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Abstract 

 

Dissolved organic matter (DOM) in boiler feed water (BFW) for steam assisted gravity drainage 

process (SAGD) leads to numerous operational problems including fouling of downstream 

equipment surfaces, pipelines, and clogging of injection wells. Regulations governing produced 

water require 90% of the water to be recycled. Current treatment practices in the industry for 

recycling of produced water mainly target inorganics, separable oil and bitumen. Effective 

treatment for removal of DOM is not available as the characteristics of DOM in BFW not been 

well understood. In this study, I present rapid and efficient methods for degradation of DOMs in 

BFW after extensively characterizing on them. DOM characterization includes fractionation into 

hydrophobic acid, hydrophobic base, neutral and hydrophilic fractions. I investigated treatment 

with UV/H2O2 and UV/TiO2 for the degradation of fractionated hydrophobic acids and actual 

BFW. Experiments were conducted in LED and Rayonet reactors to identify suitable reactor 

configuration for treatment process. 
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1. Introduction 
 

In northern Alberta, Canada, possess one of the largest oil deposits in the world, total amount of 

it is about 174 billion barrels of bitumen reserve (Alberta Energy and Utilities Board, 2005). And 

with increasing global vehicle drives and technological advances in bitumen production, oil 

production from the oil sands has reached 1 million barrels per day, and may continue to increase 

over the next decades.  During the exploitation of oil sand, large volumes of water are consumed, 

around an average of 3 barrels of river water needed to produce a barrel of oil produced 

(Syncrude Canada Limited, 2005). There are two ways to extract oil sands, one is traditional 

mining and other one is Steam assisted gravity drainage (SAGD), which is a widely used process 

to produce oil from deep tar-sands. In Alberta, 80 percent (Shin & Polikar, 2007) of the oil sands 

are buried too deep below the surface to use surface mining and can only be only accessed 

through in-situ methods. Huge amount of water will be used to extract bitumen and increasing 

the recycle of produced water which will cause the saving of makeup water is a very urgent issue 

for this century. The main idea of the SAGD process is based on horizontal wells being drilled in 

parallel at a distance of 4 to 6 meters from each other; steam at moderate pressure is injected into 

the upper well to melt the oil in the sand, since with an increase in temperature, viscosity of 

bitumen decreases dramatically. The melting oil together with steam flows down the periphery of 

the steam chamber under the effect of gravity. Then the melted oil is pumped through lower well 

to the surface. Both horizontal well pipes are equipped with slotted liners. The purpose of this is 

to maximize inflow and minimize sand production according to surrounding formation’s particle 

size distribution. 
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1.1. The SAGD process 

 

Of the two major methods used to recover bitumen from oil sands, traditional mining, in-situ 

extraction process, such as steam-assisted gravity drainage(SAGD),cyclic steam 

stimulation(CSS),Toe to heel air injection(THAI) and vapor extraction(VAPEX) (Jennings & 

Shaikh, 2007). SAGD is now considered as leading process to recover bitumen which can be 

used for deeper oil sands extraction. Many big oil companies have launched full projects using 

SAGD for bitumen extraction since it can fulfill 60% of the oil recovery (Shen, 2013) . 

The SAGD Process is illustrated in Figure1-1 .  

 

Figure1-1 The SAGD Extraction (JAPEX, 2016) 

As can be seen, the main idea of SAGD is based on horizontal wells being drilled in parallel at a 

distance of 4 to 6 meters from each other. Steam at moderate pressure is injected into the upper 

well to melt the oil in the sand.  With an increase in temperature, viscosity of bitumen decreases 

dramatically. The melting oil together with steam flows down the periphery of the steam 
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chamber under the effect of gravity. Then the melted oil is pumped out with large quantities of 

water through lower well to the surface. After SAGD extraction of bitumen, the water produced 

from the well is known as SAGD produced water (SAGDPW), which is a mixture of bitumen, 

sand dust, clay and steam condensate. Approximately 80 to 90 % of the produced water (PW) 

can be recycled after treatment to produce boiler feed water.  

 

 

 

 

 

 

 

 

 

Figure 1-2 Schematic Diagram of the treatment procedure for SAGD produced water. Figure 1-2 

shows the general processes for the water treatment of stream at the SAGD plant. 

Induced gas floatation (ISF) is the process to remove suspended matters and Warm lime softener 

(WLS) is used to remove hardness and silica. Warm acid cation (WAC) is used to remove 

dissolved hardness such as calcium and magnesium. Produced water after these treatment 

process can be called Boiler feed water which will pass through the Once through steam 

generator (OTSG) to produce the steam. 

(Kok et al., 2013) reported BFW characteristics in Table 1-1 based on chemical and physical 

analysis of water from a number of different sources. According to their results, BFW contains 

Reservoir Oil/Water 

Separation 

Treaters Bitumen 

ISF 

WLS 

WAC 

OTSG Injection Well 

Blow down sludge 
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high total dissolved solids (TDS), total suspended solids (TSS), total hardness and oil and grease, 

and dissolved organic matter, which is a complex mixture of hydrocarbons, hetero-organics, and 

metals. Since process water has so many components, it is inevitably toxic to aquatic biota 

(Colavecchia et al., 2004). 

Table 1-1 Produced water from different Heavy Oil sites deposit and current sample I did (site1 

to 7 from (Kok et al., 2013)) 

  

Constituent Concentration(ppm)  

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6  Site 7 Current 

sample 

TDS 3240 5450 6730 35900 48700 68500 16700 23000 

TSS 50 150 170 1038 330 230 77 544 

Oil and Grease 80 170 40 480 140 450 150 16 

DOC 320 110 130 140 250 130 290 329 

  

From past studies, high levels of DOM in SAGD produced water have been implicated in 

numerous problems such as heat exchanger deposits, fouling problem for downstream 

equipments’ surfaces, clogging of injection wells and corrosion of the pipelines (Jennings & 

Shaikh, 2007). 

According to the research by (Roy et al., 1991) when alkaline solutions were mixed with rock 

samples, after long period of interaction, the formation of solid phases, sodium metasilicate-
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Na2SiO3·nH2O, brucite-Mg(OH2) and calcite-CaCO3, would cause a decrease in the pH of the 

liquid. The pH will affect the behavior of silica in water samples such as the silica-organic co- 

precipitation. This will happen when the pH of the liquid is decreased (Abramson et al., 2009). 

By FTIR and elemental analysis of the deposits in a heat exchanger in a SAGD process, Jennings 

and Shaikh found that deposits were predominately organic, especially organic acids and organic 

acid salts (Jennings & Shaikh, 2007). Using ultrahigh-resolution negative-ion electrospray 

ionization Fourier transform ion cyclotron resonance mass spectrometry through three levels: 

heteroatom distribution to define class, degree of unstauration for a specific class to give out a 

type, and carbon number distribution for each class and type. This study showed these deposits 

contain thousands of individual organic acids which form a quite complex mixture. What’s more, 

by using electron ionization and time-of-flight mass spectrometry to analyze SAGD produced 

water (Petersen & Grade, 2011),  indicated that there were a wide variety of organic constituents 

in the water sample. The high level of dissolved organic matter (DOM) and total dissolved solids 

(TDS) in BFW may have effects in SAGD, yet the knowledge on the nature and effects of DOM 

concentrations is limited.   

1.2. Problem Statement  

 

SAGD BFW is a mixture of high TDS, high levels of complex DOM. Increasing recycling of this 

part of water is very important. It can reduce the amount of makeup water usage in SAGD plants. 

However, during the recycling of BFW, organics exist in BFWPW that will cause fouling in 

boilers, costing heavily for cleaning and repairing. Organic acids such as acetic acid are 

extensively ionized in aqueous solutions and lead to dissolution of magnetite. The breakdown of 

organic matter in boilers is considered as main reason for turbine blade and disk corrosion. 
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Treatment options for BFW are starting to get attention from the scientific community and 

industry.  

There are many papers which indicate water quality parameters of SAGD produced water, yet 

few of them give the information on functional chemical characteristics of SAGD DOM. Much 

literature has concluded that the majority components in OSPW DOM are naphthenic acids, 

which come from extraction of bitumen, even if this idea is not universally accepted (Barrow et 

al., 2010, Grewer et al., 2010). 

From the above, it is easy to understand the necessity of having knowledge of DOM that will be 

helpful to reduce the formation of fouling. Even though this is vital to SAGD treatment process, 

knowledge of what role DOM plays in formation and treatment of fouling is still poor. 

Understanding the organic matter chemistry of DOM in SAGDPW may lead to an increasing 

efficiency in abatement of fouling. To have a better understanding of DOM in treatment process, 

an easy and fast characterization method which focuses on the functions of the organic matter is 

needed rather than unraveling the complex composition.  The now well used methods in 

charactering natural organic water (NOM) in natural water offer a promising precedent.  

Since main components of DOM in natural water are humic substances and the so called 

“naphthenic acids” in SAGD DOM are two very complex mixtures and both are families of acids. 

From High Resolution Mass Spectroscopy (MS)results shown, for natural organic matter (NOM), 

the composition is C4.37H4.19O2.67N0.079P0.000647 (International Humic Substances Society, 2016) 

According to the MS results for naphthenic acids, of the composition of it is CnH2n+zOx(n= 8 to 

30, Z = 0 to −12, and x = 2 to 5), where z is hydrogen deficiency which is a count of how many 

molecules of H2 need to be added to a structure in order to obtain the corresponding saturated, 
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acyclic species (Grewer et al., 2010). What’s more, based on the analysis of organic acids 

isolated  from SAGD PW fouling deposits, using a  high resolution MS technique, several 

thousands of individual organic acids were identified (Schaub et al., 2007). 

The common point is these mixtures are all too complex to look at function by character of 

individual components. The method borrowed from the humic literature starts from two 

functional parameters to characterization functions: One is hydrophobicity vs. hydrophilicity 

characterizing one core aspect of behavior. A second is based on the differences of acidity vs. 

basicity. Categorizing fractions from the mixtures on this two dimensional grid provides initial 

insight into functions of classes.  

Resulting from researchers’ efforts to characterize NOM for around 50 years, the classification 

methods are well-developed and relate the characteristics to the efficacy of various water 

treatment techniques (Matilainen et al., 2011). It seems reasonable that the method used to 

character NOM in natural water, can also be tested for character DOM in SAGD water in useful 

ways. 

1.3. Objective and Scope 

1.3.1. Objectives and scope of the Present Study 

 

Objectives of this research are to offer an integrated overview of the DOM in SAGD BFW and 

how to degrade DOMs in BFW so as to mitigate the fouling problem. 

The scope of this research includes classifying the DOM in SAGD BFW into different fractions 

based on their hydrophobicity / hydrophilicity and acidity / basicity. Through comparing 

fluorescent fingerprint of DOM fractions with those in natural NOMs, established NOM 
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classification of fluorophores can serve as indicators. However, this study cannot give specific 

chemical structure of each fraction since DOM in SAGD BFW are too complicated to yield 

coherent series at the single molecule level.  All the work focuses on functional characterization 

of DOM in SAGD BFW and further to degrade them.  

 

Goals of this research are: 

1. Give a detailed characterization method for the SAGD boiler feed water (BFW) based on 

functional parameters.  

2. Classify the dissolved organic matter in the SAGD BFW into different fractions based on their 

hydrophobicity/hydrophilicity and acidity/basicity. 

3. Determine of naphthenic acids contents in SAGD BFW.  

4. Develop photochemical methodology for degradation of DOM in SAGD BFW to reduce 

fouling. 

1.4. Overview of the thesis 

 

In Chapter two, a literature review was made to have a profound understanding of the existing 

techniques used to characterize dissolved organic matters.  Due to the complex nature of DOM 

methods used to analyze NOM were introduced to SAGD DOM, including fractionation of DOM 

to divide DOM into different classification based on their hydrophobicity and hydrophilicity 

properties. What’s more, fluorescence spectroscopy was used in analysis of the different 

fractions of DOM. And according to the intensity and position of peak areas, different 

fluorophores were characterized based on comparison with those of NOM. Review of their 
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techniques used to characterize DOM including  Total organic carbon (TOC), Fourier transform 

infra-red (FTIR) spectroscopy and Quadrupole time-of-flight mass spectrometer(QTOF MS) are 

also presented. Besides characterization methods, advanced oxidation processes are introduced in 

this chapter.  

In Chapter three, experiment materials and methods used to characterize and degrade DOM for 

SAGD BFW are described in detail. Instead of analyzing the DOM directly, fractionation was 

first applied to differentiate classes to analyze. A fractionation protocol borrowed from the humic 

literature was a very important part of this research, including how to prepare the non-ionic 

exchange resin, how to prepare the experiments, how to elute different fractions. Other 

techniques used to characterize DOM fractions were fluorescent EEM, TOC, Qtof MS and 

potentiometric titration are also described in this chapter. What’s more, photolysis and 

photocatalysis methods are also detailed 

In Chapter four, characterization results are presented. Results included the percentage 

distribution of DOM in BFW based on fractionation. Fluorophores identification using 

Excitation-Emission Matrix (EEM) spectroscopy for different DOM fractions is presented. 

Acidification studies of BFW samples gives further understanding how pH affects the behavior 

of different DOM fractions. Fluorescent fingerprints of different fractions at different pH are 

compared using the characterization method. 

Chapter five includes photolysis and photocatalysis study on how to degrade DOM in SAGD 

BFW TOC and Specific Ultraviolet Absorbance (SUVA) value analysis can indicate the 

degradation of aromatics and Fluorescent EEM fingerprints of degradation processes can give a 

hint of what intermediate stages during the degradation. 
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In Chapter six, conclusions are drawn based on the results obtained from this research and 

potential future work based on this research is suggested. 
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2. Literature Review 

 

2.1. Produced water 

 

Produced water is the water that is produced as a byproduct along with oil and gas. Different 

sources of produced water vary in their physic-chemical properties (Alley et al., 2011). There are 

two categories of produced water. One is the produced water from conventional oil or gas, 

Canada began producing conventional oil in the late 1890s and conventional natural gas in the 

early 1900s, since it is more accessible and cost-effective to extract (Hall et al., 2014). 

A major way to extract a source is mining bitumen bearing sands. The produced water from this 

process is called oil sand produced affected water. There are two steps in mining of the oil sands, 

first is to excavate bitumen-rich sand and second is to extract of the bitumen with hot alkaline 

water. This is the very efficient method of extraction when there are large deposits of bitumen 

which exist in the shallow layer (National Energy Board, 2004). 

A second source of produced water is from unconventional resources – such as oil shale, gas 

shale, tight sands, and coal bed methane. This is more time-consuming and costly compare to 

produce from a reservoir that can use the surface mining (Naik, 2003). 

Even though the conventional resources are easy and cheap to develop, they are limited in 

amount and relatively small. To meet the demand, it has been judged necessary to develop 

unconventional oil and gas sources. In situ production methods are used for unconventional oil 

and gas sources development. In-situ methods relevant to this thesis involve processing the oil 

sand deposit so that the bitumen is removed while the sand remains in place. These methods are 
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favored for oil sands which are too deep to use surface mining. There are four in-situ methods of 

bitumen extraction: SAGD, CSS, VAPEX and THAI  (Nasr & Ayodele, 2005). Among with all 

in-situ methods, SAGD is most useful and popular in-situ extraction method used in Alberta. 

Since the extraction methods used in surface mining and SAGD are different, organic matter in 

oil sand produced-affected water from mining process differ from that of SAGD produced water 

greatly. For instance, water temperature in mining process is about 70-90 °C, whilst SAGD 

extraction undergoes a higher temperature which around 100-300 °C which will lead to  

differences in composition of DOM. SAGD produced water undergoes several treatment 

processes and is converted to boiler feed water (BFW) to generate steam for further extraction of 

bitumen. The organic matter in SAGD BFW has a higher concentration than that of SAGD 

produced water due to the numerous recycle accumulations (Goodman, 2011).The high 

concentration(200-500 ppm) of DOM cause several issues such as injection well clogging, heat 

exchanger fouling during the SAGD extraction process (Wang et al., 2005, Jennings & Shaikh, 

2007). 

2.2. Characterization of dissolved organic matter in natural water  

 

Characterization of dissolved organic matter(DOM) of process water is very important in 

determining the treatment process for the aquatic systems (Matilainen et al., 2011). However, the 

high level of complexity and as physical-chemical properties differ with sources (Fabris et al., 

2008, Wei et al., 2008), lead to increase of the difficulty in characterization of DOM in SAGD 

BFW. 
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DOM is encountered in natural water, in the form of humic substances (HS), these are also of 

complex nature. Through analysis of humic substance by high resolution mass spectrometry, 

have identify thousands of individual compounds within the humic substances (Kujawinski et al., 

2002, Reemtsma, 2009) . This will define the difficulty in understanding the NOM integrated 

behavior in natural systems. Therefore, characterization methods should initially aim at broad 

functional fractions in natural aquatic systems, which can also offer an interesting starting point 

for functional characterization of DOM in SAGD BFW. BFW has much higher organic 

concentration than natural water and this must be taken into account. In this research, I will 

evaluate techniques from NOM for suitability for water systems which contain high levels of 

DOM with composition related to bitumen. 

There are large number of diverse chemical functionalities in aquatic organic matter, therefore no 

single analytical method that indicates the real concentration of these small molecule, oligomer 

and polymer organic solutes in the sample, so fractionation based on function rather than 

structure of DOM has been based on separations using precipitation and sorption techniques. A 

scheme using two dimensions - acidity and - hydrophobicity of separation has been developed 

and widely accepted. For humic substance, it is a frequently used procedure (Peuravuori et al., 

1997). As an approach to functional characterization methods for  DOM in oil sands extraction 

produced water, the same two characteristic dimensions: acidity and hydrophobicity will be 

considered to determine to what  extent these relate to key problems in use and clean-up of 

produced water. (For example, does hydrophobicity correlate with boiler fouling?) 
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2.2.1. High Resolution Mass Spectrometry  

 

HS comprise about 50-80 % of the DOM in surface water (Averett et al., 1989). HS are mixtures 

which are amorphous whose apparent molecular weights are estimated to range from several 

hundred to tens of thousands, but where values differ depending of solution conditions. For 

better understanding the composition of HS and their chemical and biological reactivity, mass 

spectrometry has been applied in HS studies which can give structural characterization. 

Compared to traditional MS techniques, high resolution MS can give sufficient compound 

resolution which can be suitable for characterization of the highly complex NOM (Kujawinski et 

al., 2002) and DOM in SAGD produced water (Petersen & Grade, 2011). The highest resolution 

(up to 1,000,000 resolution) of analytical mass spectrometers are Quadrupole orbitrap time of 

flight (Q Tof) and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) 

(Hernández et al., 2012). Since a FT-ICR instrument is extremely expensive, Q Tof instruments 

enable the characterization of compounds  even though the resolution is not as great as that 

obtained from FT-ICR (Pickford et al., 2002). 

Q-TOF is a Quadrupole mass separator depending on the mass to charge ratio (m/z), linked to a 

Time of Flight Analyzer. The time of flight analyzer is an ion separation methodology, based on 

the idea that within a tube which is 1-2 meter long, ions can fly freely inside it. For two 

simultaneously generated ions, the one have a higher m/z value will have a longer flight time 

inside the analyzer (Merchant & Weinberger, 2000). The Quadrupole is composed of four 

parallel electrical rods, only ions within a narrow range of m/z can pass the rods, forward to the 

detector, otherwise the ions will collide with one of the rods.  This allows separation of narrow 

mass ranges to allow high resolution in the tof.  
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There are many advantages of Q-ToF technique, such as it can work in tandem with Electronic 

spray Ionization, which can perform ionization without fragmentation. Other benefits such as 

high resolution which will increase the signal-to-noise ratio (Katsuyama & Ohte, 2002) , high 

sensitivity and ease of operation. Due to these advantages, Q-ToF MS is applied to detect 

structural information of Naphthenic acids(NAs) (Bataineh et al., 2006). 

2.2.2. Natural organic matter (NOM) and the fractionation method 

 

Natural organic matter (NOM) contains a range of different compounds, including largely 

aliphatic and highly colored aromatics. NOM contains dissolved organic matter and particulate 

organic matter. A first step is to separate particles from dissolved matter. The organic matter 

cannot pass through a 0.45 micron filter is deemed solid or particulate organic matter (POM) or 

particulate organic carbon (POC). The portion that passes the filter is classified as dissolved 

organic matter (DOM) or dissolved organic carbon (DOC). 

In humic aquatic NOM, POC is a minor part (less than 10%) of total organic carbon(TOC), 

according to Thurman (Thurman, 2012).The properties of dissolved humic organic matter in 

water are topics of significant environment interest. The impact factors in DOM composition, 

concentration and chemistry vary with sources of organic matter, the temperature, ionic strength, 

pH and on the extent of photolytic and microbiological degradation processes (Leenheer & 

Croué, 2003). DOM present in waters consists of both hydrophobic and hydrophilic parts that 

correlate with characteristic functional groups (Matilainen et al., 2011). The hydrophobic part is 

comparatively rich in aromatic carbon, while hydrophilic NOM contains a higher proportion of 

aliphatic carbon (Świetlik et al., 2004), such as alkyl and  carbohydrate carbon with small 
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amounts of  proteins sugars and amino acids. Heterogeneous molecular aggregates in natural 

waters increase DOM complexity (Leenheer & Croué, 2003). 

Based on the acidic/basic, hydrophobicity/hydrophilicity properties, the hydrophobic part can be 

divided into hydrophobic acid (HpoA), hydrophobic base (HpoB) and hydrophobic neutral 

(HpoN) (Leenheer, 1981). HpoA is the main component of aquatic NOM, occupying more than 

half of the DOC in water (Świetlik et al., 2004). Figure 2-1 shows the fractionation procedure 

and how the different fractions are defined. 

 

 

 

 

 

 

 

Figure 2-1 Analytical procedure for dissolved organic carbon fractionation(Leenheer, 1981) 

 

After fractionation of DOM, a combination of different characterization methods can be used to 

give a more comprehensive understanding of DOM. Techniques can include UV-vis absorbance, 

fluorescent Excitation Emission Matrix, Mass spectrometry. 
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Table 2-1 Composition of particular NOM fractions based on literature data 

Fraction Organic compounds class 

HpoA C5-C9 aliphatic carboxylic acids,1-and 2-ring aromatic carboxylic acids,1-and 2- ring 

phenols.(Leenheer, 1981, Marhaba et al., 2000) 

HpoB 1-and 2-ring aromatic amines except pyridine,proteinaceous substances. 

HpoN A mix of hydrocarbons;>C5 aliphatic alcohols,amides,esters,ketones,aldehydes;long 

chain(>C9) aliphatic carboxylic acids  ,>3-ring aromatic carboxylic acids and amines 

Hpil Amino acids, purines, pyrimidine, Polysaccharides, Hydroxy acids, sugars, sulfonics 

 

2.2.3. UV-vis Absorbance Spectroscopy 

 

According to the Beer–Lambert law, the concentration of organic matter in a water sample is 

related to the absorbance of the sample (Wang & Hsieh, 2001, Weishaar et al., 2003, Matilainen 

et al., 2011). Some researchers used the absorbance of the sample as indicator of the 

concentration of the solution (Dobbs et al., 1972). What’s more, absorbance can also give insight 

into the chemical characteristics of dissolved organic matter in a solution from the absorptivity 

parameters of the Beer Lambert law. For instance, absorbance at 254 nm  wavelength  is 

considered to be related to aromaticity of organic matter in water samples (Ghosh & Schnitzer, 

1979). And the E2 : E3 ratio (the ratio of UV-vis absorption at 254 nm  relative to that at 365 nm) 

has been deemed to be proportional to the amount of aromatic carbon in the sample (Dalzell et 

al., 2009). 
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2.2.3.1. SUVA Value 

 

UV absorptivity at 254 nm (ABS 254) is commonly used to determine the relative abundance of 

aromatic carbon content of DOM because pi-pi * transitions in substituted benzenes and phenols 

occur in this wavelength region (Ghosh & Schnitzer, 1979, Traina et al., 1990, Chen et al., 2002). 

Specific UV absorbance is called SUVA, which is a very common parameter of qualitative 

analysis of the water solutions. Specific means choosing a desire wavelength of the light such as 

254nm which can stand for aromatic compounds. The main parameter derived from  SUVA is 

the ratio of UV absorbance at 254 nm  to TOC value of the sample in ppm multiplied by 100 

(Weishaar et al., 2003). This parameter can classify various samples in terms of relative 

aromaticity. The SUVA parameter can also be related to the hydrophobicity and hydrophilicity 

of the DOM in a water system. When the SUVA value is greater than 4, it is implied that the 

main component is aromatic matter, whilst a SUVA value is smaller than 2 suggests that the 

organic matter in the solution are mainly aliphatic compounds. (Edzwald, 1999) summarizes the 

postulated relationship of SUVA value with the functional chemical characteristics of dissolved 

organic matter which can be seen in the Table 2-2. 

Table 2-2 Relationship between SUVA value with chemical characteristics (Edzwald, 1999) 

 

SUVA value Chemical Characteristics of DOM 

>4 Predominantly aromatic compound 

2-4 A mixture of  aromatic and aliphatic organic matter 

<2 Predominantly aliphatic compound 
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2.2.3.2. E2:E3and E4:E6 ratios of UV absorbance 

 

Main organic matter is the colored dissolved organic matter (CDOM) source in many freshwater 

systems, light absorption at wavelengths 254, 350, and 440 nm can reflect dissolved organic 

carbon (DOC) concentration, give a fast and cheap way to determine TOC concentrations 

(Dobbs et al., 1972, Spencer et al., 2012). Ratios of absorbance at specific wavelengths have also 

can provide more information about DOM composition. The most common absorption ratio is 

the E2: E3 ratio (the ratio of a sample's absorption at 254 nm relative to its absorption at 365 nm). 

The E2: E3 ratio has been shown to be proportional to the amount of aromatic material in the 

sample (De Haan & De Boer, 1987, Dalzell et al., 2009). However, SUVA is a more common 

method for estimating aromaticity. There is also an E4:E6 ratio (absorbance at 465 nm/665 nm) 

which is related to DOM aromaticity as well. However, E4:E6 ratios have been shown to be 

better related  to molecular aggregate size, which is unstable since molecular size is determined 

by state of aggregation and varies with solution conditions (Helms et al., 2008). 

2.2.4. Fluorescence excitation emission matrices contour (EEMs) 

 

DOM fluorescence, like UV-visible light absorption spectroscopy, has been used for both DOC 

qualitative analysis, it is used to provide insights into the chemical behavior of DOM. Early work 

used fluorescence ratios of excitation maxima and minima to define peak types (Coble, 1996) 

and  to develop a fluorescence index to estimate microbial vs. higher-land-plant contributions to 

the DOM pool (Cory & McKnight, 2005). Nowadays, people still use the same approaches. The 

use of the fluorescence index is the subject of a recent critical evaluation. Over the past decade, 

multivariate analyzes of excitation emission matrices (EEMS) using principal component 
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analysis has become the favored approach for investigating detailed fluorescence differences 

among samples. 

Fluorescent techniques have been widely used in DOM characterization, due to the appearance 

of high aromaticity, hydroxyl and amine groups in the organic fluorophores (Hudson et al., 2007, 

Wu et al., 2007, Matilainen et al., 2011). Due to the high complexity of DOM and the difficulties 

in distinguishing each of the fluorophore environments, a broad classification is used to help 

understanding. There are two main systems, one system is standard nomenclature, which 

identifies peak regions as: 1) humic (acid)-like, 2) fulvic (acid)-like, 3) tryptophan-like and 4) 

tyrosine-like fluorophores (Coble, 1996, Marhaba et al., 2000). The other one relies on first 

fractionation of DOM based on their hydrophobicity and hydrophilicity, and then naming by 

their functional properties(such as functional groups) (Marhaba et al., 2000) (Wu et al., 2003). 

The latter attempts to give more functional information by fluorescence spectroscopy about 

aromaticity or aliphatic characters and offers a wide knowledge of functions in a water systems 

(Hudson et al., 2007). The categories for different water fluorophores are presented in the Table 

2-3 together with the intensity peaks wavelength for excitation and emission. 

 Excitation emission matrix (EEM) fluorescence spectroscopy had first been used in aquatic 

systems in 1996 by Coble (Coble, 1996), and is recently  emerging as a key technique used to 

characterize natural organic matter (Coble, 1996, Hudson et al., 2007, Matilainen et al., 2011). 

Compared to the synchronous fluorescence scanning which is restricted to a linear scan with a 

constant excitation – emission wavelength difference, the basic idea of EEM is that all target 

excitation wavelengths, emission wavelengths and fluorescent intensity can be observed in one 
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3-D plot. This allows for EEM scanned and observed over a full range of wavelengths, which 

will not miss any of the fluorophores. 

Table 2-3 Interpreting EEM fluorophores 

 

Beside this advantage, EEM technique is very fast which just cost about 1 min per sample (Baker, 

2001) and offers a large amount of data for processing and analyzing (Lombardi & Jardim, 1999, 

Spencer et al., 2007). Rather than advantages of EEM, the effect factors should been known 

since that will have an impact on the data analysis.  

Normally, pH and inner filter effects are the two main issues in fluorescence analyses of DOM, 

especially for concentrated samples. When the solution is too concentrated, fluorophores will 

have interferences with each other and light can be re-absorbed in the solution, which will cause 

shift to longer wavelength, called red shift (Yang & Zhang, 1995, Mobed et al., 1996). This 

phenomenon is called an inner-filter effect. Inner filter effects will have impact on the position of 

Fluorophore Name Chemical Natures of 

Fluorophores 

Excitation-emission wavelength 

of fluorescence peaks (nm) 
Coble’s Marhaba’s 

A HpoA Humic like 300-370/400-500 

T HpoB 

Hpil 

Tryptophan-like 225-237/340-381 and 275/340 

B HpoN Tyrosine-like 225-237/309-321 and 275/310 
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fluorescent peaks and fluorescent intensity. When the solution had a relative low concentration 

of fluorophores, this will cause a shift to a shorter emission wavelength which called blue shift 

(Hautala et al., 2000). 

The inner filter effect is one of the major issues to have impact on the measurement of EEM of 

DOM, which can be called self-absorption as well (Larsson et al., 2007). The mechanism of 

inner filter effect is the absorption of the exciting and fluorescent light by fluorophore itself 

and/or by other fluorophores in the water sample. This is different from quenching since latter is 

because excited molecules lose energy through other pathways rather than emission, such as 

interaction with other molecules. The way to reduce inner filter effect is dilution of concentrated 

water samples. The most effective DOC concentration of solution is between 1~20 mg/L 

(Vodacek & Philpot, 1987, Hautala et al., 2000) not to exceed 100 mg/L (Roy et al., 1991). 

Dilution of the concentrated water is necessary prior to fluorescence analysis (Mobed et al., 1996, 

Baker & Spencer, 2004).What’s more, since low concentration decreases the potential for 

aggregating of the organic matter that ensures that other signals will not affect the fluorescence 

signature of DOM. 

pH will have an impact on fluorescent intensity for DOM in aquatic system (Myneni et al., 1999). 

Fluorescent analyses can be applied to natural water samples in pH range 2-12,where the typical 

behavior will be that with  increasing pH, the fluorescent intensity will increase (Vodacek & 

Philpot, 1987, Westerhoff et al., 2001). Since the low pH which will cause aggregation. It is 

significant that pH effects on fluorescent intensity is reversible (Vodacek & Philpot, 1987, Patel-

Sorrentino et al., 2002). When the pH change back to original condition, the fluorescent  

intensity will be original as well. Compare this to temperature  effects on fluorescent intensity 
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which is questionable, some researchers (Baker, 2005) insist that it is irreversible since when 

DOM experiences higher temperatures, the molecule will undergo thermal degradation, keeping 

temperature appropriately constant is very important to avoid thermal quenching. However, 

some researchers consider temperature effects on fluorescent intensity are reversible since 

temperature does not change the DOM molecule (Patsayeva et al., 2004).  

2.3. Issue with existence of organic matter in BFW 

 

Since water impurities cause boiler problems (Jennings & Shaikh, 2007), quality of the water 

used for generating steam must meet the requirements. The composition of impurities inside 

boiler feed water it can be concentrated a reasonable number of times during recycles. If the feed 

water does not meet these requirements, pre-treatment to remove impurities that may decompose 

to corrosive or fouling compounds in the boiler must be considered. Decomposition of organic 

molecules in the boiler water generally leads to the formation of low molecular weight organic 

acids (Nalco water Hand book 3
rd

 edition, 2009), a further corrosion cause in the boiler. What’s 

more, from the fouling composition analysis, much of the substances are organic matter, 

especially organic acids. A combination of above problems may cost huge amounts of money to 

clean out and repair. If organic matter can be removed prior to boiler entry, a major issue is 

addressed before it occurs, but the process must lead to loss of TOC not just lower acids.  

2.4. Advanced oxidation process for the degradation of organics  

 

The following list identifies the advanced oxidation processes that are currently in development 

or use, to varying degrees.  
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Figure 2-2 Advanced oxidation processes (Andreozzi et al., 1999) 

 

Advanced Oxidation Processes (AOPs) is very effective in degrading organic matters in 

wastewaters, including recalcitrant organic pollutants (Ikehata et al., 2008). Due to most 

recalcitrant organic matters have highly stable chemically and are hardly biodegradable feature, 

AOPs can act as an treatment method and also can accelerate the biodegradability of these 

constituents (Gamal El-Din et al., 2011). In most of AOPs, the basic idea is that a powerful 

oxidizing agent is generated [often this is the hydroxyl radical ( OH)], which persistent organic 

compounds can be oxidized to smaller intermediate molecules, and finally to CO2 (Schöne & 

Herrmann, 2014). Since high standard electrode potential of hydroxyl radical around +2.80 V in 

acid solution, by abstraction or addition reactions at almost diffusion-controlled rate, degradation 

of most organic compounds is quite practical (Andreozzi et al., 1999) .The most convenient and 

cheap AOP is UV/ H2O2. What’s more, TiO2 has received attention due to its chemical stability, 

non-toxicity, low cost (Carp et al., 2004). 
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Table 2-4 Table of Organic compound Types that have been treated by UV/H2O2 and that might 

be present in BFW (Ibanez et al., 1997)  

Aromatic Benzene, Toluene, Ethylbenzene, Xylenes 

Acids Acetic acid, Propionic acid, Formic acid, Naphthenic acids, Fatty acid 

phenols Phenol, Chlorophenols, Nitrophenols 

 

2.5. Summary 

 

The chemical properties in water systems vary with different sources of water and different 

extraction methods used. Though literature that delineates properties of various produced waters 

is available, knowledge on the chemical characteristics of SAGD BFW is lacking. Since a huge 

amount of water needs to be used during SAGD process, the need to recycle the produced water 

is clear. Thus, it is very important to have a better understanding of BFW. Many analytical 

techniques are available to characterize complex mixture forming dissolved organic matter in 

water systems, such as river and ocean water, yet most of them are focus on natural water body 

which are quite different from waters involved in bitumen extraction (Wu et al., 2003, Fabris et 

al., 2008, Matilainen et al., 2011). Given the complex nature of DOM, no single analytical 

technique can directly give all the information of DOM behavior. Even if high resolution mass 

spectra can lead to identification of more than a thousand discrete molecular formulas, functional 

characteristics arise as these components interact with each other. Several different techniques 

are necessary and they should initially focus on functional parameters rather than detailed large 
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catalogs of individual molecules. The techniques used and experimental procedure for 

characterization and degradation will be discussed in Chapter 3. 
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3. Experiment Methods 

3.1. Introduction 

 

In this chapter, the experiment materials and methods will be described in detail .There are two 

parts. The first part is fractionation of DOM in SAGD BFW followed by further characterization 

different fractions. The second part is degradation of BFW organic matter and comparison of 

degradation efficiency by different methods. For better understanding of this complex DOM, 

initial separation will be based on two functional parameters acidity and hydrophobicity. 

This approach was chosen because it has been successfully used to fractionate and classify 

components of natural water and soil organic matter (Thurman & Malcolm, 1981, Peuravuori et 

al., 2005). Despite the quite significant differences of BFW, starting from a well-documented 

approach seemed wise. There was some evidence from work on tailing pond waters to support 

the choice (Guha Thakurta et al., 2013).DAX-8 resin, a  neutral poly(methyl methacrylate) resin 

(Peuravuori et al., 2001) was used to isolate different fractions in DOM based on their 

hydrophobicity vs hydrophilicity. Hydrophobic fraction of DOM exhibit relatively high specific 

ultraviolet absorbance (SUVA) values as they usually contain relatively large proportions of 

aromatic moieties and based on the method used by Leenheer, hydrophobics are retained on this 

resin, hydrophilics pass through the resin and are collected. Hydrophobic acids (HpoA) are 

eluted with base and hydrophobic bases (HpoB) are eluted with acid. Hydrophobic neutrals 

(HpoN) remain on the column for organic solvent extraction. 

TOC analysis was used to estimate concentrations of dissolved organic matter in raw BFW and 

each fraction. The percentage distribution of individual fractions in the SAGD BFW was 
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calculated. Also TOC was used to follow degradation processes through monitoring TOC value 

at different time samples taken during photolysis and photocatalysis. Fluorescence excitation 

emission matrices were also used to characterize fluorophores in each fraction, and how they 

change during photolysis. Again it was a precedent from humic studies (Sen Kavurmaci & 

Bekbolet, 2014). To observe pH effects on DOM, EEM was used to study HpoA, HpoB fractions 

at three different pH values. UV-vis absorbance was also used to monitor the loss of the colored 

components. 

FTIR was used for qualitative analysis of functional groups distributions. 

The other method of characterization of SAGD BFW used in this work was Quadrupole Time of 

Flight mass spectrometry (QTOF-MS) which was used to demonstrate the complexity of the 

mixture and specifically reveal the distribution of naphthenic acids. 

 

The details of these methods including their principles, experimental procedures and data 

processing are presented in this chapter. 

3.2. Samples 

3.2.1. Samples collection and storage 

The water samples used for this study is SAGD boiler feed water (BFW) received from Northern 

Alberta without using a cooler. After transferring the sample to the lab, the BFW was kept in a 

refrigerator at 4o
C, in brown glass bottles for storage.  Bottles were completely filled and sealed 

until they were opened for sample analysis .The purpose was to minimize compositional changes 

during storage (Ku et al., 2012). 

 



 
 

29 
 

3.2.2. Materials 

 

Before analysis of the water samples, 0.45 µm Filters ( FP Vercel® PVDF Membrane 

Filters,Pall® Life Sciences)  were used to obtain water samples with dissolved organic matter. 

Ultrapure water was prepared with a Milli-Q gradient A10 ultrapure water purification system 

(Barnstead Easy pure LF, 18.3MΩ·cm grade water). Milli-Q water was used to dilute sample, 

rinse glassware, and preparation of the blank. All the glassware were washed with de-ioned (DI) 

water, then rinsed with Milli-Q water.  The TOC of the (DI water obtained from the water 

purification unit was determined to be less than 2 mg/L (see page 30). 12 N HCl (Fisher 

Scientific, USA) was diluted in DI water to obtain acid solution of different concentrations. 

Similarly, basic solution of NaOH was prepared by dissolving solid beads of NaOH (Fisher 

Scientific, USA) in DI water. Since NaOH absorbs atmospheric moisture, these concentrations 

are not precise, but are quite satisfactory for the precision needed. 

 

Non-ionic macroporous DAX-8 resin (Supelco®, Sigma Aldrich, USA) was used for separation 

of hydrophobic and hydrophilic fractions, Methanol (Fisher Scientific, USA), and Acetone 

(Fisher Scientific, USA),Hexane (Fisher Scientific, USA) were used for resin conditioning. The 

conditioning of resin with the organic solvents (Hexane: methanol=1:1) was performed in a 

Soxhlet Apparatus (Sigma Aldrich, USA). The resin is placed in a high purity glass fiber thimble 

(Sigma Aldrich, USA) while the organic solvent is placed in the flask. This is recommended for 

complete extraction of organics not covalently bound.  
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For photolysis and photocatalysis degradation, 30% (w/w) hydrogen peroxide solution was 

obtained from Sigma Aldrich and Degussa P25 was obtained from Degussa Corporation, 

Germany. Cool white (CW) ordinary fluorescent lamps were obtained from Philips Electronics 

LTD., Markham, ON, Canada. 

3.3. Analytical Methods: 

 

3.3.1. Determination of DOC 

 

The dissolved (post-filtration) organic carbon (DOC) was measured using a TOC analyzer 

(Teledyne Tekmar Apollo 9000 TOC analyzer) after passing through a 0.45µm membrane filter. 

All the samples were duplicate runs. Data acquisition and quantification were obtained by using 

TOC talk 4.22.109.7 software. Each sample was followed by water blank to avoid interferences 

between different samples. 

3.3.2. Fluorescence excitation emission matrix contour maps (EEM) 

 

Fluorescence EEM contour maps for the samples were obtained using a fluorescence 

spectrophotometer (Varian Cary Eclipse), the samples were analyzed in a standard 90
0
 

orientation in a 1.0 cm quartz fluorescence cuvette with cover. The excitation-emission matrix 

(EEM) was achieved by setting parameters as followed, excitation wavelength range is 220-500 

nm with the 5 nm excitation slit width and emission wavelength range is 230-550 nm with the 1 

nm emission slit width. Emission scans were recorded with excitation increments of 5 nm. 

Before acquiring EEM, samples need to be diluted to make TOC level between 20-30 mg/L to 

avoid inner filter effects on fluorescence analysis.  
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3.3.3. UV absorption spectra  

 

UV-vis absorption spectra of all the water samples (fractions before and after irradiation) were 

recorded at room temperature with a Hewlett-Packard 8452 A diode array spectrophotometer 

equipped with a computer and Olis software for the data acquisition (The Olis® HP 8452 Diode 

Array) using Milli-Q water as a blank. Scan controls were: average time(s) =0.1; data interval 

(nm) =1.00 and scan rate (nm/min) = 600. A 1.0 cm quartz cell was used for solution absorption 

measurements.MilliQ water was used as the reference.  The scan wavelength range was 220-600 

nm. 

3.3.4. Fourier transform infrared spectroscopy (FTIR) 

 

Infrared spectra were obtained using 2–4 mg of filtered sample evaporates in a 150 mg 

potassium bromide pellets. FTIR was set to scan from 4000 to 400 cm
−1

, averaging eight scans at 

1.0 cm
−1

 interval. All spectra were normalized after acquisition to a maximum absorbance of 1.0 

for comparative purposes. 

3.4. Fractionation of DOM 

 

Dissolved organic matter present in SAGD BFW was divided into different fractions, such as 

HpoA, HopB, HpoN and Hpil based on their hydrophobicity and hydrophilicity and 

acidity/basicisity as described above. The sample water was passed through a sequence of non-

ionic resin and different organic fractions were collected through elution with suitable elutants. 

(Volumes passed are recorded to allow calculation of fraction content of the original sample.) 

The hydrophobics are retained on this resin and hydrophilics pass and are collected. 

Hydrophobic acids (HpoA) are eluted with 0.1 N NaOH and hydrophobic bases (HpoB) are 
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eluted with 0.1 N HCl. Hydrophobic neutrals (HpoN) remain on the column for methanol 

extraction. For samples at different pH was performed by acidification prior to the fractionation 

procedure. 

3.4.1. DAX-8 conditioning 

 

DAX-8 resin is a macroporous, polymeric, non-ionic resin, particle size is 40-60 mesh, pore 

volume 0.79 mL/g pore volume. Good DAX-8 resin conditioning is very important before 

performing the fractionation experiment. If resin is contaminated by microbes, it will affect the 

efficiency of fractionation and also have a huge influence on TOC results which will produce 

false positives. So we carefully used the method described by Leenheer (Leenheer, 1981), 

organic resin contaminants removed by sequential 15-h Soxhlet extractions with acetone and 

hexane (Volume ratio 1:1). After soxhlet extractions, the resin is slurried in methanol and stored 

in refrigerator before use. When using the resin, it is packed into the column. Methanol through 

the column until the effluent is free of hexane and then Milli-Q water is pumped until the DOC 

of the effluent is 1 mg/L or less (detection limit). Following this step, the resin is fully cleaned 

and will not contaminate the TOC results. The DAX-8 resin column should be rinsed with of 0.1 

N NaOH and 0.1 N HC1, repeated twice and followed by distilled water just before application 

of the sample. Cleaned DAX-8 resin should be stored in methanol in a sealed bottle which 

should be refrigerated. 

3.4.2. Isolation of Organic matter fractions 

 

Fractionation procedure: 
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The amount of DAX-8 required for fraction depends on the TOC of the sample.  According to 

the table given by, if TOC of the sample is 100 mg/L, 15 ml is the maximum sample to reach 

breakthrough for 1 ml of the resin. 

Table 3-1 Relationship between DAX-8 resin and DOC value of sample(Thurman & Malcolm, 

1981) 

 

The analytical procedure called DOC fractionation analysis developed by(Leenheer & Huffman 

Jr, 1979) quantitatively classifies organic solutes into hydrophobic-base,-acids, and neutral 

fractions, and hydrophilics parts based on their adsorption up the nonionic exchange resin 

adsorbents. The objectives for this isolation and fractionation procedure are recovery of greater 

than 90% of the DOC from the resin adsorbents in applications to a variety of waters ranging 

from concentrated wastewaters to dilute natural waters.  

Bed volume (mL) = Bed height (cm) * Column crossectional area (cm
2
)  
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Together with the results obtained in the lab, HpoA will use 1 bed volume 0.1 N NaOH to elute 

and HpoB will use 0.25 bed volume 0.1 N HCl to elute, correction made to the fractionation 

procedure with Thurman(Thurman & Malcolm, 1981) as followed:   

1. Inject 50 ml BFW into 10 ml resin. Since the TOC of BFW is around 330 mg/L.To avoid 

overloading TOC on resin, just use 50 ml BFW. 

2. After pumping the BFW, using 2.5 bed volume of DI water to wash the column, then mix 

back with BFW, when cannot see the color of effluent, stop collecting. Record the 

volume collected. 

3. The HpoB fraction can be eluted by injecting 0.25 bed volume of 0.1 N HCl, then inject 

1.5 bed volume of 0.01 N HCl to the column. 

4. Acidify the effluent of DAX-8 column to pH 2 using 12 N HCl. 

5. Filter the acidified sample through 0.45 µm filter to remove the precipitate. 

6. Inject filtrate to DAX-8 column again. 

7. Inject 1 bed volume of 0.01 N HCl to displace the non-sorbed portion of the sample and 

allow mix it back to effluent. 

8. To collect HpoA fraction, inject 0.25 bed volume of 0.1N NaOH into the column, 

followed by 1.5 bed volume DI water. 

9. Air dry resin for 24 H and use 0.2 bed volume of methanol to dissolve the organic matter 

to obtain HpoN. 
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3.4.3. Liquid Liquid Extraction (LLE) for Naphthenic acids (NA) in BFW  

 

To determine Naphthenic acids (NAs) are present in BFW, Liquid Liquid extraction was used to 

extract, according to the method (Grewer et al., 2010). First pH is increased to 12 with NaOH 

and then centrifuged to remove the suspended  particulates .The upper liquid is extracted with 

Dichloromethane (DCM) to remove the basic and neutral organics. The aqueous phase is then 

adjusted to pH=2 to precipitate NAs for organic extraction with DCM. Finally, precipitate and 

extract together are filtered through a 0.45 µm filter, are combined and evaporated to dryness in 

fume hood. Then the mass of dried substances is measured for preparation a series of known 

concentration (by mass) of presumed NAs.  

3.5. SUVA 

 

Absorbance of the samples was measured at a wavelength of 254 nm using a UV-visible 

spectrophotometer (Hewlett-Packard 8452-A diode array spectrophotometer). DI water was used 

as blank. The SUVA 254 values of samples were calculated using the corresponding DOC value 

with the equation: SUVA254 = (UV Abs254/ TOC) *100. 

3.6. Quadrupole Time of flight Mass Spectrometry (Q TOF MS) 

 

Organics in BFW and a commercial NAs mixtures were analyzed by a Quadrupole time-of-flight 

(Q TOF) mass spectrometer (Agilent, QTOF 6520, US) equipped with electro spray ionization 

(ESI). All samples were analyzed in the negative ion mode since the focus was on the acids. The 

capillaries for spray were produced in-house on a capillary puller (David Kopf Instruments, 

Tujunga, CA). The capillary voltage was approximately 80.0V, 13 scans were performed. 
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3.7. Solubility test  

 

Since large amount of boiler feed water will enter into boiler to produce steam for oil sand 

extraction, during this process, organics will precipitate in the boiler, which causes fouling. To 

support the hypothesis that acids are significant contributors, a solubility test was performed to 

see how continuous heating would affect the solubility of BFW organics. 50 mL of BFW was 

placed in a 100 mL beaker and allowed to air dry in ambient atmosphere conditions. Another 100 

mL beaker with 50 mL of BFW was heated on the hot plate. It was continuously heated (100°C) 

until all BFW residues were dried. Using weighing by difference, the mass of both dry solutes 

(M1) were estimated. Then samples were re-dissolved in 10 ml water (Solids remained in both 

beakers).Transferring solution into 20 ml vials. Then re-dry the beaker to obtain the mass of 

solutes (M2) left. Subtract M2 from M1 then calculate the solubility. Repeat solubility test for 

hydrophobic and hydrophilic fractions to estimate continuous heating impact on the solubility of 

different fractions.  

3.8. Photoreactors and light sources 

 

 

 

 

 

 

Figure 3-1 Pictures of two photoreactors (a) LED photoreactor, (b) Rayonet photoreactor 

(a) (b) 
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For the UV/H2O2 and UV/TiO2 processes, irradiations were performed in a batch Rayonet 

photoreactor of 20 ml sample volume with, respectively, an 15 W low-pressure mercury lamp 

(Philips, emission, quartz cell: 253.7 nm) and an LED photoreactor (365 nm) (Yu, 2014). 

3.9. Removal of DOM from BFW 

 

3.9.1. Photolysis 

 

Photolysis experiments were completed including those with artificial solar radiation using an 

incandescent and fluorescent lamp canopy, artificial UV-range solar radiation 365 nm (LED  

photoreactor) and 254 nm (Rayonet photoreactor) ultraviolet lamps in quartz tube.  

On addition of 0.033g 30% (w/w) H2O2 into 20 ml sample, then sample was put into LED 

photoreactor or Rayonet photoreactor. Irradiation was continued for increasing periods 

corresponding to increasing light dosages measured in Joules. The slurry was stirred vigorously 

with a magnetic stirrer inside the solution. There was a fan operated at bottom of the reactor. 

3.9.2. Photocatalysis 

 

Degussa P25 TiO2 was used as photocatalyst to degrade the organic matters in the BFW.  

1.5 g/L TiO2 was added into 20 mL sample, standing in a dark room with stirring for 45 mins to 

make the adsorption on the particles reach equilibrium. 

After the dark adsorption period, the slurry was irradiated in the 365nm LED photoreactor, 

irradiation was continued for increasing periods corresponding to increasing light dosages .The 
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slurry was stirred vigorously with a magnetic stirrer inside the solution and a fan operated at 

bottom of the reactor maintaining temperature at ambient. 

After irradiation, the slurry sample was collected and centrifuged to separate TiO2 particles. The 

supernatant was filtered through a 0.22 µm polycarbonate filter (to remove remaining TiO2 

particles) prior to all analysis.  
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4. Characterization of DOM in SAGD Boiler feed water 

4.1. Introduction 

 

Boiler feed water is the water used to generate steam and output can be treated, recycled back to 

the process. Due to the high standard for recycling BFW, efficient and economic treatment 

techniques need to be designed for BFW. To better develop treatment techniques for BFW, we 

need to have a better understanding of the characteristics of BFW. The DOM existing in BFW 

may cause several issues in the SAGD process, for instance, fouling in equipment, or clogging of 

injection wells due to the organic precipitation. 

For efficient removal of DOM in BFW, detailed information on DOM is necessary. Due to the 

highly complex nature of NOM, characterization of NOM is quite challenging. In order to get 

more useful detail of NOM, fractionation of NOM is used prior to analysis (Thurman & Malcolm, 

1981). Parallel, fractionation can also be used to simplest DOM in BFW so that hydrophobic and 

hydrophilic fractions are obtained. Resin fractionation can be used for DOM fractionation. It has 

been used to OSPW in a previous study (Guha Thakurta et al., 2013). 

Quantitative and qualitative information on DOMs can be obtained through several analytical 

methods.TOC and UV-vis absorption determining the amount of organic matter present in water 

sample, meantime, spectrofluorescense, FTIR, and Q-tof analysis determine aspects of the 

chemical nature of the compounds present in DOM. The fluorescence intensity peaks were 

analyzed and compared with literature value in fresh water and soil NOM. 
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4.2. Characteristics of the whole BFW sample 

4.2.1. Titration of BFW  

 

The 1 L raw BFW sample was titrated with 12.1 M HCl solution potentiometically using a pH 

meter.  Figure 4-1 depicts the acid titration profile at temperature of 25°C. The titration curve 

shows the pH changes per unit addition of the concentrated hydrochloric acid and the volume of 

acid used at a temperature of 25°C.The pH plot shows that two main crude inflection points at 

6.91 and 3.20 are obtained for BFW during titration over the pH range of 9.0-1.90.These end 

points may suggest that the key components are carboxylates that are converted to carboxylic 

acids through protonation. And more information will be supplied later. 

 

Figure 4-1 Titration curve of boiler feed water 
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4.2.2. Q -tof MS of naphthenic acids (NAs) extracted from BFW and commercial NAs 

 

The peaks in the MS were sorted to identify those that match the general formula for naphthenic 

acids. As mentioned in chapter 1, formula for naphthenic acids is CnH2n+zOx, where z is 

hydrogen deficiency and x is the oxygen number (Grewer et al., 2010). In our study, I just focus 

on naphthenic acids which have two oxygens. Figure 4-2  and Figure 4-3 show a marked 

difference in the appearances of the commercial (Fluka) NAs and NAs extracted from BFW. The 

commercial NAs have one ion that comprises 12% of the naphthenic acids, whereas the most 

abundant ions in the extracted NAs comprise only 4.5%.This illustrates that based on distribution 

of ions in commercial NAs and BFW NAs, it is clear just how complex the BFW organics are. 

However, according to the research conducted  (Guha Thakurta et al., 2013), NA may be a 

misleading designation of these important, largely hydrophobic acids.  

Figure 4-2 The distribution of ions corresponding to various carbon numbers and Z families in 

the preparations of Commercial Fluka NAs.The bars represent the percentage(By number of 
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ions)of  NAs in the mixture that account for a given carbon number in given Z family.The sum 

of all bars equals 100%. 

 

Figure 4-3 The distribution of ions corresponding to various carbon numbers and Z families in 

the formulas matching NAs in extracted from BFW. The bars represent the percentage (By 

number of ions) of NAs in the mixture that account for a given carbon number in given Z family. 

The sum of all bars equals 100%. 

 

4.2.3. FT-IR 

 

The FTIR specrum of whole BFW sample is shown in figure 4.4 below. 

 

Figure 4-4, the band at 968.7 cm
-1

 was assigned to Si-OH bond stretching. The band of 1090 cm
-

1
 is obtained due to Si-O-Si bonds stretching (Falcone Jr et al., 2010, Falcone et al., 2010, 

Sarawade et al., 2011). This confirms the presence of silicates in the SAGD BFW. The band of 

1438 cm
-1

 (attributed to the O-H bend in the COOH) shows the presence of carboxylic groups 

(Rodríguez & Núñez, 2011). The 1580 cm
-1

  is assigned to aliphatic and aromatic C=C bond 
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stretching and the band of 2870 cm
-1

  is due to C-H bond stretching (Orgill et al., 1999). The 

typical broad and intense band centered at about 3400 cm
-1

, which is attributed to the associated 

OH stretching vibration ( alcohols, phenols and carboxylic acids) Thus, the BFW includes 

aromatic carboxylic acids.  

 

 

Figure 4-4 FTIR of DOM present in the BFW water sample 
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4.2.4. TOC of DOM Fractions in BFW  

 

 

Figure 4-5 Percentage distribution of different organic fractions in BFW obtained from the resin-

based fractionation method 

Fractionation of DOM was based on Hydrophobic and Hydrophilic nature. The different 

hydrophobic and hydrophilic organic matter fractions in the BFW as a percentage of total 

organic carbon (TOC) are depicted in Figure 4-5. These fractions were obtained using the resin-

based fractionation procedure described under Materials and Methods.  The hydrophobic acids 

(HpoA) are found to be the major components in the BFW DOM constituting 36%.The 

hydrophilic (Hpil) fraction is about 34%. Together, these fractions constitute about 70% of the 

DOM which is lower than that total contents (~82%) of HpoA and Hpil parts in Blow down 

water BDW(Guha Thakurta et al., 2013).The hydrophobic neutral (HpoN) fractions constitute 

20% of the organic matter which is higher than that of HpoN(12.5%) in BDW. Hydrophobic 
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base (HpoB) fractions contribute about 10% to the total DOM content which is higher than that 

of HPOB (2.7%) in BDW.  

 

4.3. UV-vis absorbance results 

 

Even if UV-vis absorbance spectra appeared to be broad and featureless (i.e., no discrete peaks), 

showing no maxima or minima, yet the absorbance intensity varied among different pH samples. 

From Figure 4-6, we can see absorbance intensity of HpoA increased with the increased pH of 

BFW before fractionation. It may because with the drop of pH, the HpoA precipitate out of 

solution so that when fractionated this part from BFW, the absorbance value was lower than the 

high pH one. From  

Figure 4-7 , for HpoB part, for pH =6 and 8, the absorption was quite similar with each other, yet 

when dropped the pH of BFW to 4, it affects the behavior of HpoB. And the shift of shoulder’s 

wavelength to longer wavelength was observed, one explanation is that with the decrease of the 

conjugation within the molecules, the shoulder of spectra move to shorter wavelength (Wachter 

et al., 1998).  
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Figure 4-6 UV-vis spectra of HpoA obtained from different pH water sample 

  

 

Figure 4-7 UV-vis spectra of HpoB obtained from different pH water sample 
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4.4. Fluorescence EEMs of SAGD BFW, different fractions at different pH 

 

The fluorescence EEM signatures of DOM in SAGD boiler feed water obtained by adjusting pH 

(2, 4, 6, and 8) are shown in Figure 4-8 . 

4.4.1. BFW at different pH 

 

Figure 4-8 Comparison of fluorescence excitation−emission matrix spectra (EEMs) of BFW at 4 

different pH 

The fluorescence response for BFW occurs over a wide range of wavelengths, with two 

dominant peaks at excitation/emission (Ex/Em) wavelength ranges of 240-250/400-425 and 

325−350/400−440. The original pH of the BFW is 8, in order to study how pH would affect the 
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behavior of DOM in BFW, we adjusted water sample to three different pH values. From Figure 

4-8 , observation was that when BFW was adjusted pH to 4, the EEM contour was still similar 

with that of pH 8, which means when pH=4, the fluorophore of the BFW was still of similar 

proton population to the original. However, when pH dropped to 2, the contour of BFW EEM 

was quite different from the original one, where one more peak shown around Ex/Em 235-

240/380-420. This suggests the fluorophores have basic behavior that is protonate at pH = 2. 

This is consistent with carboxylic acid groups in the fluorophores at pH=2. 

4.4.2. HpoA at different pH 

 

Figure 4-9 Comparison of fluorescence excitation−emission matrix spectra (EEMs) of HpoA 

obtained from four different pH samples 
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From Figure 4-9 , by comparing HpoA at pH=8 and pH=6, the fluorophore were quite similar, in 

both the peak position and intensity aspects. When pH dropped to 4, the contour was not as 

complicated as the original yet the peak position was still remaining similar, which may means 

some of flurophores in HpoA fractions already precipitated out. When pH=2, a weaker version of 

the pH = 2 emission in the total sample is seen suggesting some loss of acid fluorophores with 

isolation of HpoAs.  

4.4.3. HpoB at different pH 

 

Figure 4-10 Comparison of fluorescence excitation−emission matrix spectra (EEMs) of HpoB 

obtained from four different pH samples 
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From Figure 4-10 , reporting HpoB fractions at different pH values, it can be seen that pH has 

little impact on the position of the peaks and is weak, which suggests that fluorophores  did not 

include any weak bases to be protonated between pH =8 and acid solutions. As well, signals are 

weak. In all fractions there was some loss at lower pH that is likely to be associated with some 

precipitation of acidic functionalities.  

4.4.4. Hpil at different pH 

Figure 4-11 Comparison of fluorescence excitation−emission matrix spectra (EEMs) of Hpil 

obtained from four different pH samples 

Figure 4-11, shows Hpil fractions at different pH values’ EEM are all weak. 
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4.4.5. BFW different fractions 

 

Figure 4-12 brings together the pH = 8 EEMs for the four fractions. This brings out the most 

striking result. The HpoA spectra are much more intense than the others suggesting that the bulk 

of the fluorophores are concentrated in the hydrophobic acid fraction. 

 

Figure 4-12 Comparison of fluorescence excitation−emission matrix spectra (EEMs) of different 

fractions 

From Table 4-1 , shows peaks of Ex/Em wavelength range for each different fraction can be seen. 

Fluorescence data is available in previous studies from the literature for various classes of natural 

organic matter (NOM). The most relevant data used (Guha Thakurta et al., 2013), was because 

they also used resin-based fractionation and then used EEM to characterize different fractions of 

DOM in Blowdown water in SAGD. The rest of the data were from other researchers using EEM 

to examine NOM yet not using a resin-based fractionation method (Coble, 1996, Chen, 1999, 
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Parlanti et al., 2000). Generally, there are three major fluorescence peaks of NOM in natural 

water, such as humic-like, fulvic-like and amino acid (Tryptophan-like and tyrosine-like) (Wu et 

al., 2003, Hudson et al., 2007). Fluorophores in the organic matters typically contain several 

combined aromatic groups, or plane or cyclic molecules with conjugated π bonds which can give 

the fluorescence emission intensity. There are many factors that will have impact on the 

fluorescence behavior, such as pH, temperature and other fluorophores existence (Larsson et al., 

2007). Ex/Em peaks of HpoA in SAGD BFW were in the range 325−355/445−475 nm (Figure 

4-12). From Table 4-1 , we can see that belonged to type C/α or type M/β humic acids for the 

hydrophobic acids. It does not mean that the DOM in SAGD contains the same humic substances, 

but suggests similar types of fluorophores in these samples to those of natural water according to 

the EEM peaks. This could emphasize importance of aromatic and conjugated unstauration in the 

acids that distinguish them from classical naphthenic acids (classical formula is CnH2n+ZO2). 

Ex/Em peaks of HpoB (Figure 4-12) in SAGD BFW was in the range of 220−230/375−410 nm, 

however, compared to the literature data (225−237/340−381 nm and 275/340 nm), the difference 

may be caused by a Stokes shift (Penzkofer et al., 2012). Hpil moieties are to type T/δ 

(tryptophan-like fluorophores). 
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Table 4-1 Relevant common fluorophores identified in this study and previous studies 

SAGD DOM 

fractions 

Ex/Em 

range(nm/nm) 

 (in this study) 

Ex/Em range (other 

studies) (Coble, 

1996),(Parlanti et 

al., 2000) 

Ex/Em range in 

SAGD BDW  

(Guha Thakurta et 

al., 2013) 

Chemical 

nature 

Whole water 

(unfractionated) 

240-250/400-425  

And 

 325-350/400-440 

 250/375-425  

And 

300-350/375-480 

 

Hydrophobic 

acid 

325-355/445-475 A/α′: 237−260/400−500  

C/α: 300−370/400−500  

M/β: 312/380−420 

 

310-340/400-500 humic-like 

humic-like 

marine humic-like 

 

Hydrophobic 

neutral 

225-235/335-350 B/γ: 

225−237/309−321 

and 275/310 

225-250/325-380 tyrosine-like 

Hydrophobic 

base 

220-230/375-410 T/δ: 

225−237/340−381 

and 275/340 

260-290/280-320 tryptophan-like 

Hydrophilic 220-230/360-425 225−237/357−369   

4.5. Comparison of EEM contours of raw BFW, BDW, OSPW 

 

By comparing three EEM contours of BFW, BDW and OSPW from above Table 4-2, I can 

conclude that BFW and BDW are similar in the fluorescence peaks, and they are quite different 
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from that of OSPW. BFW and BDW are both from SAGD process so can give us a hint that 

same extraction process even if from different source of the water, also can have a similar 

fluorophores. Yet OSPW is from a different bitumen extraction process which have different 

condition will cause the components of the fluorophore to vary largely.  

Table 4-2 Fluorescence peak intensity region of BFW, BDW, OSPW 

Sample Ex/Em  range for fluorescence peaks  

BFW 240-250/400-425 and 325−350/400−440 

BDW(Guha Thakurta et al., 2013) 225-250/375-425 and 300-340/400-425 

OSPW(Guha Thakurta et al., 2013) 220-230/325-355 

4.6.  Specific UV Absorbance 
 

The SUVA parameter is well documented as a measure the role of aromatic functionality in 

NOM from water and soil.  

Table 4-3  SUVA values of different fractions 

SUVA Value  Characteristics of DOM  

>4  Predominantly humic organic matter, highly hydrophobic and aromatic  

2-4  A mixture of both hydrophobic and aliphatic organic matter  

<2  Low hydrophobicity, predominantly aliphatic  

Fractions  SUVA254 (L/ mg· m) 

HpoA  9.36  

HpoB  0.89 

Hpil  1.35  

HpoN 3.87 
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Table 4-3 shows descriptors of various ranges of SUVA and the values for the BFW fractions.  

Weishaar (Weishaar et al., 2003) used SUVA 254 to associate different fractions in DOM with 

their aromatic nature. As can be seen in Table 4-3  , when SUVA 254 value is >4, it was 

suggested that predominantly components in DOM are highly aromatic compounds. When 

SUVA 254 values are between 2 and 4, DOM is considered a mixture of both aromatic and 

aliphatic organic matter. If the SUVA 254 value is < 2, DOM is low aromatic and predominantly 

aliphatic in nature. 

From Table 4-3  , SUVA 254 of HpoA was much greater than 4, which means the HpoA fraction 

was of high aromatic content compared to other heavier organic fractions from soils. The 

SUVA254 values for HpoB and Hpil are 0.89 and 1.35 L/ mg· m, respectively. The two low 

SUVA254 values can show that very little aromatic organic matter is present in these two 

fractions. This also explains the small Stokes shift observed in these two fractions in the EEMs. 

From the SUVA254 value in Table 4-3, I can conclude that HpoA was the fraction which has the 

highest aromatic content among all the DOM fractions. The high aromaticity implies something 

beyond classical naphthenic acids. 

4.7. Summary 

 

The DOM in the SAGD BFW can be classified into hydrophobic acids, bases, neutrals and 

hydrophilic parts. Based on the TOC results, the hydrophobic acid is the major fraction in SAGD 

BFW DOM consisting of more than 30 % of the total organic content. According to the results of 

fluorescence EEM of different organic fractions, showing that differences between different 

fractions. For fractionation for BFW adjusted to pH 2,4,6,8 with the adding of HCl, the pH 

decreased cause DOM precipitation out. Potentiometric titration of the BFW shows that the 
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maximum removal of the organic matter can be obtained in the acid pH range of 2-3. The 

fluorescent EEM for different fractions obtain at different pH level show that with the pH 

decreasing, most hydrophobic acids may precipitate out. 

EEMs give some detailed information for different fractions, such as the hydrophobic acid 

fraction EEM clearly shows that they are mainly humic-acids like compounds. From the Qtof 

MS results, I can conclude that naphthenic acids found in SAGD BFW are more complex than 

commercial naphthenic acids with aromatic as well as aliphatic components.  
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5. Photolysis and Photocatalysis of DOM and fractions in BFW 
 

5.1. Introduction 

 

In this chapter, the methods used to remove DOM from BFW are presented. According to the 

characterization results presented in chapter 4, I know the composition of DOM in BFW has a 

major aromatic compound components, so that advanced oxidation process (AOP) need to be 

employed to degrade DOM in BFW (Andreozzi et al., 1999). UVC/H2O2, UVA/TiO2 are the two 

main AOP methods used in this work (UVA and UVC without adding any H2O2 and TiO2 also 

been tested).  One is reflecting a currently commercial technology and the other indicating 

possible use of sunlight. The efficiency of the two methods is compared. The degradation of 

DOM in BFW was monitored by fluorescent EEM to see if it was possible to detect anything 

about the pathway, and by comparing the two processes of degradation by measuring DOM for 

the total BFW and the HpoA fraction. Results indicate the HpoA is the limiting component of 

DOM since the processes are quite similar. TOC and UV-vis absorbance were used to follow the 

removal of DOM in BFW. 

5.2. UV-vis photochemical degradation methods results 

 

5.2.1. Photolysis 

 

The first runs report direct photolysis without a photocatalyst. This can be considered as a 

“blank” for the AOPs. UV absorptivity at 260 nm (ABS 260) is commonly used to determine the 

relative abundance of aromatic carbon content of NOM because pi-pi * transitions in substituted 

benzenes or polyphenols occur in this wavelength region.(Ghosh & Schnitzer, 1979, Chen et al., 

2002).Thus, A/Ao (A is the Absorption along with degradation, Ao is the original Absorption) at 
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260 nm was selected to show the efficiency of photolytic degradation for different fractions and 

the whole sample. And light intensity of both reactor was determined by the method used in 

(Hatchard & Parker, 1956). Together the results from Figure 5-1 and Figure 5-2, shows that 

HpoA was the most difficult part to degrade, and next is HpoN which was harder than HpiL. 

HpoB degraded relatively rapidly. The sequence of degradation difficulty corresponds to the 

SUVA 254 sequences of values (Table 4-3  ). Higher SUVA254 values are more difficult to 

degrade. A run using UVA (365 nm LED reactor) was included to show the limits of UVA direct 

photolysis for comparison with photocatalysis (below) 

 

 

Figure 5-1 Kinetics (A/A0) value of photolysis of BFW water sample and fractions using a 365 

nm LED reactor (Light Intensity:  4.42*10
16  

photons/s) 
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Figure 5-2 Kinetics (A/A0) value of photolysis of BFW water sample and fractions using the 254 

nm Rayonet reactor without H2O2 (Light Intensity: 7.75*10
15 

photons/s) 

 

5.2.2. E2:E3 ratio of the absorbance 

 

As noted in the chapter 2, relative differences in molecular weight were significantly correlated 

with the ratio of absorption coefficients at 254/365 nm, E2/E3 (Traina et al., 1990, Dalzell et al., 

2009).  Through calculation using the absorption value ratio between 254 nm and 365 nm, the 

decreasing absorbance ratio of 254/365 nm with degradation indicates the decreasing molecular 

weight and/or aromatics during degradation.  

5.2.3. Comparison between photolysis and photocatalysis efficiency in degradation of 

DOM in BFW. 

 

The lack of efficient direct photolysis degradation for BFW suggests tests of the two advanced 

oxidation processes UV-hydrogen peroxide, which requires UV at 254 nm to produce reactive 
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hydroxyl radicals, and TiO2 photocatalysis which generated the strongly oxidizing valence band 

hole which can react directly or via hydroxyl radical under irradiation of 385 nm or less (energy 

greater than band gap) (Vaseashta, A.K. et al, 2008). Since this deals with the practical issue, 

only total BFW was examined.  

Figure 5.3 records the decrease of absorbance in the Rayonet reactor with 500 ppm hydrogen 

peroxide. 80% loss of absorbance at 260 nm is observed in 30 min. And for this reaction, since 

the complexity no simple kinetic can be applied for.  

 

Figure 5-3 UV-vis absorbance result for photolysis of DOM in BFW under 254 nm using H2O2 

(Light Intensity: 7.75*10
15 

photons/s)  

 

Figure 5.4 (a) shows the loss of BFW absorbance under irradiation with 365 nm LED light in the 

presence of 1.5 g/L of Degussa P-25 TiO2. The loading is sufficient to absorb all the incident 

light and in region of little loading dependence.  Figure 5.4 (b) clearly shows the reaction follows 
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zero order kinetics, expected form if reaction is light intensity limited.  It is also clear that a 90% 

reduction requires about 2 hours. Since the mechanisms are different, it is difficult to provide a 

comparison that could be a guide to scale-up, but since the intensity in the compact 365 nm 

reactor was greater and the degradation requiring a much longer period, it can be provisionally 

concluded that UV-peroxide is the more promising approach.  

 

Figure 5-4 (a) UV-vis absorbance result for photo-catalysis of DOM using TiO2 irradiated by 

365 nm LED reactor (Light Intensity:  4.42*10
16  

photons/s) 

 

 

Figure 5-4 (b) Kinetics of photo-catalysis of DOM using TiO2 irradiated by 365 nm LED reactor 

(A at 260 nm) (Light Intensity:  4.42*10
16  

photons/s) 
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In principle, TiO2 
 
photocatalysis should be similarly efficient at 365 nm and 254 nm since both 

wavelengths can be absorbed in the band gap excitation. Nevertheless, it seemed worthwhile to 

compare photocatalytic reaction in the Rayonet reactor under 254 nm irradiation. Data as shown 

in Figures 5.5(a) and 5.5(b). The zero order rates for photocatalysis under the two different 

radiation intensity regimes are surprisingly similar (Since they are both zero-order and reaction 

rate is similar). 

 

Figure 5-5(a) UV-vis absorbance result for photo-catalysis of DOM using TiO2 irradiated by 254 

nm Rayonet reactor(Light Intensity: 7.75*10
15 

photons/s) 
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 Figure 5-5 (b) Kinetics of photo-catalysis of DOM using TiO2 irradiated by 254 nm Rayonet 

reactor (A = 260 nm).  

 

These results tend to support the conclusion that UV-peroxide has better promise for further 

exploration and development as a treatment method. 

5.3. Fluorescent EEM of degradation process 

 

The degradation process of BFW whole water was monitored by EEM contour at different 

degradation time periods as can be seen in Figure 5-6.When degradation was undergoing 5 mins 

of the BFW ,the highest intensity peak area already decreased to 20 arbitrary unit (a.u.) from 

original intensity was 55 (a.u.) and the  contour was already  simplified from original. Also, one 

more peak emerged around Ex/Em 230-275/425-475.When degradation time was 10 mins, as can 

be seen the water Raman peak serving as an internal intensity standard was stronger than that at 

5 mins, which indicates concentration of fluorophores of the DOM in BFW was decreased at this 

early stage of overall degradation.  At 20 mins, all the fluorescent EEM contour had disappeared, 

which may mean that fluorophores in DOM degrade early. This is consistent with the 
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simplification seen from the changes in E2/E3 mentioned in the uncatalyzed photolysis.  More 

evidence will be given in the TOC section.  

 

 

Figure 5-6 Photolysis of BFW (1:10) using 0.05% H2O2 +254nm (8 lamps) 

 



 
 

65 
 

HpoA is the major component of BFW and also has a very high SUVA 254 value and was the 

most difficult fraction to degrade. To further explore the indications from the rapid loss of 

fluorophores in BFW, the same EEM monitored degradation as that of BFW was recorded. As 

EEM at early stages for the degradation of the HopA fraction can be seen in Figure 5-7. After 5 

mins, the intensity of the peak already decreased to 25 (a.u.) where the original was 45 (a.u.) and 

the contour was not as complex as the original one. At degradation time of 10 mins, one more 

peak emerges around Ex/Em 230-275/425-475 which is quite similar with that of BFW. When 

degradation time was 20 mins, only two weak peak areas remain and the water Raman peaks 

shown that the concentration of HpoA fluorophores is very weak. The EEM of BFW was quite 

similar to that of HopA suggesting again that HopA is a critical component of the BFW in the 

context of degradation reactions of the aromatic fluorophores. 
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Figure 5-7 Photolysis of HpoA using 0.05% H2O2 +254nm (8 lamps) 
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5.4. TOC and SUVA results 

Figure 5-8 depicts the TOC removal upon UV/H2O2 treatment of boiler feed water. 

Concentration of H2O2 was 0.05%, results suggest that after 120 mins of irradiation, TOC removal 

was ≥ 90, a value approached in 30 mins. The water sample from tea color faded out to colorless. 

From SUVA 254 values (Table 4-3  ) show that during degradation DOM of aromatic compounds 

is degraded early leaving aliphatic organic matter.  

 

 

Figure 5-8 TOC and SUVA values along with photolysis of BFW (1:10) using 0.05% H2O2 

+254nm Rayonet reactor 

 

Figure 5-9 shows the TOC and SUVA 254 decline of a HopA sample as it undergoes degradation 

under the UVA hydrogen peroxide conditions. 
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Figure 5-9 TOC and SUVA values along with photolysis of HpoA (1:3) using 0.05% H2O2 

+254nm Rayonet reactor 

By comparing the two figures, it emerges that the SUVA remains significant at longer times in 

HopA emphasizing the key role they played in HpoA and suggests that some aliphatic fraction of 

BFW may be, finally, slower to degrade and account for a larger fraction of remaining TOC at 

longer times. However, it is the case that the HpoA process was quite similar to that of BFW 

DOM since the trend of TOC and SUVA 254 were quantitative. Finally the data show HpoA was 

somewhat more difficult to degrade. Compare, for example, TOC of HpoA with that of BFW 

DOM at 20 min and 30 min. 

5.5. Summary 

 

Direct photolysis of DOM indicated hydrophobic acid is the most difficult part to degrade. 

Combining the results for SUVA 254 value and direct photolysis result, I can conclude that 

fractions that have higher SUVA 254 value are more difficult to degrade, which can be explained 
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by the commonly slow multi-step degradation of aromatic compounds by OH radical attack. 

Compared to UVA/TiO2 which took more than 3 hours to complete under more intense 

irradiation, UVC/H2O2 degradation is much faster and easier, taking only 30 minutes to remove 

more than 90% of DOM. This system offers some promise for further investigation as a step in 

handling BFW. 

From comparing the fluorescent EEMs result of degradation process for hydrophobic acid and 

BFW whole sample, I can conclude that hydrophobic acid is the major rate determining 

component of BFW DOM since the degradation processes are quite similar. This suggestion is 

supported by the TOC and SUVA 254 results.  
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6. Conclusion 

6.1.  Concluding Remarks 

 

Water and energy efficiency in boilers is critical to the overall environmental impact of SAGD 

processes. The literature has recognized the significance of organic matter in boiler fouling and 

organic content is a parameter that can determine the extent of recycling of water. In an earlier 

publication from our laboratory (Guirgis et al., 2012), a method for treating BFW involving a 

combination of chemical or electro coagulation followed by photochemical polishing was 

proposed. The present study was motivated by an interest in understanding the nature of the 

BFW and the degradation processes better as a background to potential further improvement of 

SAGD processes.  

The core hypothesis is that the process waters in the oil sands contain very complex organic 

mixture and that the chemistry cannot be understood by trying to identify each molecular 

component and considering its functions. The precedent of soil and water NOM teaches that the 

functions emerge from interactions among the components. Consequently, I centered this work 

on a way of fractionating the BFW that depended on the functions of the aggregates of 

component molecules on the two dimensions of acidity and hydrophobicity.       

In this study, characterization and degradation of DOM in SAGD BFW were explored to provide 

further insight into their management. The basic approach involved starting with the functional 

fractionation on the acidity/hydrophobicity axes. Techniques used to characterize the BFW DOM 

and its functional fractions were TOC, Q Tof MS, UV-visible absorbance, FTIR spectroscopy, 

and fluorescence EEM.   
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Based on DAX-8 resin fractionation, hydrophobic acids and hydrophilic are the two main 

functional fractions in BFW DOM.  The overall composition of the BFW sample was 36% HpoA, 

34% Hpil, 10% HpoB, and 20% HpoN. One set of experiments shows one direct parallel 

between the BFW sample and NOM (humics). There is a significant set of parallels to the 

fractions of NOM. The major peaks in fluorescence EEMs parallel features reported widely for 

humic substances, HpoA are “humic acid” like fluorophores with the broad visible region 

emission, HpoB are “Tryptophan-like” and HpoN are “Tyrosine-like” fluorophore. These are 

both features seen in NOM fluorescence.   SUVA (developed initially for NOM) results again 

parallel NOM, HpoA fractions consist substantially of aromatic compounds like the higher MW 

hydrophobic humics. SUVA of Hpil is more like aliphatic humics. The UV- vis absorbance 

display the same smooth decrease from the UV region into the visible is not a very powerful 

parallel since neither the BFW DOM nor the humic NOM have any characteristic features in 

these spectra. Traditionally the oil sands process waters have been described with a focus on 

naphthenic acids (NAs). Over the last decade a consensus has developed that this is an 

oversimplification. The data here emphasize the role of aromatics in the overall composition and 

in contribution to difficulty of AOP degradation. The distribution of NAs seen from the Q-Tof 

MS in this water that has experienced recycle enrichment is interested in the shift of the NA 

mass distribution toward higher levels that is seen in some other process water NAs.  

The impact of this study is to validate usefulness of the DAX-8 resin fractionation and point to 

the key role of hydrophobic acids. The preliminary work on degradation suggests that a suitable 

AOP might be based on the simple UV-hydrogen peroxide system.       
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6.2. Future work 

Experimental analysis in this work shows that the hydrophobic acid fraction may be responsible 

for the organic fouling observed in deep well injection and SAGD downstream equipment. Thus, 

focusing on removing the hydrophobic acid fraction might alleviate the organic fouling problems 

in SAGD. However, the analysis performed in this work is qualitative and does not provide 

information on the percentage contribution of the other organic fractions in fouling. 

In the light of the above discussion the following future work is suggested. 

1. Qualitative analysis performed in this work suggests that the hydrophobic acid fraction in the 

SAGD DOM may be the principal cause of the organic fouling (From solubility test result). 

However, the quantitative contribution of the different organic fractions in the SAGD equipment 

fouling needs to be determined. Laboratory simulation of fouling conditions might confirm the 

simple drying tests reported here. As well, it might be possible to identify a selective extraction 

processes that could reduce organic fouling without the overall organic reductions produced by 

the photo processes.  

2. An alternative method for production of boiler feed water from SAGD produced water is 

through evaporation. The effect of evaporation on the chemical characteristics of the SAGD 

DOM needs to be studied. 

3. The signatures of DOM fractions obtained through spectrofluorescence analysis were 

compared with signatures of aquatic fluorophores obtained from the literature (From EEM of 

different fractions). The possible chemical nature of the organic compounds was proposed based 

on aquatic fluorophores as baseline. Further information about the chemical nature of the organic 

fractions might be obtained through more probing analytical techniques, potentially 

complemented by suitable computational modeling. A comprehensive NMR analysis using cross 
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polarization magic angle spinning 13-C nuclear magnetic resonance ( CP MAS 13-C NMR) has 

been very fruitful with humic substances(Al-Faiyz). It would allow full consideration of solids 

that form from acid precipitation.  
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