. However, ozone can control the rate of amine accretion in the washwater effectively  115. 

Specifically, 90% eradication of N-nitrosamines could be gained by conveying UV at low pressure. 

Most of the N-nitramines could be removed even with lower fluence of UV whereas only few 

elements of these nitrosamines taking place in authentic washwaters require a higher fluence of 

UV 165. 

With the help of UV treatment, the transformation of quadratic to linear accretion of 

nitrosamines in the washwater could be executed. This conversion has considerable significance 

when making an allowance for the long term operation of CO2 capture systems 115. 

Although for acetaldehyde demolition, HO-Advanced Oxidation Process (AOP) has proved as 

more fruitful than ozone but ozone is being more preferred mainly for its capacity to abolish 

amines. Apart from that, for reducing MEA concentrations in MEA-based washwater, a specified 

amount of ozone dosing is required. However, in this case, nitrite should be detached beforehand 

which permits 90% removal by maintaining an average fluence UV lamps at either lower pressure 

or medium pressure with pH level 7. (Shah, Dai, & Mitch, 2013) 

If two-level washwater units have been installed for full-scale application, then reduced 

dosing of ozone in the second washwater unit depends largely on the removal capacity of the first 

stage washwater unit. This removal efficiency depends on the amount of elimination of partial N-

nitrosamines, N-nitramines, and other components such as nitrite and other UV-absorbing 
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components. Furthermore, UV dosage necessities could be decreased even more if ozone oxidation 

of amines in the second washwater level impedes N-nitrosamine and N-nitramines development 

by the reaction process of residual NOx with amines. Besides, UV dosage requirements vary with 

wash water pH which could fluctuate relying upon the specific reactor structures and CO2 

concentrations in the absorber unit exhaust 115,165. 

Future work had recommended in a research article for identifying the required lower ozone doses 

which would be capable of obstructing the accumulation of amines. Besides, this optimum ozone 

dose would not be able to make any influence over the destruction process of nitrosamines and 

nitramines, operated by UV mechanism [7], [149] 

2.6.2 Electrodialysis 

The selection and application specific process, out of numerous CO2 capture technologies, 

depends on   multiple factors. Less energy consumption is one of the primary criteria when 

considering any of these technologies. From that point of view, CO2 capture by electrodialysis had 

introduced in a research paper because of its capacity of using less energy in comparison to other 

existing technologies. The trapped CO2 is retrieved under vacuum surroundings in which a flue 

gas or blast furnace is being confined within aqueous K2CO3, and the final solution is condensed 

by electrodialysis 166. 

An experimental study had implemented by means of bipolar membrane electrodialysis (BPMED) 

for regenerating CO2 gas from aqueous sodium or potassium carbonate and bicarbonate solutions. 

These aqueous carbonates or bicarbonates originated from caustic solvents such as sodium or 

potassium hydroxides had been highlighted in a research article due to their capacity of 

atmospheric CO2 separation. However, the effectivity of this system had been assessed using six 
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different mixtures of KHCO3, K2CO3, and KOH through the measurement of the CO2 gas 

generation percentage, power, and energy consumption as well as efficiency for an extensive range 

of constant-current values. The result found from these experiments has revealed that the BPMED 

technique requires the lowest energy consumption. An amount of only 100 kJ (200 kJ) per mol of 

CO2 in the small-current-density limit is essential to isolate CO2 gas from aqueous bicarbonate 

(carbonate) solutions when considering this approach 167. 

Accumulation of Heat Stable Salts (HSS) is mainly occurred due to the reaction occurred between 

the degraded organic acids and alkanolamines, consisting of oxalates, formates, acetates, 

glycolates etc. within a complex configuration composition system. This system has a severe 

destructive influence on amine system procedures. Numerous removal techniques of HSS from 

spent alkanolamine wastewater have been suggested. However, electrodialysis (ED) has been 

proved as the most environment friendly as well as energy efficient strategy in comparison to other 

existing methods 168. 

For instance, in the context of neutralization mechanism, difficulties associated with foaming, 

corrosion could not be resolved whereas high energy consumption is the major drawback for the 

distillation process. Besides, high chemicals consumption as well as secondary pollution related 

with dumping of salty sewage water due to reproduction of exhausted exchange resin had been 

detected as the common problems for the ion exchange procedure whereas ED has not such kind 

of obstacles. 

On the other hand, successful accomplishment of ED process primarily depends on the 

applied current density. A trade-off between high and low current densities has been recommended 

for practical application of ED because higher current densities lead to high energy costs linked to 

rise of voltage drop which may cause a reduction of life-span of the membranes while lower ones 
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could bring large capital cost due to the necessity of expansion of membrane area. From this 

balanced point of view regarding HSS removal efficiency, energy consumption as well as residual 

amine concentration, an optimum current density of 15mA/cm has chosen. In addition, an initial 

pH of 10.5 has been recommended as optimum for smooth ED operation because lower pH reduces 

rate of amine reclamation whereas higher pH would cause more chemical consumption and also 

unfavorable in terms of membranes life-span.  This ED process cost has been calculated as 14.6$/t 

with 39.4 KWh/T energy consumption. Finally, additional concerns through continuous 

observation on membrane fouling as well as enhancement in recovery rate of amine have been 

emphasized for upgrading the strength of this ED technology. Furthermore, chemical cleanliness 

with sodium caustic operating under a reversal current could be the feasible approach for lessening 

the membrane fouling. Besides, foaming phenomena of the spent wastewater could increase the 

resistance of the membrane 168 .  

2.6.3 Activated Carbon (AC) 

Activated carbons and amine-modified compounds had stated as the best for CO2 

adsorption in comparison to all other solid adsorbents because of its relatively high CO2 adsorption 

capacity, even at low CO2 partial pressure. However, intensity of this adsorption capacity could be 

increased significantly in the presence of the water. Apart from this high adsorption capacity, 

several existing precursors, low cost and easy regeneration are some of the additional benefits of 

using these activated carbons and amine-modified compounds 169. 

The implementation of ozonation process along with up-flow BAC filtration has achieved 

significant attention in the world scale. Biodegradable dissolved organic carbon from water 

sources could be removed very efficiently with the help of filtration process using biological 
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activated carbon (BAC). A pilot scale up-flow BAC filtration system was built under this for the 

purpose of treating the polluted lake water. From the results of this experiment, it has found that 

BAC filtration system could eradicate organic substance efficaciously 170.  

Economically feasible and widely obtainable approach for the destruction of nitrosamines 

from simulated amine-based CO2 capture washwater environments. Nitrosamines which are being 

generated in the CO2 capture procedure usually transport potential environmental threats 164. 

In particular, Biological Activated Carbon (BAC) has that capacity to eradicate 10% of 

nitrosamines development whereas biodegradation can eliminate 70% of nitrosamines 

establishment structure. In addition, BAC is being capable of removing TrOCs during drinking 

water treatment which occurs generally after ozonation 164,171,172. On the other hand, to get rid of 

nitrosamines, Ozonation followed by BAC has been adopted under the process of RO-free 

advanced treatment 164,173 

BAC adsorption is being considered as very effective for the removal of NDMA precursors 

171,174 and nitrosamines development potential within 7 hours at laboratory scales. 

However, more than 90% of TrOCs and 70% of non-specific toxicity could be removed through 

the application of mixture of ozonation. This allows BAC filtration eventually to decrease the 

discharge of TrOCs into the surroundings or ignore their presence in water recycling systems 175. 

Biological Activated Carbon is an economical practice for decreasing N-Nitrosamines in 

comparison to RO technique.  

Until now, BAC approach has not been exercised for eliminating nitrosamines from 

activated carbon capture systems. However, in a review article, BAC has been suggested as the 

most preferable method for treating amine rich waste water from washwater and condenser units 

in CO2-absorbing plants 164. 
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2.6.4 Catalytic destruction 

Palladium-based catalysts have been recommended as more dynamic and effective than 

nickel-based catalysts. However, due to reduced costs associated with Fe, Co, Ni and Cu based 

catalysts were favored for nitrosamines demolition in concentrated amine solutions. Fly ash 

holding 5.37% of FeO was also found satisfactory in destroying nitrosamines under hydrogenation 

surroundings 176. Reasonable destruction capabilities in handling numerous nitrosamines had been 

verified for the catalyst of NieZrO2. In addition, for depredating nitrosamines in tobacco goods, 

zeolites have been applied 177.  

Destruction of nitrosamines also can be executed by means of zeolite with the support of 

microwave irradiation 178,179. After being absorbed by zeolites, almost one third of the total N-

nitrosodiphenylamine (NDPA) in dichloromethane solution could be despoiled by microwave 

within 1 min 180.  

2.6.5 Catalytic Techniques 

Catalytic techniques could be applied over a diverse variety of settings such as in industrial 

and water waste treatment regions which have been indicated as the major strong point of this 

technique. This technology has the capacity to reduce amine wastewater in an aqueous surrounding 

which permits for the direct operation of the amine waste stream. This technology has proved as 

effective in carbon capture plants too for destroying amine based emissions both from the absorber 

and the reclaimer unit 181. 

A general idea of four catalytic technologies is provided below. 
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2.6.5.1 Electrochemical technologies 

The main feature of electrochemical conversion is to transform waste amine into the 

marinade found from ion exchange or Electrodialysis (ED) for obtaining low amine concentrations 

which would help this technique to apply for amine concentrations from 200 ppm to greater than 

1,000 ppm 182 . This method is well recognized because of its effectiveness to treat impurities in 

an environment-friendly way, generated from industrial mechanisms. Reactions which have been 

taken place in the process can be mentioned as clean and controlled because of the involvement of 

electrons as the vital reagent 181. 

2.6.5.2 Catalytic Conversion  

Catalytic conversions are also being conducted on aqueous medium, requiring significantly 

higher amine concentration and temperature 183. Currently, researchers are going on to reduce this 

process temperature 184,185. 

For transforming amines into other substances, catalytic conversion needs an extra step to 

concentrate amine and this proficiency of this conversion largely depends on catalysts and high 

temperature and pressure 183. The overall cost of this technology is getting increased due to the 

involvement of this high temperature and pressure. However, Inquiries related to cheaper catalysts 

is missing. 

2.6.5.3 Photo-catalytic Process 

Catalytic amine conversion which is being directed through light is termed as the photo-

catalytic process. It is an environmentally benevolent method, requiring milder conditions and 

process considerations. A smaller amount of energy is required in this approach in comparison to 

both electrochemical and catalytic methodologies 186,187.  
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2.6.5.3.1 Photolysis 

The primary purpose of photolysis action is to break a covalent bond as well as to transform 

or degrade amine wastewater with the help of photon energy.  

However, as a whole, extensive research is mandatory to efficiently exchange photon 

energy into the medium in which N-nitrosamines and organic acids have been targeted otherwise 

substantial energy would be misused by non-amine components in the process of absorbing the 

photons  188,189. 
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Chapter 3: Materials and Methods 

3.1  Materials 

TiO2 P25 degussa nano powder, iron sulfate heptahydrate (FeSO4.7H2O), copper nitrate 

trihydrate (Cu (NO3)2.3H2O) and N-Nitrosodiethylamine (C4H10N2O) were procured from Sigma 

Aldrich. Nickel acetate tetrahydrate (Ni (CH3COO)2.4H2O) and cobalt acetate tetrahydrate 

(C4H6CoO4.4H2O) were procured from Alfa Aesar. Contaminants for the experiments such as 

acetic acid (CH3COOH), formic acid (HCOOH), and N-Nitrosodiethylamine (C4H10N2O) were 

bought from Sigma Aldrich. 

3.2  Catalyst synthesis and characterization 

The metal impregnated TiO2 catalyst was prepared by using the incipient wet impregnation 

technique. Metals such as Fe, Co, Ni and Cu were impregnated on TiO2 on a weight basis in the 

range of 0.2-5%, and they were code-named as MX-TiO2 (where M=Fe, Co, Ni and Cu, X=0.2 -

5%). The precursor of each metal was dissolved in distilled water, which was then added with 

TiO2. The metal precursor and TiO2 mixture were stirred on a magnetic stirrer from Thermo Fisher 

Scientific at an RPM of 500 under the normal room conditions for 24 hours to get the desired metal 

loading of 0.2 -5%. It was then vacuum filtered (from Thermo Fisher Scientific), followed by 

drying in the oven (from Wisconsin) at 80℃ for 24 hours. The dried sample was grounded in fine 

particles. Each metal impregnated TiO2 (M-TiO2) catalyst was calcined using Thermo Fisher 

Scientific oven at a different temperature for 4 hours in the medium air based on their respective 

precursor calcination temperature determined by using the thermogravimetric analysis (TGA) 

characterization technique. For catalyst characterization various techniques were used such as 

thermogravimetric analysis (TGA), X-Ray Fluorescence Spectrometer (XRF), X-ray diffraction 
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(XRD), Brunauer-Emmett-Teller (BET), UV–visible spectrophotometer (UV-Vis), and scanning 

electron microscope (SEM). 

3.2.1 Thermogravimetric analysis (TGA) 

TGA technique helps to determine the calcination temperature of the catalyst. It is very 

important to know this temperature before thermal treatment of the catalyst which helps to remove 

unwanted materials or products from the catalyst190. The activity of the catalyst is also depending 

on the calcination temperature. Treating the catalyst at higher temperature resulting the TiO2 

catalyst to transform from thermodynamically metastable anatase form to a more stable rutile 

form191,192.  

Shimadzu TGA-50 was used to determine the calcination temperature of various metal 

precursors such as FeSO4.7H2O, C4H6CoO4.4H2O, Ni (CH3COO)2.4H2O, and Cu (NO3)2.3H2O. 

The temperature used for TGA analysis were in the range of 0-800 ℃ and calculated the change 

in weight with respect to temperature in terms of w/w %. The change in weight during the TGA 

analysis can be attributed to following mechanisms: i) weight loss due to drying, desorption or 

decomposition, and ii) weight gain caused by oxidation190,193. 

3.2.2 UV-Vis diffuse reflectance spectroscopy 

The M-TiO2 and TiO2 catalysts absorbance and reflectance in the UV-Vis range were 

determined using Shimadzu UV-2600. The UV-Vis diffuse and reflectance spectroscopy analysis 

for M-TiO2 catalysts were done after the calcination and for TiO2 without calcination. 
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3.2.3 X-ray diffraction (XRD) 

The average crystallite size of the TiO2 and M-TiO2 catalysts were determined using the 

XRD patterns obtained from Siemens D5000 diffractometer in coupled theta / 2-theta reflection 

mode using Cu X-radiation source (λ = 0.154056 nm) at 40 mA and 40 kV. The XRD patterns 

were obtaining in the scanning angle (2𝜃) range of 20-80° at scan speed of 0.05°/sec. 

Crystallite size of TiO2 and M-TiO2 catalysts were calculated from the XRD-characteristic 

peak (2𝜃)  using the following Scherrer equation194. 

𝐷 = DE
FGHIJ

  (50) 

Where D is the average crystallite size of the catalyst (nm), K is the Scherrer constant 

which in this case is 0.94 for spherical crystallites with cubic symmetry, 	𝜆 is the X-ray wavelength 

of the Cu K𝛼 (𝜆 =1.5406 ˚ A), 𝛽is the full width at half- maximum (FWHM) intensity of the peak 

observed at 2𝜃 in radians. 

3.2.4 Brunauer-Emmett-Teller (BET) 

BET surface-area, pore size and pore-structure analysis were determined by N2 

adsorption−desorption isotherms using 3Flex from Micrometrics 

3.2.5 Scanning electron microscopy (SEM) 

The change in surface morphology of TiO2 due to calcination and metal impregnation was 

studied using Quanta 650 EFG SEM. 
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3.2.6 X-Ray Fluorescence Spectrometer (XRF) 

Elemental analysis of the catalysts was done using XRF from Rigaku NEX QC+ QuantEZ. 

XRF analysis was able to give us the information of actual metal loading on TiO2.  

3.2.7 Synthetic wastewater 

A mixture of different compounds with a fixed concentration of each compound was 

prepared in a glass carboy. The concentration of each compound in the mixture was varied based 

on the real time data from the Boundary Dam carbon capture plant, Saskatchewan, Canada. The 

pH of the solution was adjusted using diluted NaOH and HCl.  

3.3  Experimental setup 

Experiments were carried out in a photocatalytic reactor (PCR) of volume 500 ml from 

Ace glass. The PCR consists of a quartz immersion well in which a 450 watt (W) medium pressure, 

quartz, mercury-vapor lamp (UV lamp) from Ace glass was placed. The main reaction vessel was 

made up of borosilicate glass. The immersion well was connected to a chiller from Thermo Fisher 

Scientific chiller to control the temperature of the reaction and heat generated due to UV 

irradiation. The lamp placed inside the immersion well was connected to the UV power supply 

from Ace glass. The main reaction vessel consists of three ports: one was for collecting the 

samples, the other was for measuring the temperature, and the third was for supplying air.  Supelco 

Optiflow bubble flow meter was used for measuring the airflow into the reactor. The PCR was 

placed on a magnetic stirrer for stirring the solution and uniform distribution of the catalyst. The 

entire PCR setup was placed in a safety metal cabinet to avoid direct contact with UV irradiation. 
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Figure 3.3.1: Photocatalytic reactor setup 

3.4  Performance test 

The performance of the catalysts was tested in a PCR of volume 500 ml by degrading acetic 

acid, formic acid, and NDEA. The initial concentration of acetic acid, formic acid and NDEA was 

155 ppm, 170 ppm, and 100 ppm. The experiments were carried out under UV irradiation using a 

450-watt lamp by controlling the temperature at 20±2℃. The PCR set up was mounted on a 

magnetic agitator and the RPM was set at 700.The photocatalytic reaction experiments were 

started by introducing a pre-determined amount of catalyst into the reactor which consists of 

solution containing acetic acid, formic acid, and NDEA. The reactor was connected to a bubble 

flow meter which was connected to an air cylinder to supply a constant flow rate of air (2.5 

cm3/sec) for the experiments. The operational parameters such as catalyst loading, metal 
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impregnation percentage on TiO2 and pH were optimized by using Design expert software. Blank 

runs were also performed initially without any catalyst under UV irradiation to exclude the photo 

decomposition of reactants by UV irradiation. It was found that due to photo decomposition the 

concentration of NDEA, acetic acid, and formic acid was reduced to 56ppm, 104ppm, and 110ppm 

from their initial concentrations. The entire PCR setup was placed in a metal shell to avoid 

exposure to UV-irradiation.  

Before the actual experiment started the catalyst added solution were air bubbled and 

stirred for 15 minutes to favor the organic chemisorption on to the catalyst surface without UV 

irradiation. The collected samples was then passed through a 0.45 μm nominal pore size filters to 

remove solid cata. The filtered samples then analyzed in Gas chromatography coupled with flame 

ionization detector (GC-FID) using Shimadzu GC-2010 Plus. DB-FATWAX UI column from 

Agilent was used to detect the acids and nitrosamine. 

3.5  Design of experiments and optimization 

Design of experiments is a method used to identify the interaction between unknown 

variables that influence a method and the response. The statical importance of multiple variables 

at the lowest experimental expense has been measured using this method 195,196.  In this research 

the impact of three parameters such as pH of the solution (B), catalyst dose (A), and the metal 

impregnation percentage (C) on the contaminants degradation and the optimum conditions for the 

degradation was estimated using a central composite design (CCD) in Response Surface 

Methodology (RSM) by Stat-ease Design expert software. The axial point (𝛼) was chosen 1, a 

face-centered central composite design (FC-CCD) in which all the axial points lie on the cube's 

surface instead of the sphere and makes this design a three level CCD. The range of parameters 

used for designing the experiments are presented in Table 5. By using the parameters listed in the 
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Table 5 the design expert software (Version 12) generated a series of optimum experimental 

designs of different parametric combinations as shown in Table 6.   

Table 5: Parameters used in this study 

Coded 

symbol 

Parameter Minimum (-1) Avg Maximum (+1) Units 

A dose 0.5 1 1.5 Grams/litre 

B pH 3 7 11  

C Impregnation 

(Imp) 

0.2 2.6 5 Wt% 

 

Table 6: FC-CCD Optimum experimental designs 

Run Factor1 

A: Dose 

grams/litre 

Factor 2 

B: pH 

Factor 3 

C: Imp 

Wt% 

NDEA 

PPM 

Acetic 

PPM 

Formic 

PPM 

1 1 7 0.2 
   

2 0.5 3 5 
   

3 1 7 2.6 
   

4 1.5 11 0.2 
   

5 1 11 2.6 
   

6 1 3 2.6 
   

7 0.5 7 2.6 
   

8 1 7 2.6 
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9 1.5 3 5 
   

10 1.5 11 5 
   

11 0.5 11 0.2 
   

12 1.5 7 2.6 
   

13 0.5 3 0.2 
   

14 1 7 5 
   

15 0.5 11 5 
   

16 1 7 2.6 
   

17 1 7 2.6 
   

18 1 7 2.6 
   

19 1.5 3 0.2 
   

20 1 7 2.6 
   

 

3.5.1 Response surface methodology (RSM) 

RSM is generally used when there are multiple responses that need to be analyzed 

simultaneously and to know the significance of a particular factor in the process. In this method 

various regression models can be used to test whether a particular response following a liner, 

quadratic, cubic or any other model. RSM analyzes the adequacy of a model before using the 

responses for optimization using analysis of variance (ANOVA). ANOVA uses various functions 

to determine the significance of a model such as R2, adjusted R2, lack of fit, F-value, P-value and 

adequate precision (AP). Insignificant factors in the model are eliminated and proposes a model 

for the variables and responses. A significant model should have large F-value with P<0.05 and 
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for an insignificant lack of fit the F-value should be small with P>0.10. AP measures the signal to 

noise ratio and a value greater than 4 is desirable.  
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Chapter 4: Results and discussions 

4.1  Characterization 

4.1.1 Thermogravimetric Analysis (TGA) 

The weight loss and calcination temperature for different metal precursors were analyzed 

by using the technique TGA. Figure 4.1-4.5 shows the weight loss % with increasing the 

temperature and also the figures include differential TGA (Diff TGA) which gives the amount of 

catalyst/precursor (in grams) loss per minute. In the case of Fe metal precursor (FeSO4.7H2O) the 

weight loss was observed at two different regions as we can in the Figure 4.1.2. The weight loss 

observed in the first region was around 38% in the temperature range of 30- 153℃ . This was 

mainly due to the vaporization of adsorbed water molecules in the temperature range 30-153℃ 197. 

There was some minute weight loss (≅ 1%) in the temperature range 153-317℃ this was due to 

presence of some traces of impurities in TiO2 and Fe metal precursor. As the temperature raised 

from 317℃ the precursor started losing sulfate and observed significant weight loss in the range 

517-640℃. The weight loss in the temperature of 317-640℃ was found as 30%. 

We also observed a similar pattern in the weight loss in other metal precursors such as 

C4H6CoO4.4H2O (Figure 4.1.3), Ni (CH3COO)2.4H2O (Figure 4.1.4), and Cu (NO3)2.3H2O (Figure 

4.1.5) as they all containing water molecules and observed vaporization of water molecules in the 

same temperature range i.e., 30- 153℃  as in the case of Fe precursor. However, the amount of 

water vaporized was different in all the metal precursors and was found as 31% for cobalt precursor 

(Figure 4.1.3), 32% for nickel precursor (Figure 4.1.4) and, 39% for copper precursor (Figure 

4.1.5). For the precursor cobalt, nickel and copper weight loss was observed in  
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Figure 4.1.1: TGA of TiO2 

 

Figure 4.1.2: TGA of FeSO4.7H2O 
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Figure 4.1.3: TGA of Co (CH3COO)2.4H2O 

the second region at different temperature ranges. In the case of cobalt precursor, the weight loss 

in the second region was attributed to decomposition of acetate and some traces of impurities in 

the temperature region 189-289℃. A significant change in weight was observed in the temperature 

range 245-289℃ mainly due to decomposition of acetate. The overall weight loss for the cobalt 

precursor in the temperature range 189-289℃ was found as approximately 36%. A weight loss of 

35 % was observed for nickel precursor in the temperature range 245-300℃ due to decomposition 

of acetate. For the copper precursor the weight loss in the second region was overlapped with first 

region as shown in Figure 4.1.5, which indicates that the nitrate decomposition was started along 

with the water molecules vaporization and the weight loss due to nitration decomposition was 

found as 45% in the temperature 153-272℃. The TGA information on TiO2 catalyst was shown in 

figure Figure 4.1.1. As there was very minute change in weight was observed in the temperature 

range 0-800℃ due to the purity of TiO2 was 99.5% and there was ≅ 0.5% impurities were present 
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in the catalyst as found on the vendor’s website. Therefore, based on the presented TGA analysis 

of metal precursors different temperatures were selected for the calcination of metal impregnated 

TiO2 catalysts and they were: 650℃ for Fe-TiO2, 299℃ for Co-TiO2, 310℃ for Ni-TiO2 and, 282℃ 

for Cu-TiO2. 

 

Figure 4.1.4: TGA of Ni (CH3COO)2·4H2O 

The TGA information of metal impregnated TiO2 catalysts (MX-TiO2; where M=Fe, Co, 

Ni and Cu, X=0.2 -5%) after the calcination were presented in the figure (4.5-4.9). As we can see 

that MX-TiO2 catalysts were thermally stable throughout the temperature range 0-800℃ and the 

weight loss is negligible, which indicates that the selected temperatures for the calcination of MX-

TiO2 catalysts from the TGA analysis of metal precursors (figure TGA1-TGA4) eliminated the 

unwanted materials of the catalyst.  
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Figure 4.1.5: TGA of Cu(NO3)2·3H2O 

 

Figure 4.1.6: TGA of Fe-TiO2 after calcination 
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Figure 4.1.7: TGA of Co-TiO2 after calcination 

 

Figure 4.1.8: TGA of Ni-TiO2 after calcination 
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Figure 4.1.9: TGA of Cui-TiO2 after calcination 
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spectrum illumination. The colour of the M-TiO2 was also changed to different colours from pure 

white as the metal impregnation percentage increases. Similar to the Fe-TiO2 catalyst other metal 

impregnated catalysts such as Co-TiO2 (Figure 4.1.11), Ni-TiO2 (Figure 4.1.12), and Cu-TiO2 

(Figure 4.1.13) were also shown extended absorbance in to the visible spectrum and it was 

increased as the metal loading percentage increases.  When compared with all the metal 

impregnated TiO2 catalysts, Co-TiO2 has shown better absorbance even in the longer wavelength 

of visible spectrum which indicates that this catalyst is more flexible in operating at visible light 

illumination. 

 

Figure 4.1.10:Absorbance of Fe0.2-5%-TiO2 and TiO2 
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Figure 4.1.11: Absorbance of Co0.2-5%-TiO2 and TiO2 

 

Figure 4.1.12: Absorbance of Ni0.2-5%-TiO2 and TiO2 
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Figure 4.1.13: Absorbance of Cu0.2-5%-TiO2 and TiO2 

All the metal impregnated TiO2 catalysts shown improved absorbance in the visible 

spectrum due to the decreased in the energy band gap (Eg) between valence and conduction band. 

In order to know Eg of the catalysts reflectance data of UV-Vis diffuse reflectance spectroscopy in 

combination with Kubelka−Munk (K−M) function (αhν)3/! was plotted against photon energy 

(EL = hν). Where α = 	 (3&N)
#

!N
 and R is the reflectance, h is Planck’s constant, and ν is the 

frequency.  The Eg was determined by extrapolating the linear portion of the curve until it touches 

the X-axis at Eg and are presented in the 9.1 Appendix A. The Eg values for TiO2 and MX-TiO2 

catalysts are presented in Table 7.  
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Table 7: Band gap values of Mx-TiO2 and TiO2 

Catalyst 𝐸P	(𝑒𝑉) 

0.2% 2.6% 5% 

Fe 2.91 2.87 2.80 

Co 3.08 3.05 2.98 

Ni 3.09 3.02 2.99 

Cu 3.05 3.02 3.0 

TiO
2
 3.28 (This study) 

J. Yu et al 202 3.35 (P25) 

M.A. Behnajady et al 203 3.16 (P25) 

 

In this research the Eg value for TiO2 was found as 3.28. For all the metal impregnated 

catalysts Eg values were found less than TiO2 and follows the order Fe < Co <Cu <Ni <TiO2.  

4.1.3 X-ray diffraction (XRD) 

Th effect of metal loading and calcination temperature on phase structures of the catalyst 

were examined using XRD. Figures 4.14-4.17 shows the XRD patterns of Mx-TiO2 catalyst after 

calcination with respect to TiO2 before calcination. From the XRD patterns of Mx-TiO2 and TiO2 

catalyst it can be observed that both anatase and rutile phase are present in all the samples.  For 

Fe3+ impregnated TiO2 (Figure 4.1.14) which was calcined at 654℃ for 4 hours the intensity of 

anatase phase was decreased for all the samples while that of rutile phase was increased this 

indicates that a phase transformation was occurred at 654℃ from anatase to rutile phase. Whereas 
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for the Co (Figure 4.1.15), Ni (Figure 4.1.16), and Cu (Figure 4.1.17) impregnated TiO2 there was 

no significant change in the peak intensities observed for both the anatase and rutile phases. This 

implies that the calcination temperature of Co (287℃), Ni (236℃), and Cu (270℃) did not effect 

the phase composition of the catalysts. In order to know the effect of temperature and metal 

impregnation percentage on the crystallite size of the catalyst the results of the Scherrer equation 

calculated from the XRD patterns are presented in Table 8. The results of XRD analysis shows 

that as the metal impregnation percentage on TiO2 increases from 0.2-5% for all the metals (Fe, 

Co, Ni, and Cu), crystallite size decreases. A similar trend was observed in the study presented by 

Kashif et al194. Meanwhile the calcination temperature acts oppositely to the metal impregnation 

percentage. The crystallite size for the pure TiO2 was observed as the one of the lowest as presented 

in Table 8, since it was not calcined, whereas for the calcined samples (M-TiO2) it was large and 

observed highest for Fe-TiO2 samples because of the high calcination temperature promoted the 

agglomeration. For Co, Ni, and Cu impregnated TiO2 the crystallite size was almost similar to that 

of pure TiO2 because of low calcination temperature and for 2.6 and 5% Cu it was lower than the 

TiO2. 
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Figure 4.1.14: XRD patterns for TiO2 and Fe-TiO2 samples 

 

Figure 4.1.15: XRD patterns for TiO2 and Co-TiO2 samples 
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Figure 4.1.16: XRD patterns for TiO2 and Ni-TiO2 samples 

 

Figure 4.1.17: XRD patterns for TiO2 and Cu-TiO2 samples 
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4.1.4 Brunauer-Emmett-Teller (BET) 

Figures 4.18-4.22 shows N2 adsorption−desorption isotherms of TiO2 before calcination 

and Mx-TiO2 catalyst after calcination. It can be observed from the figures that all the catalysts 

have a type H3 hysteresis according to BDDT classification which indicates the presence of 

mesopores204. The relative pressure for all the metal impregnated catalyst hysteresis trying to 

approach one indicating the presence of large pores (> 50𝑛𝑚)205,206. We can also observe that the 

calcination temperature also effected the hysteresis. For the Fe-TiO2 due to high calcination 

temperature the hysteresis moved closely to the high relative pressure and the hysteresis loops area 

decreased as presented in Figure 4.1.19. This behaviour of the Fe-TiO2 samples indicating that the 

high calcination temperature results in agglomeration and decrease in surface area and increase in 

crystallite size. However, with increasing the metal impregnation percentage, the surface area of 

the Fe-TiO2 catalyst increased due to the inhibition of TiO2 crystallite growth by the Fe+3 ion, 

which also confirmed by the XRD analysis and a similar results reported by other study 207. The 

increase in surface area with metal impregnation benefits the photocatalytic degradation process 

by providing more active sites for the adsorption of reactants on the surface of the catalyst. The 

surface area of the TiO2 was found as 57.03 m²/g as presented in Table 8.  Due to metal 

impregnation and low calcination temperature the surface area of some metal impregnated 

catalysts such as Co2.6-5%-TiO2 (Figure 4.1.20), Ni2.6-5%-TiO2 (Figure 4.1.21), and Cu5%-TiO2 

(Figure 4.1.22), were found more than the TiO2.   Several studies published that when TiO2 was 

doped with metals by various methods the surface area of the TiO2 increased due to the inhibition 

of crystal growth by the doped metals 208–210.  
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Figure 4.1.18: N2 adsorption−desorption isotherms of TiO2 

 

Figure 4.1.19:N2 adsorption−desorption isotherms of Fe-TiO2 
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Figure 4.1.20: N2 adsorption−desorption isotherms of Co-TiO2 

 

Figure 4.1.21: N2 adsorption−desorption isotherms of Ni-TiO2 
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Figure 4.1.22: N2 adsorption−desorption isotherms of Cu-TiO2 
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the case of Fe-TiO2 that calcination temperature reduced the pore volume in the same region. A 

similar pattern was observed for the catalysts Ni-TiO2 (Figure 4.1.26) and Cu-TiO2 (Figure 4.1.27) 

as Co-TiO2 since they also had low calcination temperature as the Co-TiO2, a maximum number 

of pores had the size in the mesopore range as the TiO2, and the pore volume was not effected in 

the pore size range of 2-10 nm. 

 

Figure 4.1.23: Pore width distribution for TiO2 
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Figure 4.1.24: Pore width distribution for Fe-TiO2 

 

Figure 4.1.25: Pore width distribution for Co-TiO2 
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Figure 4.1.26: Pore width distribution for Ni-TiO2 

 
Figure 4.1.27: Pore width distribution for Cu-TiO2 
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Table 8: BET surface area and crystallite size 

Catalyst Surface area (m²/g) Crystallite size (nm) 

𝑇𝑖𝑂! 57.03 18.47 

𝐹𝑒Q.!% − 𝑇𝑖𝑂! 38.39 22.69 

𝐹𝑒!.:% − 𝑇𝑖𝑂! 38.24 22.32 

𝐹𝑒7% − 𝑇𝑖𝑂! 40.76 21.70 

𝐶𝑜Q.!% − 𝑇𝑖𝑂! 55.92 18.84 

𝐶𝑜!.:% − 𝑇𝑖𝑂! 57.37 18.82 

𝐶𝑜7% − 𝑇𝑖𝑂! 62.11 18.45 

𝑁𝑖Q.!% − 𝑇𝑖𝑂! 53.25 18.93 

𝑁𝑖!.:% − 𝑇𝑖𝑂! 61.32 18.53 

𝑁𝑖7% − 𝑇𝑖𝑂! 57.78 18.60 

𝐶𝑢Q.!% − 𝑇𝑖𝑂! 55.04 18.64 

𝐶𝑢!.:% − 𝑇𝑖𝑂! 53.55 18.40 

𝐶𝑢7% − 𝑇𝑖𝑂! 58.20 18.17 

 

4.1.5 Scanning electron microscopy (SEM) 

Figures 4.28-4.31 shows SEM images of TiO2 and metal impregnated TiO2 catalysts 

calcined at various temperatures, as well as non-calcined TiO2. It can be seen that non-calcined 

TiO2 (Figure 4.1.28), the SEM images showed smaller particles which can be validated by 

crystalline size from XRD results. The catalysts after calcination for Fe-TiO2 on the other hand, 
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were made up of larger agglomerated particles. This may be attributed to the high calcination 

temperature of Fe-TiO2 and also phase transition from anatase to rutile and can be validated from 

crystallite size from XRD results. We can also observe that Fe impregnated TiO2 shows higher 

particle size as compared to other metal impregnated catalysts as shown Figure 4.1.29.  The 

particle sizes of the aggregates steadily increased as the calcination temperature rises for different 

metals impregnated TiO2 such as Fe (Figure 4.1.28), Co (Figure 4.1.29), Ni (Figure 4.1.30), and 

Cu (Figure 4.1.31). This may be explained by the fact that as smaller particles interact, they clump 

together to form much larger spherical particles. The similar was observed as the percentage of 

metal impregnation on TiO2 increases. Table 9 shows the elemental analysis of TiO2 and metal 

impregnated TiO2 catalysts. 
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Figure 4.1.28: SEM images of TiO2 (a) before calcination, (b) 0.2% Fe-TiO2*, (c) 2.6% Fe-

TiO2*, and (d) 5% Fe-TiO2*. Where * indicates after calcination. 

 
 
 
 
 

 

 
 
Figure 4.1.29: SEM images of TiO2 (a) before calcination, (b) 0.2% Co-TiO2*, (c) Co% Fe-

TiO2*, and (d) 5% Co-TiO2*. Where * indicates after calcination. 
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Figure 4.1.30: SEM images of TiO2 (a) before calcination, (b) 0.2% Ni-TiO2*, (c) 2.6% Ni-

TiO2*, and (d) 5% Ni-TiO2*. Where * indicates after calcination. 
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Figure 4.1.31: SEM images of TiO2 (a) before calcination, (b) 0.2% Cu-TiO2*, (c) 2.6% Cu-

TiO2*, and (d) 5% Cu-TiO2*. Where * indicates after calcination. 
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Table 9: elemental analysis of TiO2 and metal impregnated TiO2 catalysts. 

% 

mass 

TiO2 Co0.2% Co2.6% Co5% Cu0.2% Cu2.6% Cu5% Fe0.2% Fe2.6% Fe5% Ni0.2% Ni2.6% Ni5% 

Co ND 0.0923 0.7289 1.32 ND ND ND 0.0062 0.0079 0.0105 ND ND ND 

Cu 0.0172 0.0175 0.0172 0.0178 0.137 0.6678 1.19 0.0182 0.0179 0.0181 0.0172 0.0177 0.0194 

Fe 0.0246 0.0244 0.0238 0.0225 0.0238 0.0243 0.0223 0.203 0.7787 1.3 0.0238 0.0241 0.0251 

Ni 0.0250 0.0260 0.0251 0.0257 0.0243 0.023 0.0222 0.0271 0.0259 0.0241 0.116 0.86 1.57 

TiO2 99.9 99.8 99.24 98.6 99.8 99.25 98.8 99.7 99.2 98.6 99.8 99.05 98.4 

ND-not detected 

4.2  Regression models and statistical analysis 

Various regression models were tested using ANOVA to fit between the responses of FC-

CCD experimental runs and the independent parameters. The quadratic model was analyzed as the 

best fit for all the responses (NDEA, acetic acid, and formic acid) of experimental runs and the 

independent variables by eliminating insignificant factors. This model was best demonstrated for 

all the catalysts such as Fe, Co, Ni, and Cu impregnated TiO2. Therefore, the following quadratic 
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model (equation (51)) was used consistently in all the cases during this research's statistical 

analysis. 

𝑌% = 𝛽Q + 𝛽3𝑥3 + 𝛽!𝑥! + 𝛽)𝑥) + 𝛽3!𝑥3𝑥! + 𝛽3)𝑥3𝑥) + 𝛽!)𝑥!𝑥) + 𝛽33𝑥3! + 𝛽!!𝑥!! +

𝛽))𝑥)!     (51) 

 

Where Y is the response (final concentration of the response), 𝛽Q is the intercept, 𝛽S, and 

𝛽SS are the regression model coefficients for the linear and quadratic terms, 𝛽ST is the coefficient 

for the interaction variables and 𝑥S is the variable. 

4.2.1 ANOVA results of contaminants degradation for Fe-TiO2 

The responses of the FC-CCD experimental runs for Fe-TiO2 are presented in Table 10. 

The ANOVA results of the quadratic model for NDEA using Fe-TiO2 are presented in Table 11.  

It can be observed from ANOVA analysis that the F-value of 4.80 for the quadratic model indicates 

that its significant. A P-value of 0.0111 (< 0.05) for the model also suggests that the model used 

is significant 211. P-values less than 0.0500 indicate model terms are significant. The individual 

parameters, also known as model terms such as dose, pH and impregnation percentage, are coded 

as A, B, and C in all the regression models. In this case, B, B², C² are the model terms that are 

significant due to lower P-value and higher F-value as shown. Similarly, the ANOVA results for 

other responses such as acetic acid and formic acid are presented in Table 12 and Table 13. The 

model F- value of 17.82 for acetic acid suggesting that the model used is significant. A P-value of 

significantly low (< 0.0001) for the model suggests that the quadratic model used in this study is 

significant, and P-values less than 0.0500 for the model terms indicate that they are significant. B, 

and C are significant model terms for acetic acid. As presented in Table 13 the model F-value for 
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formic acid is high (30.03), implies that the model is significant. And also, a P-value of less than 

0.0001 for the model suggesting its significant, and the model terms for this case, such as B, C are 

also significant due to a P-value of less than 0.0001 for the B-term, which is pH and 0.017 for the 

C-term which represents the impregnation percentage.  

Table 10: Responses of the FC-CCD experimental runs in terms of final concentration of 

compounds for Fe-TiO2 

Run Factor1 

A: Dose 

grams/litre 

Factor 2 

B: pH 

Factor 3 

C: Imp 

Wt% 

NDEA 

PPM 

Acetic 

PPM 

Formic 

PPM 

1 0.5 3 5 0 25.07 17.64 

2 1 7 2.6 11.24 18.56 16.6 

3 1 7 2.6 11.24 18.46 16.6 

4 0.5 3 0.2 0 27.7 39.92 

5 0.5 7 2.6 27.8 15.59 17.3 

6 1 11 2.6 9.23 6.62 10.95 

7 1 7 2.6 11.24 18.56 16.6 

8 1.5 3 5 0 20.04 3 

9 0.5 11 5 24.67 9.81 4.87 

10 1 7 2.6 11.24 18.56 16.6 

11 1 7 0.2 29.17 18.81 26.02 

12 1 7 5 31.78 13.22 4.07 

13 1.5 3 0.2 0 26.47 18.22 
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14 1 7 2.6 11.24 18.56 16.6 

15 1 3 2.6 0 25.86 13.3 

16 1.5 11 5 22.47 6.62 2.79 

17 0.5 11 0.2 26.28 9.96 30.26 

18 1 7 2.6 11.24 18.56 16.6 

19 1.5 7 2.6 26.71 10.5 7.7 

20 1.5 11 0.2 18.66 11.21 19.2 

 

Table 11: ANOVA results for the degradation of NDEA using Fe-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 
 

Model 1870.9 9 207.88 4.8 0.0111 significant 

A-Dose 11.9 1 11.9 0.2749 0.6115 
 

B-pH 1026.37 1 1026.37 23.7 0.0007 
 

C-Imp 2.31 1 2.31 0.0534 0.8219 
 

AB 12.05 1 12.05 0.2784 0.6093 
 

AC 3.67 1 3.67 0.0848 0.7768 
 

BC 0.605 1 0.605 0.014 0.9082 
 

A² 89.48 1 89.48 2.07 0.1811 
 

B² 788.77 1 788.77 18.22 0.0016 
 

C² 219.01 1 219.01 5.06 0.0483 
 

Residual 433.02 10 43.3 
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Lack of Fit 433.02 5 86.6 
   

Pure Error 0 5 0 
   

Cor Total 2303.92 19 
    

 

Table 12: ANOVA results for the degradation of acetic acid using Fe-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 
 

Model 737.37 9 81.93 17.82 < 0.0001 significant 

A-Dose 17.66 1 17.66 3.84 0.0784 
 

B-pH 654.8 1 654.8 142.46 < 0.0001 
 

C-Imp 37.6 1 37.6 8.18 0.017 
 

AB 2.33 1 2.33 0.5075 0.4925 
 

AC 8.49 1 8.49 1.85 0.204 
 

BC 2.33 1 2.33 0.5075 0.4925 
 

A² 14.09 1 14.09 3.06 0.1106 
 

B² 2.39 1 2.39 0.5195 0.4876 
 

C² 1.37 1 1.37 0.2989 0.5966 
 

Residual 45.96 10 4.6 
   

Lack of Fit 45.96 5 9.19 
   

Pure Error 0.0083 5 0.0017 
   

Cor Total 783.33 19 
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Table 13: ANOVA results for the degradation of formic acid using Fe-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 
 

Model 1550.32 9 172.26 30.03 < 0.0001 significant 

A-Dose 349.04 1 349.04 60.85 < 0.0001 
 

B-pH 57.65 1 57.65 10.05 0.01 
 

C-Imp 1025.16 1 1025.16 178.71 < 0.0001 
 

AB 67.28 1 67.28 11.73 0.0065 
 

AC 32.16 1 32.16 5.61 0.0394 
 

BC 2.31 1 2.31 0.4029 0.5398 
 

A² 0.2087 1 0.2087 0.0364 0.8526 
 

B² 1.16 1 1.16 0.2028 0.6621 
 

C² 14.16 1 14.16 2.47 0.1472 
 

Residual 57.36 10 5.74 
   

Lack of Fit 57.36 5 11.47 
   

Pure Error 0 5 0 
   

Cor Total 1607.68 19 
    

 

The best fitting regression model to the responses of experimental runs and the independent 

variables were chosen based on the results of statistical analysis along with ANOVA analysis in 

the response surface analysis. The coefficient of determination (R²), adjusted R² (Adj R²), and 

adequate precision (AP) statistical measures were used to test the responses of the experimental 
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runs by fitting it to the quadratic models. AP measures the signal to noise ratio and a ratio greater 

than 4 is desirable 212.  

Statistical analysis of the quadratic model for three responses are presented in Table 14. 

The values of R² for NDEA, acetic acid, and formic acid is greater than 0.8 indicates that the model 

is well fitted. The adj R² for NDEA is low when compared with the other responses. The AP values 

for all the responses is greater than four suggests that the model can be used in the design space. 

Figure 4.2.1 shows the graph of actual values plotted against predicted values for NDEA, acetic 

and formic acid.  

Table 14: Statistical analysis for NDEA, acetic acid, and formic acid in the case of Fe-TiO2 

Response R² Adj R² AP 

NDEA 0.8121 0.6429 8.0135 

Acetic acid 0.9413 0.8885 14.9871 

Formic acid 0.9643 0.9322 21.7694 

 

                  

a b 
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Figure 4.2.1: Experimental values plotted against predicted values of the quadratic models for the 

degradation of a) NDEA, b) acetic acid, c) formic acid using Fe-TiO2 catalyst 

4.2.2 ANOVA results of contaminants degradation for Co-TiO2 

Table 15 shows responses of the FC-CCD experimental runs for Co-TiO2. The ANOVA 

results of the quadratic model for NDEA degradation using Co-TiO2 catalyst are presented in Table 

16.  It can be observed from ANOVA analysis that the F-value of 10.07 for the quadratic model 

indicates that its significant. A P-value of 0.0006 (< 0.05) for the model also suggests that the 

model used is significant. Here, B, C, BC, B² are the model terms that are significant due to low 

P-value and higher F-value as shown in Table 16. Similarly, the ANOVA results for other 

responses such as acetic acid and formic acid are presented in Table 17 and Table 18. The model 

F- value of 26.13 for acetic acid suggesting that the quadratic model used in this study is significant 

and A P-value of less than 0.0001 for the model suggests that the model is significant, and P-values 

less than 0.0500 for the model terms indicate that they are significant. Here, B, C, AB, A2, and B2 

are the significant model terms. As shown in Table 13 the F-value of the model for formic acid is 

c 



 98 

high (11.11), implies that the model is significant. And also, a P-value of 0.0004 for the model 

suggesting that the quadratic model used for the study is significant, and the model terms such as 

A, B2, and C2 are also significant due to less P-values which are 0.0317 for the A-term, 0.0011 for 

the B2-term, and 0.001 for the C2 term. 

Table 15: Responses of the FC-CCD experimental runs in terms of final concentration of 

compounds for Co-TiO2 

Run Factor1 

A: Dose 

grams/litre 

Factor 2 

B: pH 

Factor 3 

C: Imp 

Wt% 

NDEA 

PPM 

Acetic 

PPM 

Formic 

PPM 

1 0.5 11 0.2 32.66 10.29 26.47 

2 0.5 3 5 0 21.79 11 

3 1 7 0.2 39.08 12.63 14.96 

4 1.5 11 0.2 31.46 10.38 10.79 

5 1.5 7 2.6 9.25 15.28 28.16 

6 1.5 11 5 8.55 6.62 8.75 

7 1 7 2.6 30 12.38 38.14 

8 0.5 7 2.6 37.79 16.95 46.41 

9 1 11 2.6 21.3 11.36 20 

10 1 7 5 15.71 12.15 15.64 

11 1 7 2.6 30 12.38 38.14 

12 1 7 2.6 30 12.38 38.14 

13 1 7 2.6 30 12.38 38.14 
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14 1 3 2.6 0 21.21 11.2 

15 1 7 2.6 30 12.38 38.14 

16 0.5 3 0.2 5.49 27.84 15 

17 1.5 3 5 0 27.53 6.54 

18 1 7 2.6 30 12.38 38.14 

19 0.5 11 5 11.65 12.28 10.27 

20 1.5 3 0.2 0 36.15 11.32 

 

Table 16: ANOVA results for the degradation of NDEA using Co-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

 

Model 3347.21 9 371.91 10.07 0.0006 significant 

A-Dose 146.92 1 146.92 3.98 0.0741  

B-pH 1002.6 1 1002.6 27.14 0.0004  

C-Imp 529.69 1 529.69 14.34 0.0036  

AB 0.177 1 0.177 0.0048 0.9462  

AC 1.61 1 1.61 0.0436 0.8388  

BC 184.61 1 184.61 5 0.0494  

A² 24.21 1 24.21 0.6552 0.4371  

B² 689.71 1 689.71 18.67 0.0015  

C² 2.27 1 2.27 0.0614 0.8093  

Residual 369.45 10 36.95 
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Lack of Fit 369.45 5 73.89 
  

 

Pure Error 0 5 0 
  

 

Cor Total 3716.67 19 
   

 

 

Table 17: ANOVA results for the degradation of acetic acid using Co-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 
 

Model 990.92 9 110.1 26.13 < 0.0001 significant 

A-Dose 4.64 1 4.64 1.1 0.3188 
 

B-pH 698.73 1 698.73 165.85 < 0.0001 
 

C-Imp 28.63 1 28.63 6.8 0.0262 
 

AB 48.12 1 48.12 11.42 0.007 
 

AC 8.65 1 8.65 2.05 0.1823 
 

BC 20.8 1 20.8 4.94 0.0505 
 

A² 31.8 1 31.8 7.55 0.0206 
 

B² 35.06 1 35.06 8.32 0.0163 
 

C² 0.2897 1 0.2897 0.0688 0.7985 
 

Residual 42.13 10 4.21 
   

Lack of Fit 42.13 5 8.43 
   

Pure Error 0 5 0 
   

Cor Total 1033.05 19 
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Table 18: ANOVA results for the degradation of formic acid using Co-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

 

Model 3052.01 9 339.11 11.11 0.0004 significant 

A-Dose 190.01 1 190.01 6.23 0.0317  

B-pH 45.03 1 45.03 1.48 0.2524  

C-Imp 69.38 1 69.38 2.27 0.1625  

AB 10.26 1 10.26 0.3362 0.5749  

AC 22.38 1 22.38 0.7333 0.4119  

BC 11.19 1 11.19 0.3666 0.5584  

A² 121.26 1 121.26 3.97 0.0742  

B² 622.43 1 622.43 20.4 0.0011  

C² 647.5 1 647.5 21.22 0.001  

Residual 305.17 10 30.52 
  

 

Lack of Fit 305.17 5 61.03 
  

 

Pure Error 0 5 0 
  

 

Cor Total 3357.19 19 
   

 

 

Statistical analysis of the quadratic model for three responses are presented in Table 19. 

The values of R² for NDEA, acetic acid, and formic acid is greater than 0.9 indicates that the model 

is well fitted. The adj R² for NDEA is low when compared with the other responses. The AP values 

for all the responses is greater than four suggests that the model can be used in the design space.  
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Figure 4.2.2 shows the graph of actual values plotted against predicted values for NDEA, acetic 

and formic acid. 

Table 19: Statistical analysis for NDEA, acetic acid, and formic acid in the case of Co-TiO2 

Response R² Adj R² AP 

NDEA 0.9006 0.8111 9.8297 

Acetic acid 0.9592 0.9225 18.7902 

Formic acid 0.9091 0.8273 10.3214 

 

                 

b a 
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Figure 4.2.2: Experimental values plotted against predicted values of the quadratic models for the 

degradation of a) NDEA, b) acetic acid, c) formic acid using Co-TiO2 catalyst 

4.2.3 ANOVA results of contaminants degradation for Ni-TiO2 

Table 20 shows responses of the FC-CCD experimental runs for Ni-TiO2. The ANOVA 

results of the quadratic model for NDEA degradation using Ni-TiO2 catalyst are presented in Table 

21.  It can be observed from ANOVA analysis that the F-value of 7.32 for the quadratic model 

indicates that its significant. A P-value of 0.0023 (< 0.05) for the model also suggests that the 

model used is significant. In this case B and C are the model terms that are significant due to low 

P-value and higher F-value as shown in Table 21 . Similarly, the ANOVA results for other 

responses such as acetic acid and formic acid are presented in Table 22 and Table 23. The model 

F- value of 22.04 for acetic acid suggesting that the model is significant. A P-value of less than 

0.0001 for the model suggests that the model is significant, and P-values less than 0.0500 for the 

model terms indicate that they are significant. Here, B, AB, B2, and C2 are the significant quadratic 

model terms. As shown in Table 23, the F-value of the model for formic acid is high (11.68), 

c 
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implies that the model is significant. And also, a P-value of 0.0003 for the model suggest that the 

quadratic model used in this study is significant, and the model terms such as B, C, BC, A2, and 

C2 are also significant due to less P-values which are 0.0012 for the B-term, <0.0001 for the C-

term, 0.0439 for the BC-term, 0.0381 for the A2-term, and 0.0014 for the C2-term. 

Table 20:  Responses of the FC-CCD experimental runs in terms of final concentration of 

compounds for Ni-TiO2 

Run Factor1 

A: Dose 

grams/litre 

Factor 2 

B: pH 

Factor 3 

C: Imp 

Wt% 

NDEA 

PPM 

Acetic 

PPM 

Formic 

PPM 

1 1.5 3 0.2 0 26.53 48.09 

2 1 3 2.6 0 17.89 25.73 

3 1 7 2.6 7.43 17.91 19.34 

4 1 7 0.2 35.48 23.59 66 

5 1.5 11 0.2 40.49 6.62 12.8 

6 1 7 2.6 7.43 17.91 19.34 

7 1 7 2.6 7.43 17.91 19.34 

8 1 11 2.6 32.44 10.09 10.16 

9 0.5 3 0.2 4.15 22.79 49.47 

10 1 7 2.6 7.43 17.91 19.34 

11 1.5 7 2.6 31.37 19.46 14.87 

12 1.5 11 5 17.23 11.9 7.22 

13 0.5 11 5 45.13 11.46 4.18 
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14 0.5 11 0.2 58.96 11.92 27.71 

15 0.5 7 2.6 16.18 17.85 14.36 

16 1.5 3 5 0 27.87 14.18 

17 1 7 5 10 21.81 14.17 

18 1 7 2.6 7.43 17.91 19.34 

19 1 7 2.6 7.43 17.91 19.34 

20 0.5 3 5 0 23.19 13.39 

 

Table 21: ANOVA results for the degradation of NDEA using Ni-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 5044.36 9 560.48 7.32 0.0023 

A-Dose 124.82 1 124.82 1.63 0.2304 

B-pH 3613.8 1 3613.8 47.22 < 0.0001 

C-Imp 445.16 1 445.16 5.82 0.0366 

AB 222.82 1 222.82 2.91 0.1188 

AC 3.48 1 3.48 0.0455 0.8353 

BC 135.63 1 135.63 1.77 0.2127 

A² 115.46 1 115.46 1.51 0.2475 

B² 3.18 1 3.18 0.0416 0.8426 

C² 81.52 1 81.52 1.07 0.3264 

Residual 765.32 10 76.53 
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Lack of Fit 765.32 5 153.06 
  

Pure Error 0 5 0 
  

Cor Total 5809.68 19 
   

 

Table 22: ANOVA results for the degradation of acetic caid using Ni-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 549.36 9 61.04 22.04 < 0.0001 

A-Dose 2.67 1 2.67 0.9652 0.349 

B-pH 439.3 1 439.3 158.64 < 0.0001 

C-Imp 2.28 1 2.28 0.8251 0.3851 

AB 22.04 1 22.04 7.96 0.0181 

AC 5.58 1 5.58 2.01 0.1862 

BC 1.19 1 1.19 0.4282 0.5276 

A² 0.0347 1 0.0347 0.0125 0.9131 

B² 57 1 57 20.58 0.0011 

C² 47.53 1 47.53 17.16 0.002 

Residual 27.69 10 2.77 
  

Lack of Fit 27.69 5 5.54 
  

Pure Error 0 5 0 
  

Cor Total 577.05 19 
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Table 23: ANOVA results for the degradation of formic acid using Ni-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 4133.47 9 459.27 11.68 0.0003 

A-Dose 14.28 1 14.28 0.3631 0.5602 

B-pH 788.37 1 788.37 20.05 0.0012 

C-Imp 2277.99 1 2277.99 57.92 < 0.0001 

AB 15.9 1 15.9 0.4044 0.5391 

AC 50.6 1 50.6 1.29 0.2831 

BC 208.9 1 208.9 5.31 0.0439 

A² 224.17 1 224.17 5.7 0.0381 

B² 89.3 1 89.3 2.27 0.1628 

C² 743.38 1 743.38 18.9 0.0014 

Residual 393.28 10 39.33 
  

Lack of Fit 393.28 5 78.66 
  

Pure Error 0 5 0 
  

Cor Total 4526.75 19 
   

 

Statistical analysis of the quadratic model for three responses are presented in Table 24. 

The values of R² for NDEA, acetic acid, and formic acid are 0.8683, 0.92, and 0.9131 indicates 

that the model is well fitted. The adj R² for NDEA is low when compared with the other responses. 

The AP values for all the responses is greater than four suggests that the model can be used in the 



 108 

design space. Figure 4.2.3 shows the graph of actual values plotted against predicted values for 

NDEA, acetic and formic acid. 

Table 24: Statistical analysis for NDEA, acetic acid, and formic acid in the case of Ni-TiO2 

Response R² Adj R² AP 

NDEA 0.8683 0.7497 11.1355 

Acetic acid 0.952 0.9088 17.5327 

Formic acid 0.9131 0.8349 11.3507 

 

 

 

                

a b 
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Figure 4.2.3: Experimental values plotted against predicted values of the quadratic models for the 

degradation of a) NDEA, b) acetic acid, c) formic acid using Ni-TiO2 catalyst 

4.2.4 ANOVA results of contaminants degradation for Cu-TiO2 

Table 25 shows responses of the FC-CCD experimental runs for Cu-TiO2. The ANOVA 

results of the quadratic model for NDEA degradation using Cu-TiO2 catalyst are presented in Table 

26.  It can be observed from ANOVA analysis that the F-value of 8.23 for the quadratic model 

indicates that its significant. A P-value of 0.0014 (< 0.05) for the model also suggests that the 

model used is significant. Here, B and B2 are significant model terms with P-values 0.0025 and 

0.0006 respectively. Similarly, the ANOVA results for other responses such as acetic acid and 

formic acid are presented in Table 27 and Table 28. The model F- value of 120.49 for acetic acid 

is significantly higher suggest that the quadratic model is significant. A P-value of less than 0.0001 

for the model suggests that the studied quadratic model is significant, and P-values less than 0.0500 

for the model terms indicate that they are significant. Here, except A2 and C2 remaining terms in 

the model are significant. As presented in Table 28, the F-value of the model for formic acid is 

c 



 110 

high (24.37), implies that the model is significant. And also, a P-value of less than 0.0001 for the 

model suggest that the quadratic model used in this study is significant, and the model terms in A, 

B, C, AB, B2, and C2 are also significant due to the low P-values which are <0.0001 for the A-

term, 0.0001 for the B-term, <0.0001 for the C-term, 0.0435 for the AB-term, 0.0005 for the B2-

term, and 0.0039 for the C2-term. 

Table 25:   Responses of the FC-CCD experimental runs in terms of final concentration of 

compounds for Cu-TiO2 

Run Factor1 

A: Dose 

grams/litre 

Factor 2 

B: pH 

Factor 3 

C: Imp 

Wt% 

NDEA 

PPM 

Acetic 

PPM 

Formic 

PPM 

1 0.5 7 2.6 30.24 16.24 25.26 

2 1 7 2.6 36.98 15.61 18 

3 1 7 2.6 36.98 15.61 18 

4 1.5 3 5 0 22.81 4.99 

5 1.5 7 2.6 15.04 13.92 15.29 

6 0.5 3 0.2 0 25.45 39.49 

7 1.5 3 0.2 0 25.38 23.5 

8 1.5 11 0.2 16.31 6.62 12.54 

9 1 7 2.6 36.98 15.61 18 

10 0.5 11 5 19.2 12.21 4.29 

11 1 7 2.6 36.98 15.61 18 

12 1 11 2.6 12.61 9.53 3.89 
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13 1 7 0.2 33.56 12.38 35.54 

14 1 3 2.6 0 25.34 14.42 

15 1 7 2.6 36.98 15.61 18 

16 0.5 11 0.2 22.19 6.62 30.39 

17 1.5 11 5 18.15 11.61 3.23 

18 0.5 3 5 0 29.6 26.87 

19 1 7 2.6 36.98 15.61 18 

20 1 7 5 20.35 16.89 13.29 

 

Table 26: ANOVA results for the degradation of NDEA using Cu-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 3626.53 9 402.95 8.23 0.0014 

A-Dose 48.97 1 48.97 1 0.3407 

B-pH 782.52 1 782.52 15.99 0.0025 

C-Imp 20.62 1 20.62 0.4214 0.5309 

AB 6 1 6 0.1227 0.7334 

AC 2.92 1 2.92 0.0596 0.8121 

BC 0.1653 1 0.1653 0.0034 0.9548 

A² 51.44 1 51.44 1.05 0.3294 

B² 1173.8 1 1173.8 23.98 0.0006 

C² 0.0003 1 0.0003 5.62E-06 0.9982 
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Residual 489.39 10 48.94 
  

Lack of Fit 489.39 5 97.88 
  

Pure Error 0 5 0 
  

Cor Total 4115.92 19 
   

 

Table 27: ANOVA results for the degradation of acetic acid using Cu-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 756.13 9 84.01 120.49 < 0.0001 

A-Dose 9.56 1 9.56 13.72 0.0041 

B-pH 672.24 1 672.24 964.1 < 0.0001 

C-Imp 27.79 1 27.79 39.85 < 0.0001 

AB 4.9 1 4.9 7.03 0.0243 

AC 6.7 1 6.7 9.61 0.0113 

BC 10.12 1 10.12 14.52 0.0034 

A² 0.0082 1 0.0082 0.0117 0.9159 

B² 15.97 1 15.97 22.9 0.0007 

C² 0.4193 1 0.4193 0.6013 0.456 

Residual 6.97 10 0.6973 
  

Lack of Fit 6.97 5 1.39 
  

Pure Error 0 5 0 
  

Cor Total 763.11 19 
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Table 28: ANOVA results for the degradation of formic acid using Cu-TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 1846.97 9 205.22 24.37 < 0.0001 

A-Dose 445.56 1 445.56 52.9 < 0.0001 

B-pH 301.73 1 301.73 35.83 0.0001 

C-Imp 788.37 1 788.37 93.6 < 0.0001 

AB 44.94 1 44.94 5.34 0.0435 

AC 14.85 1 14.85 1.76 0.2137 

BC 2.29 1 2.29 0.2719 0.6134 

A² 15.71 1 15.71 1.87 0.2019 

B² 209.56 1 209.56 24.88 0.0005 

C² 117.28 1 117.28 13.92 0.0039 

Residual 84.22 10 8.42 
  

Lack of Fit 84.22 5 16.84 
  

Pure Error 0 5 0 
  

Cor Total 1931.19 19 
   

 

The results of statistical analysis of the quadratic model for three responses are presented 

in Table 29. The values of R² for NDEA, acetic acid, and formic acid are 0.88, 0.99, and 0.95 

indicates that the model is well fitted. The adj R² for NDEA is low when compared with the other 

responses. The AP values for all the responses is greater than four suggests that the model can be 
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used in the design space. Figure 4.2.4 shows the graph of actual values plotted against predicted 

values for NDEA, acetic and formic acid. 

Table 29: Statistical analysis for NDEA, acetic acid, and formic acid in the case of Cu-TiO2 

Response R² Adj R² AP 

NDEA 0.88 0.77 7.54 

Acetic acid 0.99 0.98 39.16 

Formic acid 0.95 0.91 20.51 

 

                

a b 
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Figure 4.2.4: Experimental values plotted against predicted values of the quadratic models for the 

degradation of a) NDEA, b) acetic acid, c) formic acid using Cu-TiO2 catalyst 

4.2.5 ANOVA results of contaminants degradation for TiO2 

Table 30 shows responses of the FC-CCD experimental runs for TiO2. The ANOVA results 

of the quadratic model for NDEA degradation using TiO2 catalyst are presented in Table 31.  It 

can be observed from ANOVA analysis that the F-value of 10.47 for the quadratic model indicates 

that its significant. P-value of 0.0408 (< 0.05) for the model also suggests that the model used is 

significant. Here, A and B are significant model terms with P-values 0.0241 and 0.0106 

respectively. Similarly, the ANOVA results for other responses such as acetic acid and formic acid 

are presented in Table 32 and Table 33. The model F- value of 33.93 for acetic acid is significantly 

higher suggest that the studied quadratic model is significant. A P-value of less than 0.0077 for the 

model suggests that the model used in this study is significant, and P-values less than 0.0500 for 

the model terms indicate that they are significant. A, B, AB, and A2 are the significant terms in the 

model. As presented in Table 33, the F-value of the model (21.78) for formic acid is high, implies 

c 
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that the quadratic model used in this study is significant. And also, a P-value of 0.0145 for the 

model suggest that the model used is significant, and the model terms such as A, B, and B2, are 

also significant due to the low P-values which are 0.0069 for the A-term, 0.0065 for the B-term, 

and 0.0424 for the B2-term. 

Table 30:  Responses of the FC-CCD experimental runs in terms of final concentration of 

compounds for TiO2 

Run Factor1 

A: Dose 

grams/litre 

Factor 2 

B: pH 

NDEA 

PPM 

Acetic 

PPM 

Formic 

PPM 

1 0.5 3 20.12 49.5 26.6 

2 1 3 14.86 31.34 20.34 

3 1.5 3 0 34 18.39 

4 1 7 26 20.44 22.2 

5 1.5 7 25.13 22.34 18.47 

6 0.5 7 37.43 33.59 27.2 

7 1.5 11 22.58 26.35 23.75 

8 0.5 11 56.35 22.25 43.34 

9 1 11 45.35 16.62 35.62 
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Table 31: ANOVA results for the degradation of NDEA using TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 2130.06 5 426.01 10.47 0.0408 

A-Dose 730.19 1 730.19 17.95 0.0241 

B-pH 1329.08 1 1329.08 32.67 0.0106 

AB 46.58 1 46.58 1.15 0.363 

A² 6.49 1 6.49 0.1596 0.7163 

B² 17.72 1 17.72 0.4356 0.5564 

Residual 122.03 3 40.68 
  

Cor Total 2252.1 8 
   

 

Table 32: ANOVA results for the degradation of acetic acid using TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 779.17 5 155.83 33.93 0.0077 

A-Dose 85.5 1 85.5 18.62 0.0229 

B-pH 410.36 1 410.36 89.35 0.0025 

AB 96.04 1 96.04 20.91 0.0196 

A² 145.81 1 145.81 31.75 0.0111 

B² 41.47 1 41.47 9.03 0.0575 

Residual 13.78 3 4.59 
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Cor Total 792.95 8 
   

 

Table 33: ANOVA results for the degradation of formic acid using TiO2 catalyst 

Source 

Sum of 

Squares df 

Mean 

Square F-value p-value 

Model 545.73 5 109.15 21.78 0.0145 

A-Dose 222.41 1 222.41 44.39 0.0069 

B-pH 232.88 1 232.88 46.48 0.0065 

AB 32.38 1 32.38 6.46 0.0845 

A² 0.1136 1 0.1136 0.0227 0.8899 

B² 57.96 1 57.96 11.57 0.0424 

Residual 15.03 3 5.01 
  

Cor Total 560.77 8 
   

 

The results of statistical analysis of the quadratic model for three responses are presented 

in Table 34. The values of R² for NDEA, acetic acid, and formic acid are 0.94, 0.98, and 0.97 

indicates that the model is well fitted. The adj R² for NDEA is low when compared with the other 

responses. The AP values for all the responses is greater than four suggests that the model can be 

used in the design space. Figure 4.2.5 shows the graph of actual values plotted against predicted 

values for NDEA, acetic and formic acid. 

Table 34: Statistical analysis for NDEA, acetic acid, and formic acid in the case of TiO2 

Response R² Adj R² AP 
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NDEA 0.94 0.85 9.95 

Acetic acid 0.98 0.95 19.28 

Formic acid 0.97 0.92 14.57 

 

 

   

 

 

Figure 4.2.5: Experimental values plotted against predicted values of the quadratic models for 

the degradation of a) NDEA, b) acetic acid, c) formic acid using TiO2 catalyst 

a b 

c 
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4.2.6 Response surface analysis 

In the response surface analysis the three dimensional and contour graphs generated by the 

regression models which are applied to determine the optimum conditions of variables and the 

interaction between variables and responses can be presented as graphs for a better 

understanding213,214. The interaction between the three variables and the responses for the Fe-TiO2 

catalyst are shown in following figures.  

4.2.6.1 Impact of variables on NDMA degradation 

Figure 4.2.6 a shows the impact of dose and pH on NDEA degradation. As the pH of the 

solution increases from 3 to 8 the degradation of NDEA decreases significantly with further 

increase in the pH the degradation increases slightly whereas when the dose amount increases form 

0.5 g\l to 1 g/l the degradation of NDEA increases and reach the optimum dose at 1 g/l. With 

further increase in the dose beyond optimum value there is no/little effect in the degradation of 

NDEA. Therefore, pH of the solution effects the degradation of NDEA significantly irrespective 

of the dose.  

The impact of dose and impregnation percentage (imp%) on NDEA degradation is shown 

in Figure 4.2.6 b. It can be observed form the figure that as the impregnation percentage and dose 

increases beyond 2.6 % and 1 g/l the degradation of NDMA is increased. Therefore, the optimum 

conditions for the degradation is 2.6% and 1 g/l. 

 Figure 4.2.6 c shows the impact of pH and imp % on NDEA degradation. From the figure, 

we can observe that pH and imp % act oppositely on NDEA degradation. As the pH of the solution 

of increases from 3 to 8, the degradation of NDEA decreases significantly. With further increase 

in the pH, the degradation increases slightly. In contrast, the rise in imp% from 0.2 % to 2.6 % 
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enhances the degradation of NDEA and reaches the optimum value at 2.6 %. The imp % beyond 

2.6 does not yield good results. 

 

             

                   

 

Figure 4.2.6: Impact of variables on the degradation of NDEA (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp%. 

4.2.6.2 Impact of variables on acetic acid degradation  

Figure 4.2.7 a shows the impact of dose and pH on acetic acid degradation. As the pH of 

the solution increases from 3 to 11, acetic acid degradation increases significantly and reaches 

b 

a 

c 
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maximum degradation at pH 11. This is due to the catalyst's surface being negatively charged in 

basic medium215 and enhances  the adsorption of positively charged acetate ions on the catalyst's 

surface.  When the dose increases from 0.5 g\l to 1 g/l, it's impact on the degradation of acetic acid 

is not significant at high pH values. However, acetic acid degradation shows signs of progress with 

additional increases of dose from 1 g/l to 1.5 g/l. This is because at high dose the number of 

available sites for the adsorption of acetate ions is more. We can also observe from the graph that 

at low pH as the dose level increases the degradation of acetic acid increases. This is due to at low 

pH there will be competition between the positive ions present in the solution and acetate ions 

which decreases the adsorption of acetate ions on the catalyst surface but at a high dose the number 

of active sites increases and improves the adsorption of acetate ions at low pH. 

 

a b 
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Figure 4.2.7: Impact of variables on the degradation of acetic acid (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp%. 

Figure 4.2.7 b shows the impact of dose and impregnation percentage (imp%) on acetic 

acid degradation. From the figure, we can observe that as the dose and impregnation percentage 

increases, acetic acid degradation increases slowly. Still, the impact of the range of the variables 

on the degradation is not significant. The maximum degradation can be observed at a dose of 1.5 

g/l with an imp % of 5. 

Figure 4.2.7 c shows the impact of pH and imp % on acetic acid degradation. From the 

figure, we can observe that as the pH and imp % increases simultaneously the degradation of acetic 

acid increases. But at maximum pH value the degradation acetic acid reaches maximum at an imp 

% of 2.6 with further rise in imp% does not effect the degradation. Therefore, maximum 

degradation can be achieved at pH 11 and 2.6 imp %. The imp % at low pH acts oppositely to that 

of at high pH as the imp % increases to maximum value at pH 3, the degradation of acetic acid 

increases. 

 

c 
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4.2.6.3  Impact of variables on formic acid degradation 

Figure 4.2.8 a shows the impact of dose and pH on formic acid degradation. If we compare 

the graphs of acetic acid and formic acid, we can observe that both acids do not follow the same 

trend even though they belong to the same carboxylic functional groups. In this case, as the pH of 

the solution increases from 3 to 11 the degradation of formic acid decreases, which is the opposite 

of acetic acid. This is because we observed that the degradation of acetic acid impacts the formic 

acid. During the photocatalytic degradation process acetic acid degrades to formaldehyde216 which 

further oxidizes to form formic acid217,218. At low pH levels, acetic acid degradation is not 

significant; therefore, it does not impact the concentration of formic acid present in the solution. 

But at high pH and dose levels, the degradation of acetic acid is maximum. Therefore, most of the 

acetic acid degrades to formic acid at these levels, increasing the overall concentration of formic 

acid present in the solution. The dose level also impacts the formic acid degradation significantly 

than in the case of acetic acid. As the dose increases from 0.5 g/l to 5 g/l, the degradation of formic 

acid increases due to the availability of more active sites for adsorption. 

 

      

 

a 
b 
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Figure 4.2.8: Impact of variables on the degradation of formic acid (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp%. 

Figure 4.2.8  b shows the impact of dose and imp % on formic acid degradation. The formic 

acid degradation increases significantly as the dose and imp % increases. The maximum 

degradation is observed at an imp % of 5 and dose level 1.5 g/l. In this case both variables play an 

important role for the degradation of formic acid mainly due to the overall concentration of formic 

acid increases as the degradation of the acetic acid increases and the high dose and imp % helps to 

enhance the degradation process by providing more active sites and 𝑂𝐻∗ radicals. As the metal 

impregnation reduces the recombination of 𝑒&/ℎ' pairs generated by the catalyst by trapping the 

electron and helps to produce 𝑂𝐻∗ radicals219, the increase in metal imp % here reduces the 

recombination rate of 𝑒&/ℎ' pairs at the same time increases the formation 𝑂𝐻∗ radicals and 

makes the photocatalytic degradation process more efficient. 

In the above Figure 4.2.8  a and b, we saw the impact of pH and imp % with the combination 

of dose and observed that degradation is high at maximum imp %, whereas for the pH it is high at 

low pH and explained the reason for this behaviour.  In this case, we analyze both pH and imp % 

interaction and their impact on the degradation, as shown in Figure 4.2.8 c. From the figure, we 

c 
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can observe that as the pH and imp % increase, the degradation of formic acid increases and 

reaches the maximum degradation at pH 11 and dose- 1.5 g/l. If we observe the degradation of 

formic acid in the combination of pH and dose, the degradation is maximum at the lowest pH 

value. But in this case, the combination of pH and imp % yields maximum degradation at the 

highest pH value. This suggests that the degradation of formic acid can be achieved maximum at 

high pH even with a high overall concentration than the initial (acetic acid degrades to formic acids 

and adds up to the initial concentration) at maximum imp % as it increases the formation 𝑂𝐻∗ 

radicals.  

Co, Ni and Cu impregnated and non-impregnated TiO2 catalyst also follows similar trend 

as for the Fe-TiO2 for the degradation of contaminants. The interaction between the three variables 

and their impacts on the degradation of the contaminants are all presented in 3D graphical 

representation and can be found in the 9.1 appendix A. 

4.3  Optimization 

 In the optimization process, the goals can be set in order to achieve desired results. In this 

research, the main goal is to reduce/minimize the concentration of contaminants. Therefore, we 

set the goals for the responses to minimize the concentration and have selected the ranges for all 

the responses as presented in  Table 35. While using the RSM for the optimization, there is one 

more option called importance, which can emphasize the significance of a particular response 

when there are multiple responses. In this research, the degradation of NDEA is more important 

than the other contaminants because of its carcinogenic and mutagenic nature. Therefore, the 

importance for the degradation of NDEA were set at 5 stars, while for the acetic acid and formic 

acid, it was not changed from the default 3 stars. For the variables the importance cannot be 

modified. The criteria presented in Table 35 is same for the all the catalysts used in this research. 



 127 

Table 35: Criteria for the optimization 

Name Goal Lower limit Avg Upper limit Importance 

A: dose in range 0.5 1 1.5 3 

B: pH in range 3 7 11 3 

C: imp % in range 0.2 2.6 5 3 

NDEA minimize 0  20 5 

Acetic acid minimize 0  20 3 

Formic acid minimize 0  20 3 

 

The optimum conditions for achieving the maximum degradation of the contaminants using 

Fe-TiO2 (based on the criteria in Table 35) are presented Figure 4.3.1. At optimum conditions of 

dose-1.5, pH- 3.65, and an imp % of 4.46, the degradation of NDEA, acetic and formic acid was 

maximum, and their concentration was reduced to 6.84 ppm from 100 ppm for NDEA, 155 ppm 

to 18.38 ppm for acetic acid, and 170 ppm to 3.41 ppm for formic acid. Using the catalyst Co-TiO2 

for the degradation, the optimum conditions were obtained as dose-0.93 g/l, pH-3.65, and Imp %-

5. At these conditions, the concentration of contaminants was found as 8.36 ppm (NDEA), 18.01 

ppm (acetic acid), and 3.48 ppm (formic acid) as shown in Figure 4.3.2. Figure 4.3.3 shows the 

optimum conditions for the degradation of contaminants using Ni-TiO2. The concentration of 

NDEA, acetic acid, and formic caid were found as 13.7 ppm, 18.92 ppm, and 11.17 ppm at 

optimum conditions of dose-0.5 g/l, pH-11, and imp-1.66%. For the degradation of contaminants 

using the catalyst Cu-TiO2 the optimum conditions were estimated as dose-1.5g/l, pH-11, and 

imp-1.66% as shown in Figure 4.3.4. At these conditions the concentration of NDMA, acetic acid 
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and formic acids were found as 14.13 ppm, 8.65 ppm, and 5.94 ppm. For TiO2, the concentration 

of NDEA, acetic acid, and formic acid was found as 14.61 ppm, 25.11 ppm, and 17.19 at optimum 

conditions of dose-1.38 g/l, and a pH of 5.10 as shown in Figure 4.3.5. 

 

Figure 4.3.1: Optimum conditions for the maximum degradation of contaminants using Fe-TiO2 

catalyst 
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Figure 4.3.2: Optimum conditions for the maximum degradation of contaminants using Co-TiO2 

catalyst 

 

Figure 4.3.3: Optimum conditions for the maximum degradation of contaminants using Ni-TiO2 

catalyst 
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Figure 4.3.4: Optimum conditions for the maximum degradation of contaminants using Cu-TiO2 

catalyst 
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Figure 4.3.5: Optimum conditions for the maximum degradation of contaminants using TiO2 

catalyst 

 

 

 

 

 

 

 

 

 

 



 132 

Chapter 5: Economic analysis 

The application of advanced oxidation processes such as heterogeneous photocatalysis at industrial 

scale have not been explored yet. Therefore, the economic analysis of this process at lab scale have 

presented for the photo-fenton reactions in Table 36 220. 

Experimental conditions 

Volume- 1 L 

Total volume treated per year-50 L 

Experiments per year-50 

Illuminated volume -0.078 L 

Lamp power -1000W 

Initial concentration of pollutant-50ppm 

Conversion -80% 

Pollutant removal -40 ppm 
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Table 36: Economic analysis for the photocatalytic process per litre volume treated 220 

Step Cost per litre ( ) 

Costs of installation  67.77 

Labor costs  84 

Maintenance costs  5.86 

Electricity costs  2.59 

Reagents costs  1.61 

Reagents analysis costs  12.73 

Total operating costs  107 

Total cost per litre volume treated 177.92 

Total cost per ppm removed 2.95 
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Chapter 6: Applications and limitations of research 

6.1  Applications 

1.  This research can be applied not only for treating the organic acids and nitrosamines the 

technique used in this research for the degradation of amine wastewater can be used for treating 

inorganic pollutants, volatile organic pollutants, textile industry effluents, pharmaceutical 

effluents, mining and pulp industry effluents, disinfectant by-products and haloacetic acids. 

6.2  Limitations 

1.  The separation of solid catalyst from the solution limits the application of this research since 

the separation process is energy intensive. 

2. In some cases the compounds that need to be treated are also UV light absorbing materials, the 

overall the intensity of the light reaching the catalyst surface will be reduced thereby reduces the 

efficiency of this process.  
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Chapter 7: Conclusions and recommendations for future work 

7.1  Conclusions 

The characterization results of metal impregnated TiO2 by Fe, Co, Ni, and Cu demonstrated 

that the properties of metal impregnated catalysts improved than the pure TiO2. TGA analysis of 

calcined metal impregnated TiO2 catalysts showed the stability of Fe-TiO2, Co-TiO2, Ni-TiO2, and 

Cu-TiO2 over a wide range of temperatures from 0 to 800℃. The UV-Vis diffuse and reflectance 

spectroscopy results of metal impregnated TiO2 showed the improved absorbance of catalysts in 

the visible spectrum, and the metal impregnation percentage on TiO2 effected the absorbance 

positively as the impregnation percentage rises the absorbance of the catalyst further increased in 

the visible spectrum and the absorbance curve shifted move towards longer wavelength of the 

visible spectrum. This increased activity of metal impregnated TiO2 catalyst in the visible spectrum 

was justified by the band gap energy (𝐸P) reduction. All the metal impregnated catalysts Eg values 

were found less than TiO2 and followed the order Fe < Co <Cu <Ni <TiO2. 

 XRD analysis of TiO2 and metal impregnated TiO2 demonstrated that metal loading and 

calcination temperature effected the crystallite size and phase composition of the metal 

impregnated TiO2 catalyst. Due to high calcination temperature (654℃) of Fe-TiO2, the crystallize 

size was the largest of all the catalysts used in this research and observed a phase transformation 

from the anatase to the rutile phase. However, metal impregnation reduced the crystallite size as 

the impregnation percentage increased from 0.2 to 5% and observed the crystallite sizes smaller 

than the actual TiO2 for Co5%-TiO2 (18.45 nm), Cu2.6%-TiO2 (18.40 nm), and Cu5%-TiO2 (18.17 

nm). SEM analysis showed that the surface morphology of TiO2 changed after the metal 

impregnation and calcination, indicating that the structural properties of TiO2 modified, and the 
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results of BET and XRD confirmed that there was a change in surface area, pore-volume, pore 

size, crystallite size and phase composition due to impregnation and calcination temperature. 

 Response surface methodology analysis provided optimum conditions of parameters, 

interaction between the parameters and the responses and the best regression model and their 

statistical importance. The quadratic model was analyzed as the best fit between the responses 

(NDEA, acetic acid, and formic acid) and the independent parameters. The significance of the 

regression model was validated by ANOVA where P values is less than 0.05 with large F-value. 

The statistical fit of the quadratic model between actual values and predicted values was verified 

with R2 and found that both were in good agreement with large R2 value. The maximum 

photocatalytic degradation efficiency of Fe-TiO2 catalyst was found as 93.16% for NDEA, 88.14% 

for acetic acid, and 98% for formic acid at the optimum conditions of pH-3.65, catalyst dose of 1.5 

g/l, and metal impregnation percentage of 4.46. Whereas for the Co-TiO2 catalyst under the 

optimum conditions of pH 3.77, catalyst dose of 0.95 g/l, and a metal impregnation percentage of 

5 the degradation efficiency was found as 92.49% for NDEA, 88.13% for acetic acid, and 96.09% 

for formic acid. For Ni-TiO2, the maximum efficiency was found as 86.3% for NDEA, 87.38% for 

acetic acid, and 93.61% for formic acid. The maximum degradation efficiency for Cu-TiO2 was 

found as 85.51% for NDEA, 87.56% for acetic acid, and 93.38% for formic acid at optimum 

conditions of pH 4.71, dose of 1.5 g/l and impregnation percentage of 4.66.  

As a final remark to emphasize the significance of this research, we summarized the results 

and scope for further research. The results of the photocatalytic degradation of NDEA, acetic acid, 

and formic acid using various metal impregnated catalysts demonstrated that all the metal 

impregnated catalysts used in this research could effectively degrade these compounds. I have also 

found that all the catalysts were more efficient in acidic medium (pH 3) than the basic this was 
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due to more importance (5) was given to the NDEA than the acetic acid (3) and formic acid (3) 

considering its high hazardous nature than the other compounds. As the degradation of NDEA was 

more at acidic pH and also due to the high importance the optimum pH for the degradation was at 

3. But when the importance for all the compounds were set at 3 the optimum pH was shifted 

towards the alkaline nature.  

In this research, we found that the concentration of a carcinogenic and mutagenic 

compound (NDEA) reduced to below the GC-FID detection level. This research opened the scope 

for further research in the area of Nitrosamines using the photocatalytic process, where the study 

on treatment technologies for these compounds is little. 

7.2  Recommendations for future work 

As this research established a basis for treating hazardous compounds of amine wastewater, 

future research should be focused on treating complex compounds such as Heat stable salts (HSS) 

and Nitramines (suspected to be carcinogenic) using photocatalytic degradation process. 

Future research should be focused on testing the efficiency of the photocatalytic 

degradation process for the same compounds as used in this research under visible light using same 

metal-impregnated catalysts. 

The reusability of the catalyst can be tested in future research work on photocatalytic 

degradation of amine wastewater. 

There is a scope for further research in this area using bi-metallic impregnated TiO2 catalyst 

for the degradation of NDEA, acetic acid and formic acid under UV and visible light. 

Economic analysis is only available at lab scale but further research can be done at pilot 

and industrial scale.  
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Future research can be done on kinetics, identifying the intermediate by-products and 

products and propose a mechanism for the degradation of NDEA. 

The chemical oxygen demand (COD) and biochemical oxygen demand (BOD) of the 

NDEA, acetic acid, and formic acid can be studied and compare before/after treatment. 

In this research the blank runs were conducted without catalyst only. Future researchers on 

this topic can also work without light source as well as catalyst and also with catalyst but no light 

source. 

The UV power loss to the surroundings were not measured in this research, but future 

researchers should focus on this area to quantify the actual power consumed by the process apart 

from loses to the surroundings. 

The actual amine wastewater constitutes a complex composition. Future research should 

try working on the actual amine wastewater directly from the plant since replicating it in the labs 

is very difficult due to a large number of degradation products (probably in hundreds). As this 

research proved that the photocatalytic process is efficient in degrading the compounds of amine 

wastewater, focusing on actual composition could help the amine-based carbon capture plants to 

overcome the problem of handling the amine waste streams while benefitting the humans and the 

environment. 
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Chapter 9: Appendices 

9.1  Appendix A: Supporting information for Chapter 4 

Plots of Eg values determined by extrapolating the linear portion of the curve until it touches the 
X-axis at Eg 
 

 

Figure 9.1: Plot of Eg value for TiO2 
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Figure 9.2: Plot of Eg value for Fe0.2%-TiO2 

 

 

Figure 9.3: Plot of Eg value for Fe2.6%-TiO2 
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Figure 9.4: Plot of Eg value for Fe5%-TiO2 

 

Figure 9.5: Plot of Eg value for Co0.2%-TiO2 
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Figure 9.6: Plot of Eg value for Co2.6%-TiO2 

 

Figure 9.7: Plot of Eg value for Co5%-TiO2 
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Figure 9.8: Plot of Eg value for Ni0.2%-TiO2 

 

 

Figure 9.9: Plot of Eg value for Ni2.6%-TiO2 
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Figure 9.10: Plot of Eg value for Ni5%-TiO2 

 

Figure 9.11: Plot of Eg value for Cu0.2%-TiO2 
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Figure 9.12: Plot of Eg value for Cu2.6%-TiO2 

 

Figure 9.13: Plot of Eg value for Cu5%-TiO2 
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Table 9.1: Coefficients in Terms of Coded Factors for Fe-TiO2 

Factor Coefficient Estimate 

for NDEA 

Coefficient Estimate for 

Acetic acid 

Coefficient Estimate for 

formic acid 

Intercept 15.36 17.25 15.07 

A-Dose -1.09 -1.33 -5.91 

B-pH 10.13 -8.09 -2.4 

C-Imp 0.481 -1.94 -10.12 

AB -1.23 0.54 2.9 

AC 0.6775 -1.03 2 

BC 0.275 0.54 -0.5375 

A² 5.7 -2.26 -0.2755 

B² -16.94 0.9318 -0.6505 

C² 8.92 0.7068 2.27 

 

Table 9.2: Coefficients in Terms of Coded Factors for Co-TiO2 

Factor Coefficient Estimate 

for NDEA 

Coefficient Estimate 

for Acetic acid 

Coefficient Estimate 

for formic acid 

Intercept 28.59 12.51 35.14 

A-Dose -3.83 0.681 -4.36 

B-pH 10.01 -8.36 2.12 

C-Imp -7.28 -1.69 -2.63 

AB 0.1487 -2.45 -1.13 

AC 0.4488 -1.04 1.67 
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BC -4.8 1.61 -1.18 

A² -2.97 3.4 6.64 

B² -15.84 3.57 -15.04 

C² 0.9082 -0.3245 -15.34 

 

Table 9.3: Coefficients in Terms of Coded Factors for Ni-TiO2 

Factor Coefficient Estimate 

for NDEA 

Coefficient Estimate 

for Acetic acid 

Coefficient Estimate 

for formic acid 

Intercept 11.38 18.16 21.06 

A-Dose -3.53 0.517 -1.2 

B-pH 19.01 -6.63 -8.88 

C-Imp -6.67 0.478 -15.09 

AB -5.28 -1.66 -1.41 

AC -0.66 0.835 2.51 

BC -4.12 0.385 5.11 

A² 6.48 0.1123 -9.03 

B² -1.08 -4.55 -5.7 

C² 5.44 4.16 16.44 

 

Table 9.4: Coefficients in Terms of Coded Factors for Cu-TiO2 

Factor Coefficient Estimate 

for NDEA 

Coefficient Estimate 

for Acetic acid 

Coefficient Estimate 

for formic acid 

Intercept 32.97 15.38 17.95 
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A-Dose -2.21 -0.978 -6.67 

B-pH 8.85 -8.2 -5.49 

C-Imp -1.44 1.67 -8.88 

AB -0.8663 0.7825 2.37 

AC 0.6037 -0.915 1.36 

BC -0.1438 1.13 -0.535 

A² -4.33 0.0545 2.39 

B² -20.66 2.41 -8.73 

C² -0.01 -0.3905 6.53 

 

Table 9.5: Coefficients in Terms of Coded Factors for TiO2 

Factor Coefficient Estimate 

for NDEA 

Coefficient Estimate 

for Acetic acid 

Coefficient Estimate 

for formic acid 

Intercept 30.72 19.76 22.46 

A-Dose -11.03 -3.78 -6.09 

B-pH 14.88 -8.27 6.23 

AB -3.41 4.9 -2.84 

A² -1.8 8.54 0.2383 

B² -2.98 4.55 5.38 
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Figure 9.14: Impact of variables on the degradation of NDEA (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Co-TiO2 catalyst. 
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Figure 9.15: Impact of variables on the degradation of acetic acid (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Co-TiO2 catalyst. 
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Figure 9.16: Impact of variables on the degradation of formic acid (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Co-TiO2 catalyst. 
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Figure 9.17: Impact of variables on the degradation of NDEA (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Ni-TiO2 catalyst. 

 

 

 

 

 

 

a b 

c 



 179 

           

 

Figure 9.18: Impact of variables on the degradation of acetic acid (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Ni-TiO2 catalyst. 

a b 
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Figure 9.19: Impact of variables on the degradation of formic acid (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Ni-TiO2 catalyst. 
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Figure 9.20: Impact of variables on the degradation of NDEA (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Cu-TiO2 catalyst. 
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Figure 9.21: Impact of variables on the degradation of acetic acid (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Cu-TiO2 catalyst. 
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Figure 9.22: Impact of variables on the degradation of formic acid (a) impact of dose and pH, (b) 

impact of dose and imp %, (c) impact of pH and imp% for the Cu-TiO2 catalyst. 
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Contour plots 

Contour plots of NDEA for Fe-TiO2 catalyst 

  

 

Figure 9.23: Impact of variables on the degradation of NDEA for Fe-TiO2 (a) impact of dose and 

pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Figure 9.24: Impact of variables on the degradation of acetic acid for Fe-TiO2 (a) impact of dose 

and pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 

a b 
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Figure 9.25: Impact of variables on the degradation of formic acid for Fe-TiO2 (a) impact of dose 

and pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Contour plots of NDEA for Co-TiO2 catalyst 

          

 

Figure 9.26: Impact of variables on the degradation of NDEA for Co-TiO2 (a) impact of dose and 

pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Figure 9.27: Impact of variables on the degradation of acetic acid for Co-TiO2 (a) impact of dose 

and pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Figure 9.28: Impact of variables on the degradation of formic acid for Co-TiO2 (a) impact of dose 

and pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Figure 9.29: Impact of variables on the degradation of NDEA for Ni-TiO2 (a) impact of dose and 

pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Figure 9.30: Impact of variables on the degradation of acetic acid for Ni-TiO2 (a) impact of dose 

and pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Figure 9.31: Impact of variables on the degradation of formic acid for Ni-TiO2 (a) impact of dose 

and pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Figure 9.32: Impact of variables on the degradation of NDEA for Cu-TiO2 (a) impact of dose and 

pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 
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Figure 9.333: Impact of variables on the degradation of acetic acid for Cu-TiO2 (a) impact of dose 

and pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 

a b 

c 
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Figure 9.34: Impact of variables on the degradation of formic acid for Cu-TiO2 (a) impact of dose 

and pH, (b) impact of dose and imp %, (c) impact of pH and imp%. 

 
 
 
9.2  Appendix B: GC-FID method and calibration curves 

a b 

c 
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The compounds used in this research such as acetic acid, formic acid and NDEA were 

analyzed in a GC with FID detector. DB-FATWAXUI column was used in the GC, and the 

conditions were as follows: 

Conditions: 

Column: DB-FATWAXUI 

Inlet: 250℃, split ratio=25:1 

Carrier gas: Helium, 40 cm/sec, @ 80℃ 

Oven: 80℃, hold time=1 min; 80-200℃ @ 10℃/min 

FID: 250 ℃ 

Injection volume=0.5 𝜇𝐿 

 

Figure 9.2.1:  GC-Calibration curve for Acetic acid 
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Figure 9.2.2:  GC-Calibration curve for formic acid 

 

Figure 9.2.3:  GC-Calibration curve for NDEA 

 
 
 
 
9.3  Appendix C: Risk assessment and safety operating procedure 
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9.3.1 Equipment 

• Triple jacketed photocatalytic reactor 

Capacity – 500 ml 

• UV lamp 

• UV power supply 400 watts 

• Magnetic stirrer 

• Thermometer 

• UV protection cabinet 

• Chiller 

• Syringe for sample collection 

9.3.2 Specialized PPE 

• Nitrile gloves 

• Lab coat 

• Safety glasses 

• Long pants 

• Enclosed shoes 

• Puncture resistant gloves in case of glass breakage 

• specialized disposal bin for sharps/glass 

 

 

Table1: Risks and safety operating procedure for the photocatalytic degradation process 
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S.No Steps Hazards/Risks Mitigation strategies 

1 Preparation of stock 

solution in a glass 

carboy 

Spills, 

cut/punctures from 

broken glass  

Use funnel, pour 

slowly and use gloves, 

lab coat, safety glasses 

Prepare minimal 

quantities 

Inspect glassware 

before use – do not use 

if cracked or chipped 

Ensure eyewash, 

shower, first aid readily 

accessible 

2 Place the reactor on the 

magnetic stirrer inside 

the UV protection 

shell. 

Slip from the magnetic 

stirrer 

Ensure the reactor sits 

on the magnetic stirrer 

properly and also use 

leather or puncture 

resistant gloves 

3 Insert the UV lamp in 

the double-walled 

quartz reactor 

Broken glass – cuts, 

punctures 

 

Take care during the 

cleaning of the 

immersion well after 

each experiment and 

clean up broken glass 
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properly with tongs and 

broom/dustpan – also 

use leather or puncture 

resistant gloves.  Use 

specialized disposal bin 

for sharps/glass. 

4 Connect the inlet and 

outlet port of the 

cooling jacket to the 

chiller 

Water leakage Make sure the inlets 

are tight and ensure 

spill kit is readily 

available. Ensure leaks 

are cleaned 

immediately 

5 plugging in equipment 

& chiller  

Electrical/fire hazards 

Tripping hazards 

check all electrical 

cords first, make sure 

in good condition.  

Make sure cords are 

not strained, or creating 

tripping hazard. 

6 Close the door of the 

UV protection shell 

and switch on the UV 

power supply and 

adjust the flow rate of 

Exposure to UV 

irradiations, 

electrical/fire hazards 

Tripping hazards 

check all electrical 

cords first, make sure 

in good condition.  

Make sure cords are 

not strained, or creating 
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the cooling water for 

the desired temperature 

tripping hazard. Make 

sure the door of the UV 

protection is closed and 

locked with the key. 

7 Introduce the catalyst 

first and then stock 

solution to the 

photocatalytic reactor 

and close door of the 

UV protection shell 

Spills, chemical 

contact 

Ensure spill kit is 

readily available and 

use gloves, lab coat, 

safety glasses. Clean 

spills immediately. 

Ensure eyewash, 

shower, first aid readily 

accessible 

8 Sample collection from 

the reactor. 

Exposure to UV 

irradiations, spills, and 

chemical contact 

Make sure the UV 

power supply is 

switched off. Use 

nitrile gloves, lab coat, 

safety glasses  

9 Pass the samples 

through a 0.45 μm 

nominal pore size 

filters 

Spills, chemical 

contact 

 

Ensure spill kit is 

readily available and 

use gloves, lab coat, 

safety glasses 

 




