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ABSTRACT 

Coagulation/Flocculation/Sedimentation (CFS), petroleum coke (PC) 

adsorption, and zero valent iron (ZVI) oxidation-enhanced by PC were applied for 

the remediation of oil sands process-affected water (OPSW), generated from oil 

sands operations in northern Alberta, Canada. OSPW is a complex mixture of 

various organic compounds [e.g., naphthenic acids (NAs)], dissolved and 

suspended solids, and a stable suspension of fine particles. Alum and cationic 

polymer, polydiallyldimethylammonium chloride (polyDADMAC), were used as 

the coagulant and coagulant aid, and the process was optimized to improve the 

efficiency of NAs and turbidity removals. Alum at 250 mg/L resulted in 96%, 10-

37%, and 64-86% removal of turbidity, NAs and oxidized NAs, respectively. 

Destabilization of the particles occurred through charge neutralization by 

adsorption of the hydroxides on the surface of the particles. Analysis of the 

surface functional groups on flocs confirmed the removal of the NAs. Addition of 

polyDADMAC caused toxicity towards the benthic invertebrate, Chironoums 

dilutus, thus application of this polymer should be limited.   

PC, as a waste by-product generated during the oil upgrading processes, 

was used for the removal of NAs and extractable organic fraction (EOF). EOF 

and NAs removals of 60% and 75%, respectively, were achieved at a PC dose of 

200 g/L after 16 h of contact. Fourier transform infrared (FT-IR) spectra of PC 

suggested the physisorption of organic compounds onto the PC surface. The 

calculated mean free energy of adsorption (E < 8 kJ/mol) also indicated the 



physisorption of organics. The hydrophobic interactions between the NAs and PC 

were suggested as the dominant adsorption mechanism. Speciation analysis of the 

leached vanadium from PC into OSPW indicated that vanadium (V) was the 

predominant specie.   

In the presence of oxygen, ZVI at 25 g/L, added to PC, enhanced the NAs 

removal to 90%. PC, as an electron conductor, accelerated the electron transfer to 

oxygen resulting in the production of hydroxyl radicals. The hydroxyl radicals 

were responsible for the oxidation of NAs. Oxidized NAs concentration increased 

by 34% after the treatment. Toxicity of the treated OSPW to Vibrio fischeri 

bacteria, tested using Microtox® bioassay, showed a decrease in the toxic effects 

of the ZVI/PC treated samples.   
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CHAPTER 1. BACKGROUND INFORMATION AND RESEARCH 

OBJECTIVES 

1.1. Oil Sands Operations 

The oil sands deposit in Alberta, Canada is the world’s third largest oil 

deposit after Venezuela and Saudi Arabia [1-6]. The recoverable bitumen from 

the Athabasca oil sands is estimated at 170 billion barrels, of which 1 million 

barrels of oil is now produced per day [4, 6]. Rapid expansion of the industry and 

increases in the oil demand lead to an increase in the production of oil [4].  

Unlike conventional oil, oil sands are composed of bitumen (6-16 %wt.), 

water (1-8 %wt.), and a mixture of sand, silt, and clay (80-87 %wt.) [6, 7]. The 

Clark hot water process is used for the extraction of bitumen from the oil sands 

ores at alkaline pH ~8 [6, 8-10]. During the extraction process, sodium hydroxide 

(NaOH) solution at 80 C is mixed with the oil sands to separate the bitumen from 

the sands and clays [4, 6, 11]. A large volume of water is used during the 

extraction of bitumen. Part of the required water is supplied from fresh river 

water. Approximately 3 m
3
 of the fresh water is taken from the Athabasca River 

for every m
3
 of the produced oil from the oil sands and about 80-85% of the 

remaining required water for extraction is recycled from the generated process-

affected waters [5, 6, 12]. As a result of the extraction process, 4 m
3
 of the oil 

sands process-affected water (OSPW) is generated. Oil sands companies are not 

allowed to release the generated OSPW into the receiving environment [13]. 

Instead, OSPW is transported to the constructed tailings ponds for the long-term 

storage [6, 14]. The approximate surface area of the tailings ponds now exceeds 

70 km
2 

[4, 15]. The volume of OSPW in the tailings ponds in Athabasca region is 

estimated to reach more than 1 billion m
3
 by 2025 [6, 16]. Continuous recycling 

of OSPW results in the decrease in the water quality for the extraction, which 

directly affects the bitumen recovery [4]. This process leads to the gradual 

increase in the fresh water intake from the river, which may affect the aquatic 

environment. Although less than 2% of the annual river flow is currently taken 
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from the Athabasca River, it is of concern whether the low winter flow could 

supply the required water in the future without affecting the aquatic environment 

[4].   

1.2. OSPW Water Quality 

OSPW is composed of water, unrecoverable bitumen, sands, silts, clays, 

heavy metals, organic, and inorganic compounds [6, 16-18]. Although the 

composition of OSPW depends on the source of the ore, the extraction and 

upgrading processes, and its age; OSPW generally contains 1-3%wt. of residual 

bitumen, 20-30%wt. of solids, and the remaining portion [70-80%wt.] as water [4, 

6]. On the addition of OSPW to the tailings ponds, rapidly settleable particles and 

solids are separated from the OSPW. This process results in the formation of a 

surface water layer with the low amounts of solids and a suspension layer of fine 

particles with ~20% (wt.) solids [4]. 

1.2.1. Organic Compounds 

OSPW contains a complex mixture of various organic compounds 

including unrecovered bitumen (measured as oil and grease), naphthenic acids 

(NAs), polyaromatic hydrocarbons (PAH), BTEX 

(benzene, toluene, ethylbenzene, and xylenes), and other organic acids such as 

fulvic and humic acids [4, 13, 19, 20]. The bitumen concentration in OSPW 

ranges from 9 to 92 mg/L in Suncor and 25 mg/L in Syncrude tailings ponds [4]. 

The PAH and BTEX content in the tailings ponds water is ≤ 0.01 mg/L [4, 19]. 

The chemical oxygen demand (COD), biochemical oxygen demand (BOD), and 

dissolved organic carbon (DOC), used as the cumulative measures of the organic 

compounds, are higher in OSPW than in the Athabasca River [4]. Typical 

concentration of extractable organic fraction (EOF) in the tailings ponds water is 

in the range of 40-70 mg/L [4, 12] as compared to <1 mg/L in the surface waters 

[14].  

Fourier transform infrared spectroscopy (FT-IR) had been previously used 

to measure the concentration of the NAs in OSPW. However, because of 

http://en.wikipedia.org/wiki/Benzene
http://en.wikipedia.org/wiki/Toluene
http://en.wikipedia.org/wiki/Ethylbenzene
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advances in analytical chemistry, it was found that NAs and oxidized NAs, as 

well as other acid extractable organics, can be measured together using the FT-IR 

instrument. This concentration is currently referred to as EOF rather than NAs 

[21, 22]. It is believed that NAs are associated with the toxicity of the OSPW to 

various organisms [4]. Among all the contaminants in OSPW, NAs compounds 

and remediation technologies for NAs removal have drawn significant attention 

because of their chemical characteristics and toxicity [5].  

1.2.1.1. Naphthenic Acids 

NAs are a group of polar carboxylic acids naturally present in petroleum 

[23, 24], crude oil or oil sands [6, 17, 25]. NAs are a mixture of saturated alicyclic 

carboxylic acids [8, 26]. Classical NAs (c-NAs) are represented by the general 

formula of CnH2n+ZO2, in which n is the number of the carbon atoms and Z, a 

negative even integer, which when divided by -2 (-Z/2) represents the number of 

the rings resulting in a hydrogen deficiency in their structure arising from the ring 

formation [10, 17, 26]. The carboxylic acid group (COOH) is usually attached to a 

side alkyl chain rather than to the rings [13, 14]. Figure 1.1 shows the structure of 

some of the c-NAs based on the Z number. 
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Figure 1.1. NAs structures for -Z=0 to 12. R represents the alkyl groups and m is 

the number of CH2 units in the structure of the NAs (adopted from Clemente et al. 

[27] and Qian et al. [28]). 
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NAs in OSPW are a complex mixture of c-NAs and oxidized NAs [13, 22, 

29]. Oxidized NAs (CnH2n+ZOx, x=3-5) contain three or more oxygen atoms in 

their structures [8, 13]. In addition to the NAs, there are other acid extractable 

organic compounds in OSPW, which are measured together with NAs using FT-

IR spectroscopy. It was found that only less than 50% of the acid extractable 

organics were c-NAs or oxidized NAs [22]. NAs with two 2 (-Z=4) and 3 (-Z=6) 

number of rings and carbon numbers of 11 to 15 are the most predominant species 

in OSPW [22, 30], whereas, acyclic NAs, mainly palmitic and stearic acids, are 

mainly found in surface waters [22].     

The volatility of NAs is quite low [31], which results in their high 

chemical stability in OSPW [6, 32]. The molecular weights of the NAs in OSPW 

were reported to be in the range of 150-300 g/mol [33]. Lower molecular weight 

NAs (compounds with fewer number of carbons and rings) are the most soluble 

compounds [34], while increasing the molecular weights of NAs and cyclicity 

results in lower polarity and higher hydrophobicity [14, 25]. The boiling point of 

the NAs is in the range of 250-350 C [35].  

1.2.1.2. Toxicity of NAs 

NAs are believed to be one of the causes of the toxicity of OSPW [4, 13, 

36]. OSPW NAs are shown to be toxic to a variety of organisms, including plants 

[37, 38], fish [36, 39], mammals [31], and amphibians [40]. Garcia-Garcia et al. 

[41] showed that OSPW NAs had adverse effects on the immune system of mice, 

which resulted in a poor immune ability of their organs against diseases. The 

lethal NAs dose for humans has been reported to be 11 g/kg [42]. NAs are 

classified as surfactants with hydrophobic ends, which can penetrate through the 

membrane wall of the organisms’ cells to cause toxicity [26, 31, 34, 36]. NAs 

concentrations in natural waters are usually lower than the detection limits (1 

mg/L) [43]. The concentration of NAs in the Athabasca River is less than 1 mg/L. 

However, in the limestone and basal aquifers, it can reach a high level of 55 mg/L 

[14].  
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NAs with lower molecular weights are more susceptible to natural 

biodegradation [12]. This process results in the accumulation of the recalcitrant 

high molecular weight compounds with more carbons and rings [6, 12, 17, 27]. 

The NAs biodegradation rate with more rings and alkyl branching has been shown 

to be very slow [6, 9]. However, the carbon number effect on the biodegradation 

rate was found to be insignificant, except for NAs with three rings (-Z=6). NAs 

with a higher number of carbons (n>22) have been shown to be less toxic than 

those with lower molecular weights (n=13-16) [12].    

1.2.2. Inorganic Compounds 

Besides the organic compounds in OSPW, there are elevated 

concentrations of inorganic contaminants that could also contribute to the OSPW 

toxicity [4]. OSPW is alkaline with pH in the range of 7.9-8.5 [4]. A high 

alkalinity of OSPW, in the form of bicarbonate and carbonate ions results in its 

high buffering capacity [4]. OSPW is classified as brackish water because of the 

high level of total dissolved solids (TDS) (2000-2500 mg/L). Bicarbonate (700-

1000 mg/L), sodium (500-700 mg/L), sulfate (200-300 mg/L), and chloride (75-

550 mg/L) have the highest concentrations among all dissolved solids present in 

OSPW. The concentration of these solids, as well as ammonia (4-14 mg/L), is 

significantly higher than in the Athabasca River [21]. Trace metals, which are 

present in the ores, could also be released into OSPW during the extraction 

process. Depending on the ore and the extraction process, the concentration of 

some of the trace metals, such as aluminum, nickel, arsenic, copper, zinc, and 

chromium in OSPW, might exceed the levels in the Athabasca River.  

1.3. Petroleum Coke 

Petroleum coke (PC) is produced as a by-product during the bitumen 

upgrading to synthetic crude oil [21, 44]. At Syncrude Canada Ltd., high 

molecular weight hydrocarbons are thermally cracked into lower molecular 

weight compounds in the fluid cokers using hot generated PC (~600C) [21]. 

Volatile hydrocarbons are removed from the top of the cokers and the generated 
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PC is deposited on the coker wall and is further withdrawn from the bottom of the 

cokers. The PC is transferred to the burners, in which a partial combustion of the 

PC occurs. The hot PC is then returned to the fluid cokers to provide the required 

heat for the thermal hydrocracking. The excess of PC is withdrawn from the 

burners and mixed with the generated OSPW. At Syncrude Canada Ltd., this 

slurry is hydraulically transported to the tailings ponds through a series of 

pipelines for the long-term storage [21]. The typical PC production from the 

bitumen feed is 20 kg for every barrel of produced oil [21]. Specifically, at 

Syncrude Canada Ltd., approximately 2-2.5 million tonnes of PC/year are 

produced. In 2010, the inventory of the PC in Alberta had reached 68 million 

tonnes [45]. The generated PC, as a by-product in the petroleum industry, is 

currently stockpiled on site [46] and a practical application of PC could include 

the application of PC for the treatment of generated process affected waters.   

Fluid PC from Syncrude Canada Ltd. has an onion-like spherical shape 

with particle sizes between 100 µm and 1000 µm and specific gravity in the range 

of 1.50-1.65 [21, 47-49]. PC is mainly composed of fixed carbon, and the volatile 

and ash content of PC is relatively low [21]. The moisture content of PC is also 

less than 1% (wt.). PC has high amounts of sulfur (~6-7% wt.), which results in 

the limited application of PC as a heat source [50]. Silicon dioxide (SiO2) and 

aluminium oxide (Al2O3) comprise the highest ash content of the PC as indicated 

by the ash analysis [21]. In addition, the concentrations of vanadium and nickel 

are relatively high among all other elements. These elements, which exist in the 

oil sands bitumen feed, are accumulated in the PC matrix during the upgrading 

processes.  

1.4. OSPW Treatment Options 

OSPW is a complex mixture of various organic and inorganic compounds, 

which can contribute to its toxicity [4, 13, 36]. OSPW is currently accumulated in 

the tailings ponds, and the volume of the OSPW inventory is continually 

increasing [13]. Accumulation of the OSPW in the tailings ponds has raised 

several environmental concerns [21]. Because of the vicinity of the ponds to the 
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Athabasca River, there might be leaching of the contaminants into the river, 

which can endanger the aquatic biota [4, 5, 22]. In addition, more lands are being 

exploited for the OSPW accumulation as tailings ponds. All the disturbed lands 

used for the oil sands operations, such as tailings ponds, should be eventually 

reclaimed; therefore, the oil sands companies have to remediate OSPW for safe 

discharge into the environment to decrease the OPSW inventory [4]. Moreover, in 

order to minimize the fresh water intake from the Athabasca River, the treatment 

technologies should be optimized to treat the OSPW to a level suitable for the 

utilities and other operational needs [4]. For the release of OSPW into the nearby 

rivers, the quality of the treated OSPW should meet the standard guidelines, and 

the removal of the NAs and other organic compounds should be considered as the 

highest treatment priority [5]. To achieve this, a series of consecutive treatment 

processes is needed to remove all the contaminants including suspended and 

dissolved solids, insoluble hydrocarbons, and dissolved organic compounds [21]. 

There are relatively few studies investigating the applicability of various 

treatment methods for OSPW remediation. Adsorption, membrane filtration, 

biological treatment, advanced oxidation, and constructed wetlands have been 

studied as the treatment options for the OSPW [5, 13, 16, 20, 34, 43, 44, 51-62]. 

There are still significant research gaps considering the effectiveness and 

applicability of the proposed treatment technologies for the OSPW remediation at 

an industrial scale.  

Natural remediation is not a viable option for OSPW treatment because of 

its very low rate and incomplete degradation of the organic compounds [4, 34]. 

Higher molecular weight NAs are more persistent to biodegradation. The NAs 

concentration in the tailings ponds was shown to decrease by 16% per year over 

the first 5 years arising from the biodegradation, after which insignificant 

biodegradation was observed [4]. The consolidation of the fine tailings to reach 

30-35% (wt.) of solids was also anticipated to take 125-150 years [6, 63]. In spite 

of the decrease in the acute toxicity of OSPW, the chronic toxicity to aquatic 

organisms remained high. The application of natural or constructed wetlands was 
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also proposed as the reclamation methods for OSPW [6, 20, 51, 52]. NAs removal 

of 40% from consolidated tailings (CT) was achieved in the small constructed 

ponds [5, 53]. It was reported that a long residence time is required for the 

biodegradation of the NAs [63, 64]. The cold climate and leaching of the organic 

and inorganic compounds to the ground waters are environmental concerns that 

limit applicability of wetlands for the OSPW remediation [5, 52]. In addition, it is 

still of concern whether the wet landscape can support the aquatic biota [4].     

Biological treatment processes have also been investigated as a treatment 

option for the oil refinery produced waters [5, 16, 55-57]. In conventional 

biological treatments, such as activated sludge, microorganisms are more 

sensitive to the feed water characteristics such as salinity and toxicity. However, 

the microorganisms are shown to be more resistant to the toxicity in the fixed 

growth systems [5, 65]. Although microbial biodegradation processes are low-

cost treatments compared to other processes, such as advanced treatment 

processes, they have been shown to be very slow and hence cannot be used 

effectively as a remediation method for OSPW NAs, especially with the current 

huge amount of OSPW production and storage rate. The biodegradation half-life 

of NAs in OSPW was found to be 12.8-13.6 yrs [66]. In addition, the complete 

removal of NAs was not achieved using biodegradation [34, 43], since large 

molecular weight NAs are more recalcitrant to biodegradation. More in depth 

research is required to investigate the effectiveness of biological treatment 

systems for OSPW remediation in regards to their ability to achieve complete 

NAs degradation and the degradation of other organic compounds. Therefore, 

biodegradation should be considered as a polishing treatment following the 

removal of large molecular weight recalcitrant NAs [6].  

Effective sand filtration requires the NAs to be acidified to less than their 

pKas to be adsorbed onto the filter media [5]. Membrane filtration has also been 

shown to be used effectively for the removal of organic and inorganic compounds 

from oil refinery generated waters [54, 62, 68, 69]. Nanofiltration was shown to 

remove more than 95% of NAs from OSPW [54]. In addition, a high removal of 
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cations (sodium, calcium, and magnesium) and anions (chloride, sulfate, and 

bicarbonate) was achieved. However, reversible fouling arising from the presence 

of the suspended solids and colloidal particles decreased the permeate flux. 

Membrane fouling, durability, and cost have been considered as the main 

concerns affecting the selection of this treatment technology for large-scale 

applications [5, 68].  

Advanced oxidation processes (e.g., O3/H2O2, UV/O3, UV/H2O2), in turn, 

are suitable treatment options for toxic waters containing recalcitrant organic 

compounds, such as those in OSPW [5]. Photocatalytic oxidation was shown to be 

an effective treatment for the degradation of NAs [5, 70-73]. However, the 

presence of the certain compounds that compete for the surface sites on the 

catalyst and the solution pH could affect the efficiency of the process [5, 73]. 

Chloride and bicarbonate ions are among the radical scavengers that can decrease 

the effectiveness of the photocatalytic processes and the production of the radicals 

[5, 74]. Light-based oxidation processes are also effective treatment options for 

waters with low levels of suspended solids [6]. Because of a light penetration 

limitation, which limits the light to the top layers of the water, a large surface area 

is required for effective treatment. The proposed treatment technologies should 

have the capability for the large-scale applications considering the huge amounts 

of OSPW accumulated in the tailings ponds. Therefore, the major challenge for 

the oil sands companies is to find effective treatment methods, for the stored 

OSPW, that are environmentally and technically reliable and cost effective [6, 

12].  

Currently, there is no viable economical and practical treatment 

technology, on an industrial scale, to handle the huge amounts of generated waste 

by-products (OSPW and PC) from the oil sands industry, which results in serious 

environmental issues [22, 34]. The presence of low combustible volatiles and 

relatively inactive carbon forms [79, 80], makes PC less effective in heat 

generation as compared to coal. The high sulfur content raises significant 

environmental concern over its potential use as an alternative energy source [46]. 
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Therefore, the continuing accumulation and stock piling of large quantities of PC 

require the development of innovative strategies for the effective utilization of 

this carbon-reach material on an industrial scale. Considering the abundance of 

PC in the oil sands industry, it could be applied effectively for adsorptive 

treatment of OSPW. This application of PC, which is essentially free-of-charge, 

would not require large investments by the oil sands industry. In addition, this 

adsorption process, which uses two already generated waste streams, will not 

result in the production of more solid wastes after the treatment.  

1.4.1. Physico-Chemical Treatments   

Physical treatment processes, including sedimentation and filtration, have 

been evaluated for the removal of suspended solids and particles [64]. Because of 

the small particle size and surface charges, effective sedimentation would require 

a long period of time [64]. Therefore, addition of chemicals could destabilize 

particles and enhance their agglomeration for the effective settling in a reasonable 

period of time [36]. In addition, the presence of these particles causes the 

membrane filters to clog quickly. Therefore, for effective application of 

membrane technology, the OSPW should be free of particles.    

1.4.1.1. Coagulation/Flocculation/Sedimentation  

Coagulation/flocculation/sedimentation (CFS) is a common pre-treatment 

process for the removal of the suspended solids and colloidal particles, as well as 

insoluble hydrocarbons [81, 82]. As an enhanced coagulation, CFS has also the 

ability to decrease the concentrations of high molecular weight dissolved organic 

compounds in water and wastewaters [81, 83, 84]. Because of their small size and 

surface charge, suspended particles cannot be removed properly by sedimentation 

or filtration in a reasonable period of time. In addition, suspended solids and 

insoluble hydrocarbons have negative impacts on other treatment processes, 

including membrane filtration, biological treatments, and ultraviolet light (UV)-

based advanced oxidation processes [85, 86]. Therefore, it is hypothesized that the 

removal of these contaminants would effectively enhance the performance and 

efficiency of the subsequent treatment processes. Depending on the water and 
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particle characteristics, the particles usually have negative surface charges that 

cause them to repel each other and form a stable suspension [81]. Chemical 

additives could be used to neutralize the surface charge of the particles to 

facilitate their agglomeration for subsequent sedimentation. 

CFS was found to be an effective treatment process for petroleum refining 

wastewaters in a large-scale application [30, 85]. The petroleum refining industry 

generally produces large volumes of wastewaters containing insoluble 

hydrocarbons, sulfur and nitrogen compounds, dissolved or suspended organic 

and inorganic contaminants [85, 86]. In a study by Santo et al. [85], CFS was 

applied for the treatment of petroleum refining wastewater using polyaluminum 

chloride, alum, and ferric sulfate. Increasing the coagulant concentration showed 

an increasing trend for COD removal. The highest COD removal of 87% was 

achieved using 27.2 mg/L of polyaluminum chloride to treat the sample with an 

initial COD of 580 mg/L. Alum and ferric sulfate resulted in COD removals of 

87% and 85% at relatively higher concentrations of 40 and 56 mg/L, respectively. 

Similar total organic carbon (TOC) removals of 84%, 83%, and 82% were 

obtained by the addition of the same concentrations of the polyaluminum 

chloride, alum and ferric sulfate, respectively to treat the sample with an initial 

TOC of 97.5 mg/L. High turbidity reduction of >73% was obtained with the 

addition of the coagulants. In addition, further increase in the coagulant 

concentrations did not enhance the removal efficiency over what was observed. A 

high molecular weight polyacrylamide was also tested as a flocculant in 

combination with the coagulants. Larger flocs were formed upon the addition of 

the flocculant and the best combination was found to be the addition of 4.2 mg/L 

of the flocculant to the 34 mg/L of polyaluminum chloride, which resulted in 97% 

COD, 90% TOC, and 88% turbidity removals.  

Demirci et al. [86] also suggested that the application of 100 mg alum/L in 

combination with a clay at 100 mg/L, as the coagulant aid, resulted in ~90% COD 

and turbidity removals for a wastewater from a petroleum refinery plant. Ferric 

chloride, ferric sulfate, and calcium oxide (CaO) showed similar removals as did 
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alum. Additionally, cationic and anionic polyelectrolytes were shown to be more 

effective than clay with >70% and ~95% COD and turbidity removals, 

respectively. A 61-96% removal of trace metals (Mn, Ni and Zn) were also 

achieved after the treatment. Terephthalic acid (TA) wastewater generated from 

the TA petrochemical production plant, mainly composed of the aromatic 

carboxylic acids, such as benzoic acid, toluic acid, phthalic acid, and TA [30, 87] 

was treated by CFS [30]. A COD removal of 76% was obtained by the addition of 

3 g/L of ferric chloride. The BOD5/COD ratio increased after the CFS treatment, 

due to the decrease in COD concentration, indicating the suitability of the treated 

TA wastewater for biological treatment.  

The impact of pH adjustment, using sulfuric acid, for the removal of the 

EOF from the consolidated tailings (CT) water from Syncrude Canada Ltd. was 

studied by Marr et al. [64]. The objective of the conducted study was to 

investigate whether the acidification followed by alum addition and sand filtration 

could remove naphthenates from CT waters to the residual concentration in the 

range of 30-50 mg/L. The pH of the CT samples decreased to <5 by sulfuric acid 

in the range of 0-1000 mg/L to form insoluble naphthenates. Alum was added for 

the coagulation of the pH-adjusted samples. The chemically treated samples were 

filtered using fine sand filtration (0.1 mm) columns in an up-flow configuration. 

Depending on the initial condition of the CT, the required sulfuric acid 

concentration was found to be in the range of 200-500 mg/L. The pH adjustment 

resulted in the precipitation of the naphthenates from the CT waters enhancing 

their physical entrapment by the filter media. The average initial values for pH 

and EOF concentration were 8.3 and 75 mg/L, respectively. Acidification alone at 

490 mg/L sulfuric acid followed by sand filtration, decreased the EOF to 46-48 

mg/L. Acidification followed by coagulation using 100-200 mg alum/L and sand 

filtration resulted in a lower EOF concentration of 37-42 mg/L. Acidification 

alone increased the turbidity of the CT from 0.1 to 57 NTU, which again 

decreased to a similar initial value after the sand filtration. This indicated the 

increase in the concentration of the insoluble naphthenates after acid addition and 
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physical entrapment by the filter media. Evaluation of the effect of initial EOF 

concentration in the range of 50-200 mg/L, by spiking the samples to reach the 

desired concentrations, also showed a higher concentration of sulfuric acid is 

required by increasing the EOF concentration. However, EOF removal was not 

enhanced by the addition of more than 490 mg sulfuric acid/L at all the initial 

EOF concentrations. The addition of the 490 mg sulfuric acid/L and 100-200 mg 

alum/L resulted in the formation of insoluble naphthenates, which were then 

successfully removed by the sand filtration media to result in a 44-51% EOF 

removal from the CT water.  

CFS is a potential pre-treatment option for OSPW for the removal of 

suspended solids and colloidal particles. In addition, enhanced CFS may decrease 

the concentration of the naphthenic acids (NAs). CFS is not affected by the 

toxicity of the wastewaters, which is an advantage for its application in the OSPW 

treatment containing NAs as one of the principal toxicants [88].  

1.4.1.2. Adsorption  

Adsorption is an important process affecting the fate and transport of 

environmental contaminants [89]. An adsorption phenomenon is the process of 

attachment of the adsorbates (e.g., ions or molecules) from one phase (e.g., gas or 

liquid) onto the surface of an adsorbent (i.e., solid substance). Adsorption is 

generally used to remove natural and synthetic organic chemicals, inorganic 

compounds, and heavy metals from liquid or gas phases. Among all the 

adsorbents, carbonaceous materials such as activated carbons, carbon blacks, 

carbon nanotubes, zeolites and synthetic polymers are the most commonly used 

sorbents [5]. Adsorption of the NAs and other organic contaminants, as well as 

inorganics, from OSPW using various types of natural and engineered sorbents, is 

a promising treatment process for OSPW remediation. Potential applicability of 

adsorption treatment of OSPW has not been studied comprehensively [6]. There 

are few studies evaluating the adsorption of NAs and EOF from OSPW using 

fresh and activated PC and a synthesized copolymer [13, 21, 44, 57]. As 

compared to other treatment technologies, adsorption process results in the 
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minimum waste production and has less negative impacts on the environment [5, 

21].    

Zubot et al. [21] investigated the impact of PC adsorption for the removal 

of NAs from the OSPW. OSPW and fluid PC from Syncrude Canada Ltd. were 

used for the experiments. The results indicated that after 4 h of mixing, high 

removals of the NAs (64-96%) were obtained by the addition of 9-39%wt. PC to 

OSPW. The adsorption process was reported to occur through a two-step uptake, 

with an initial rapid removal rate followed by a slower removal rate, which was 

related to the diffusion into micropores or adsorption onto the lower reactive sites. 

The PC surface area was found to affect the adsorption of the NAs [44]. The 

surface area of the non-activated PC was reported to be 5.7 m
2
/g [5]; whereas, 

steam activation of PC was shown to significantly increase the surface area to 494 

m
2
/g as reported by Small et al. [44]. Non-activated PC at 30%wt. in OSPW, 

removed up to 77% of the EOF from filtered OSPW. For the case of activated PC, 

this amount was reduced to 5%wt. and resulted in a 92% EOF removal. The 

concentration of calcium and magnesium decreased with increasing the PC dose 

because of adsorption onto the PC surface; while, silicon, molybdenum, and 

vanadium contents increased by increasing the PC dose as a result of leaching 

form PC [21, 44]. However, vanadium was shown to be re-adsorbed onto the PC 

over the longer contact times of approximately one year [21]. The leached 

vanadium concentration also increased after activation, as compared to non-

activated PC [44], since vanadium was shown to be the most abundant trace metal 

in the PC composition [21]. In addition, PC adsorption was found to be an 

effective treatment to remove the toxicity of OSPW to Vibrio fischeri bacteria 

tested using the Microtox
®
 bioassay [21].  

Cyclodextrins (CD) have been shown to form stable complexes with 

alicyclic carboxylic acids [13, 90-92]. In addition, the incorporation of β-CDs into 

copolymers was shown to be effective for the sequestration of the organic 

compounds. Synthetically engineered β-CD copolymers were tested as a potential 

adsorbent for the removal of NAs extracted from OSPW in an alkaline solution 
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[13]. The copolymers with aromatic monomers in their structures showed lower 

NAs adsorption capacity, whereas aliphatic linkers attached to the copolymers 

resulted in higher adsorption capacity. The adsorption capacity of the copolymers 

also increased with increasing the initial NAs concentration in the solution. The 

adsorption capacity of the copolymers at pH=9 and room temperature was found 

to be in the range of 25.5-77.1 mg/g. However, the high surface area of the 

granular activated carbon (GAC) (1000 m
2
/g), as compared to the copolymers 

(100 m
2
/g), resulted in a higher NAs adsorption capacity (147 mg/g).    

1.4.1.3. Zero Valent Iron 

Zero valent iron (ZVI) has been used for wastewater and ground water 

remediation since 1990 [95, 96]. It was initially applied as permeable reactive 

barriers (PRB) for the removal of chlorinated solvents from ground waters [93, 

95-98]. Wastewater treatment using ZVI is a novel, cost-effective and 

environmentally friendly process [99, 100].  

The successful application of ZVI for the removal of refractory organic 

compounds [101], nitroaromatics [102, 103], halogenated compounds [104-106], 

and metals [107-109] from aqueous solutions and wastewaters has been reported. 

The petroleum refinery wastewater, which is high in organic and inorganic 

contaminants, was treated with nano size ZVI (nZVI) using ultrasonication [99]. 

Ultrasonication was performed for 60 min on 20 mL of wastewater containing 

0.05 g nZVI. More than 90% COD removal was achieved after 50 min of 

sonication in the presence of nZVI as compared to 40% removal in the absence of 

nZVI after 60 min of sonication. A pH 5 was found to be the optimum pH for the 

COD removal. In addition, COD removal increased with an increase in nZVI 

concentration. Biphasic kinetics was observed for COD removal, with a fast 

degradation rate up to the first 7 min followed by a slower rate. The availability of 

more of fresh nZVI surface for the reaction was suggested as a reason for the 

initial fast reaction rate. These results suggested that sonication could enhance the 

degradation of the organic compounds from petroleum refinery wastewater using 

the nZVI technology. The addition of 6.8 g ZVI into 5 mL of aqueous solution 
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containing 2,4-dinitro-toluene (DNT) resulted in the complete removal of DNT in 

60 min [93]. Dinitrotoluene was formed as a result of the DNT reduction within 

10 min of reaction, and its concentration after 3 h treatment reached 90% of the 

initial DNT concentration.  

The actual removal mechanism using ZVI has not been understood 

completely [110-112]. Depending on the environmental conditions (e.g., pH of 

the water and oxygen availability), the possible removal mechanisms include 

adsorption, co-precipitation, direct or indirect reduction, and oxidation of the 

contaminants [94-96, 110, 113]. ZVI is unstable [114], and it is quickly oxidized 

to Fe
2+ 

[95]. In the pH range of 5 < pH < 9, Fe
2+ 

is oxidized to Fe
3+ 

and could 

subsequently form various forms of iron oxy/hydroxides (FeO, FeOOH, Fe2O3) 

[95]. The surfaces of these oxide products serve as adsorption sites for the 

contaminants [94, 101, 115]. Co-precipitation of the dissolved contaminants also 

occurs by their mechanical entrapment in the hydroxide structures [95, 116]. The 

formation of the mixed crystals by incorporation of the contaminants into the 

lattice of the hydroxides is another form of co-precipitation, mainly for the 

inorganic compounds and metals [95]. Unlike surface adsorption, entrapment of 

the compounds into the hydroxides structures results in their immobilization, as 

long as the hydroxides are insoluble [95]. During the oxidation of ZVI, the 

generated electrons could be used to reduce contaminants. In the presence of 

oxygen, the generated electrons are transferred to oxygen molecules, which 

results in the production of H2O2 [117]. Further reaction of H2O2 with Fe
2+

 in a 

Fenton-type reaction forms highly reactive hydroxyl radicals, which could be 

involved in the oxidation of the organic compounds.  

Organic compounds could undergo oxidation reactions in the presence of 

ZVI and oxygen [118]. The oxidation of a carboxylic acid, benzoic acid (BA), 

into p-hydroxybenzoic acid (p-HBA) using nZVI in the presence of oxygen at pH 

3 was investigated by Joo et al. [118]. The possible reaction pathways on addition 

of nZVI into the BA solution include:  
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Fe
0 

+ O2 + 2H
+
 → Fe

2+
+ H2O2                                  (1) 

Fe
0 

+ H2O2 → Fe
2+

+ 2OH
-                                           

 (2) 

Fe
2+

 + H2O2 → Fe
3+

+ OH+ OH
-                            

 (3) 

The reactions which involve electron transfer occur mainly on the ZVI 

surface [118, 119]. The oxidants production rate is fast in the initial stages, which 

then decreases with increasing formation of the oxide products on the surface 

[118, 120]. As a result, production of p-HBA was rapid in the initial stages and 

gradually decreased during 1 day of contact. Increasing the initial BA 

concentration from 50 µM to 5 mM at pH 3 and 0.9 mM nZVI resulted in a higher 

production of p-HBA. In addition, the p-HBA production increased with 

increasing the nZVI from 0.2 to 5 mM at a 10 mM initial BA concentration.  

The effect of pH increase on the oxidizing ability of nZVI was 

investigated at two BA concentrations of 50 µM and 10 mM. Although the results 

showed a decrease in the production rate of oxidants by increasing pH, the 

oxidation reactions was shown to continue up to pH 8 as the formation of the p-

HBA indicated. It was hypothesized that the affinity of the ZVI surface for Fe
2+ 

increased at high pH resulting in an increase in the thickness of the passivating 

layer. Oxygen was also assumed to compete with H2O2 for Fe
2+

, which results in 

the formation of lower amounts of reactive radicals. The addition of competing 

compounds, including humic acid, phenol, aniline, and o-hydroxybenzoic acid in 

the presence of 10 mM BA at pH 3, showed that the p-HBA production yield 

decreased by increasing the concentration of these competitors. The relative 

reaction rate constants of these compounds with hydroxyl radicals were higher 

than for BA. The application of different ZVI particle sizes for the oxidation of 10 

mM BA at pH 3 showed that, although nZVI resulted in a higher oxidation of BA, 

the p-HBA production rate using fine powder, powder, and granular ZVI was 

significant as well. The fine powder was shown to be the most effective BA 

oxidant.  
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In another study by Joo et al. [121], the degradation of the herbicide 

molinate, using nZVI was investigated in the absence and presence of oxygen. 

The molinate removal at pH 4 and in the absence of oxygen was negligible; 

whereas, 70% removal was achieved in aerated samples. Vigorous shaking was 

also reported to result in the same degree of removal as aerated samples. The 

reason could be a continuous removal of the passivating layer on the ZVI, which 

results in more effective electron transfer from ZVI to the contaminants/oxygen 

[122]. In addition, vigorous mixing may facilitate oxygen uptake by the solution 

and increase the oxygen transfer to the ZVI surface for radical formation. 

Investigation of reaction by-products revealed that molinate degradation occurred 

through oxidative rather than reductive reactions. Pseudo-first-order kinetics 

described well the behavior of the molinate oxidation. Increasing the ZVI loading 

resulted in an increase in the observed rate constant, and a linear relationship was 

found between the rate constant and the ZVI concentration. Although in some 

studies it has been shown that the degradation rate of the contaminants decreased 

to a great extent by increasing the pH, Joo et al. [121] observed 60% molinate 

removal in a carbonated buffered sample at pH 8 as compared to 65% removal at 

pH 4.  

A 27% of Bangladesh aquifers are contaminated with arsenic (As), which 

is a toxic element [123, 124]. The arsenic concentration in these aquifers (50 

µg/L), which is used as drinking water in rural areas [125], is well above the 

World Health Organization's (WHO's) guidelines of 10 µg/L [124]. ZVI, which 

was shown to be an effective treatment technology for the removal of As from 

ground waters [109, 126], was applied for the remediation of the Bangladesh 

ground waters [123]. Batch test experiments indicated that 99% As removal was 

achieved by the addition of 2 g/L of ZVI after 15 h of contact in the presence of 

oxygen at neutral pH. The results of this study suggested that ZVI can be used as 

a reliable treatment process for decontamination of surface and ground waters.  
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1.4.1.3.1. Electron Shuttling Effect 

Electron transfer plays a significant role in all oxidation/reduction 

reactions occurring in the ZVI/water system. Therefore, the application of an 

electron conductor to accelerate the electron transfer could result in an increase in 

the reaction rates to enhance the process efficiency [127-131]. Carbonaceous 

materials have been known to have electron conducting ability [89, 106, 132]. 

The reductions of hexahydro-1,3,5-trinitro-1,3,5-triazine by sulfide [127] and 2,4-

dinitrotoluene by dithiothreitol [128] were reported to be accelerated in the 

presence of black carbon. The graphite-like structures of the black carbon play the 

role of both adsorption sites and electron conductor for the molecules to be 

reduced [127, 128]. Activated carbon was also shown to enhance the removal of 

1,1,2,2-tetrachloroethane [129] and hexachlorocyclohexane [130] from aqueous 

solutions.   

nZVI was impregnated onto the surface of the GAC to prepare the GAC-

ZVI composites for the reduction of trichloroethylene (TCE) in the aqueous 

solutions [133]. GAC-ZVI composites exploit the advantages of being adsorption 

sites for TCE with the reductive ability of the embedded ZVI to dechlorinate the 

physically adsorbed TCE [89, 133]. At 5 g/L of GAC-ZVI, the TCE concentration 

decreased rapidly over the 50 min treatment time with complete removal after 300 

min, as compared to the incomplete degradation of TCE (~40%) by 0.15 g/L ZVI. 

The adsorption/dechlorination of the TCE fit well to a pseudo first-order kinetic 

model.       

Metal-oxygen cluster anion compounds, also known as polyoxometalate 

(POM), including tungstosilicic acid (H4SiW12O40) and phosphotungstic acid 

(HNa2PW12O40), have been used as an electron shuttle to enhance the oxidation of 

4-chlorophenol (4-CP) [131]. A 40% removal of 4-CP was obtained in ZVI alone 

system after 4 h contact time, which shows the oxidative ability of ZVI as also 

reported by another study [118]. The addition of POMs increased the removal of 

4-CP to more than 80% with the simultaneous production of chloride, confirming 

the oxidation pathway of 4-CP rather than just adsorption on the ZVI surface. 
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Increasing the ZVI concentration from 0 to 2 g/L was shown to increase the 4-CP 

removal as also reported for the reduction/oxidation of other contaminants using 

ZVI [94, 102, 118, 121, 130]. No removal observed in the absence of ZVI 

indicating the inability of POM alone to oxidize the 4-CP. In addition, the 4-CP 

oxidation rate was faster by increasing the POM concentration up to 2 mM. 

Fenton-type reactions are more efficient at lower pH [130]. Increasing the pH was 

shown to have a decreasing effect on the 4-CP removal in the ZVI alone system. 

However, the addition of POM accelerated the oxidation rate and widened the 

range of effective pH for the 4-CP degradation. Joo et al. [118] also observed the 

progression of the oxidation reactions up to pH 8.  

1.5. Objectives and Scope of the Research  

As discussed earlier, the generation of the waste by-products from the oil 

sands industry, including OSPW and PC, is continually increasing. Accumulation 

of these wastes has raised environmental problems, which necessitates the 

development of viable treatment strategies for OSPW and PC on an industrial 

scale. In order to do so, a series of consecutive treatment processes is needed to 

remove all the contaminants from OSPW. There are few studies investigating the 

applicability of different treatment processes for OSPW, and yet there are 

significant research gaps considering the effectiveness and applicability of the 

proposed treatment technologies for OSPW remediation. Based on these needs, 

this research study focused on assessing the feasibility and efficiency of CFS, PC 

adsorption, and PC mediated-ZVI oxidation processes for the removal of the 

different types of contaminants, including suspended solids and dissolved organic 

compounds, from OSPW.  

The objectives of this research were achieved through the application of 

CFS, PC adsorption, and ZVI oxidation processes in different phases. These 

objectives were:  
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1) To determine the effectiveness of CFS pre-treatment for the removal 

of the suspended particles and organic compounds, mainly NAs, from 

OSPW (Chapter 2); 

2) To identify the coagulation mechanism, assess the floc properties, such 

as structure, size, and surface functional groups, and to determine the 

toxicity of the non-treated and treated OSPW towards invertebrates 

(Chapter 2);  

3) To investigate the efficiency of the PC adsorption process for the 

removals of EOF and NAs from OSPW without any pre-treatment 

(Chapter 3); 

4) To determine the mechanisms of NAs adsorption on the PC surface 

and to study the effect of physico-chemical properties of PC on the 

adsorption of NAs (Chapter 3); 

5) To investigate the vanadium leaching from PC during the adsorption 

process and its speciation (Chapter 3); 

6) To investigate the effectiveness of ZVI for the removal of the organic 

compounds, including NAs, flourophore organic compounds, and EOF 

and metals from OSPW.  

7) To understand the potential role of PC, as an electron conductor, on 

the improvement of the organic compounds removal in the presence 

and absence of oxygen (Chapter 4).  

8) To study the impact of the contact time and ZVI concentration on the 

removal of organic compounds and metals from OSPW and to 

determine the removal mechanisms of organic compounds and metals 

(Chapter 4). 

By achieving these research objectives, this research study will provide a 

unique opportunity to treat the high amount of different wastes generated by the 

oil sands industry. The performed study will provide the valuable information 

regarding the effectiveness and removal mechanisms, and more importantly, the 

applicability of the proposed treatment options on an industrial scale.  
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1.6. Thesis Organization 

The general overview regarding the oil sands operations and generation of 

the waste by-products, and the proposed treatment processes for waste by-

products are presented in Chapter 1. The experimental methodologies and the 

obtained results of the various phases of this research are presented in Chapters 2-

4. Chapter 2 presents the application of the CFS process as a pre-treatment for the 

removal of the suspended solids and organic compounds by the use of different 

metallic salt coagulants. Synthetic organic polymers were also tested as coagulant 

aids or flocculants. The effect of various operational factors, including chemical 

types and concentrations, rapid and slow mixing times and intensities on the 

removal of the target contaminants were investigated. The turbidity was measured 

as a surrogate for the suspended solids and colloidal particles. The TOC and NAs 

were measured to investigate changes in the concentration of the organic 

compounds. The toxicity of OSPW to invertebrates before and after CFS 

treatment was also investigated.    

Chapter 3 includes a comprehensive evaluation of the adsorption of 

various organic contaminant fractions (COD, EOF and NAs) on PC; 

determination of the adsorption mechanisms of the NAs on the PC; study of the 

effect of physico-chemical properties of PC on the adsorption of NAs; and 

investigation of the speciation and leaching of vanadium from PC during the 

adsorption process.  

In Chapter 4, ZVI was investigated as a source of electron in combination 

with PC, for the enhanced removal of fluorophore organic compounds, EOF, 

NAs, and metals from OSPW. PC was used as an electron conductor to provide a 

simultaneous adsorption and oxidation sites to enhance the removal of the 

contaminants. The effect of the ZVI concentration and the contact time on the 

fluorophore organic compounds, EOF, NAs, and metals removals was also 

investigated.   
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In Chapter 5, general conclusions of the performed research and 

recommendations for the future work are presented. Some of the experimental 

methodologies and supplementary graphs and tables to support the obtained 

results are presented in the Appendix sections attached at the end of the Thesis.  
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CHAPTER 2. THE IMPACT OF METALLIC COAGULATNS ON THE 

REMOVAL OF ORGANIC COMPOUNDS FROM OIL SANDS PROCESS-

AFFECTED WATER
1
 

2.1. Introduction 

Coagulation/Flocculation/Sedimentation (CFS) is among the most widely 

used processes to remove suspended and colloidal particles from water and 

wastewater. Additionally, it is used to decrease concentrations of dissolved 

organic matter [1-3]. Because of their small size and surface charge, without any 

pre-treatment, suspended particles are difficult to remove by filtration or 

sedimentation. Moreover, suspended solids may interfere with ultraviolet light 

(UV)-based advanced oxidation processes (UV/O3, UV/H2O2) by scattering light, 

thus reducing the efficiency of these processes [4]. Therefore, removal of the 

suspended particles may improve the performance of filtration, advanced 

oxidation, and membrane separation processes [4-6]. 

CFS is a potential pre-treatment option for treating oil sands process-

affected water (OSPW) generated from oil sands operations in northern Alberta, 

Canada. OSPW, generated after Clark hot water extraction, contains a complex 

mixture of organic compounds, salts and a stable suspension of fine particles [5, 

7]. Among the complex mixtures of organics in OSPW is a class of water-soluble, 

alicyclic compounds, collectively classified as naphthenic acids (NAs) [8]. Their 

general formula is CnH2n+ZO2, where n represents the number of carbon atoms and 

Z is a negative even integer representing the number of rings [9, 10].  

Numerous studies have focused on the application of secondary and 

tertiary treatment technologies, including biological treatments, advanced 

oxidation processes (AOP) and membrane filtration for treatment of OSPW [6, 7, 

10-14]. Bioremediation has recently been studied for the removal of organic 

                                                 
1
  A version of this chapter has been published. Pourrezaei et al. Environmental 

Science and Technology. 45, (19), 8452-8459.  
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compounds from OSPW [7, 14, 15]. Microbial degradation has proved to be a 

very slow process due to the toxicity and persistency of NAs [10]. Ozonation was 

shown to not only incompletely degrade NAs, but also to generate more oxidized 

NAs [10, 13]. Some oxidized NAs might resemble the sex steroids compounds 

that may show endocrine disrupting activity [16, 17]. Nanofiltration successfully 

removed more than 95% of NAs and divalent ions from OSPW without any pre-

treatment [6]. However, reversible fouling caused by suspended solids decreased 

the permeate flux and life cycle of the membrane, which limited the practical 

application of nanofiltration [6]. It was expected that CFS pre-treatment of OSPW 

would decrease the particle and organic loading on the subsequent treatment 

processes and enhance the performance of remediation processes.  

Chemical coagulants can be effective if they can destabilize charged 

particles to facilitate agglomeration. Aluminum sulfate (alum) is among the most 

commonly used coagulants in wastewater treatment processes because of its 

availability and low cost [3, 18, 19]. The successful use of iron salts and 

polyaluminum chloride (PACl) was also reported [2, 19-21]. PACl has been 

shown to be a stable compound with the minimum effect on the pH of the water 

[3]. Flocculants, which are mainly synthetic organic polymers, have been 

extensively used to enhance coagulation performance [18, 22]. Among 

flocculants, cationic polymers have been reported to be more effective than 

anionic or non-ionic polymers. Addition of the polymers may intensify membrane 

fouling, whereas it could enhance the granular filtration performance by 

increasing the particle attachment to the filter media [18].  

Depending on the coagulant concentration and water characteristics, 

various mechanisms, such as charge neutralization, adsorption, and sweep 

flocculation can be responsible for the removal of organic compounds and 

particles [3, 18]. Elevated concentrations of the residual ions in the treated water, 

arising from coagulant addition, necessitate further treatments. Therefore, careful 

monitoring of the coagulant dose is required to obtain the lowest concentration of 

the residual ions, which can be achieved through measurement of charge and ion 
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concentrations. Zeta potential analysis is a critical evaluation for the 

characterization and quantification of the charge, with which it is possible to 

better understand the CFS performance and identify the removal mechanism. 

In the present study, the hypothesis that the application of CFS as a pre-

treatment for OSPW decreases the concentrations of the various constituents 

present in OSPW was tested. In order to achieve this, the effectiveness of using 

metallic salt coagulants of alum, ferric sulfate, ferric chloride, and three organic 

polymers (cationic, anionic, and non-ionic) for the removal of the particles and 

organic compounds and also changes in concentrations of NAs were determined. 

Moreover, identification of coagulation mechanism by zeta potential 

measurement and assessment of the properties of the flocs, such as size and 

surface functional groups were performed. 

2.2. Materials and Methods 

2.2.1. Sampling 

OSPW was collected on October 2009 from the west in-pit (WIP) tailings 

pond located at the Syncrude Canada Ltd. facility, Fort McMurray, Alberta, 

Canada. OSPW was received and stored at 4 ºC. Before conducting the 

experiments, OSPW was slowly brought to room temperature. A complete 

characterization of the OSPW is presented in Table 2.1.    
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Table 2.1. Complete characterization of the OSPW.  

Parameters Average Value 

pH 8.5 

Turbidity (NTU) 180 

TOC (mg/L) 51 

COD (mg/L) 240 

NAs (mg/L) 23.6 

Oxidized NAs (mg/L) 31.6 

Alkalinity (mg/L) 630 

Conductivity (µS/cm) 3750 

Sodium (mg/L) 827 

Chloride (mg/L) 515 

Sulfate (mg/L) 513 

Ammonium (mg/L) 22 

Aluminum (mg/L) 8.5 

Iron (mg/L) 3.3 

Vanadium (mg/L) 0.018 

Barium (mg/L) 0.35 

 

2.2.2. Coagulation and Flocculation 

All the CFS experiments were conducted at room temperature (19-22 C) 

and the natural pH of the OSPW. Experiments were performed in triplicates and 

parameters of the process water, detailed below, were measured before and after 

treatment based on standard methods [23]. Turbidity and TOC were measured 

before and after the establishment of optimum condition. Quantification of NAs 

and oxidized NAs, scanning electron microscopy (SEM) imaging, surface 

functional groups characterization of the flocs, and water quality analyses were 

measured for the optimum condition. 
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2.2.3. Coagulant  

The initial step in optimization of the process was selection of the 

coagulant type. Metallic salt coagulants of alum, ferric sulfate, and ferric chloride 

(Fisher Scientific, New Jersey, USA) were separately applied in each jar to form a 

series of concentration of: 0, 20, 50, 80, 100, 150, 200, 250, 300, 350, 400, 450, 

500, 550, and 600 mg/L. Coagulants were added at the beginning of the 

experiments. Initial coagulation conditions were 30 s of rapid mixing at 120 rpm 

followed by 30 min of slow mixing at 30 rpm. Any flocs formed were allowed to 

settle for 60 min. Based on the total organic carbon (TOC) removal and turbidity 

reduction, alum and ferric sulfate showed superior performance compared to 

ferric chloride (Figure B1 and B2 in the Appendix B). Alum and ferric sulfate 

resulted in the same removal efficiencies. However, addition of the ferric salts 

resulted in a reddish color of treated OSPW with higher color intensity at higher 

coagulant concentration. OSPW contains organic compounds which act as 

complexing agents toward iron () to improve its solubility [24]. As a result of 

formation of these complexes, a color change in the range of yellow to brown is 

observed. Because the experiments were performed at pH higher than the 

optimum pH (~7) and high concentration of ferric salts was added to achieve 

satisfactory TOC removal, an increase in the intensity of the yellow-brown color 

was observed. Since this might require additional treatment for color removal, 

alum, the most commonly used coagulant, was chosen for further optimization. 

Because the increment of the alum concentration showed an increasing trend of 

TOC removal and turbidity reduction, to investigate the effect of other factors, 

including organic polymer type, concentration and addition time of organic 

polymer, as well as mixing intensity and time, optimization experiments were 

performed at 100, 250,  and 500 mg alum/L.  

2.2.4. Polymer 

 The cationic polymer polydiallyldimethylammonium chloride 

(polyDADMAC), the anionic polymer polyacrylamide, and the nonionic polymer 

polyacrylamide (ClearTech, Edmonton, Canada) were used as flocculants. 
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PolyDADMAC is a low molecular weight polymer with a 100% cationic content 

[25]. There are two possible polymeric structures of polyDADMAC including N-

substituted piperidine and N-substituted pyrrolidine [26]. Additionally, 

polyDADMAC has a stable positive charge below pH 10 [18], thus a change in 

the pH during the process does not affect the polymer charge.  

To investigate the effect of the cationic polymer at each concentration of 

alum, a 3
2
 factorial design experiment was applied at three dosages and addition 

times. The three concentrations of polymer were 2, 5, and 10 mg/L, and the 

polymer addition time during the coagulation was 0, 15, and 30 sec. A similar 

procedure was utilized for the anionic and nonionic polymer.  

2.2.5. Mixing Intensity and Time 

 Once the optimum conditions for polymer were determined, the effect of 

rapid mixing intensity at 80, 120, and 220 rpm was investigated while other 

factors were kept fixed. At all three concentrations of alum, mixing at 120 rpm 

resulted in higher TOC removal and turbidity reduction. The effect of slow 

mixing time on the coagulation performance was also investigated by varying this 

parameter from 0 to 60 min while all the other factors were kept at the optimized 

condition.  

2.2.6. Equipment 

A Phipps & Bird jar test apparatus, equipped with a paddle stirrer and 

square Plexiglas beakers, was used to perform the coagulation experiments. 

Quantification of the NAs was performed by ultra pressure liquid 

chromatography/high resolution mass spectrometry (UPLC/HRMS), as described 

by Martin et al. [10]. Zeta potential measurements were conducted using a 

ZetaPALS, Brookhaven Inc. apparatus. All measurements were performed in 

triplicate for non-filtered samples. Diffuse Reflectance Fourier Transform Infra 

Red (FT-IR, BioRad FTS 6000) spectrophotometer was used to identify the 

surface functional groups of the flocs. SEM of the flocs was performed using a 

HITACHI S-2500 instrument. X-ray photoelectron spectroscopy (XPS) 
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measurements were performed using an AXIS 165 spectrometer (Kratos 

Analytical). Details of the quantification methods for pH, turbidity, TOC, 

alkalinity, major ions, trace metals, and other water quality analyses are provided 

in the Appendix A. 

2.2.7. Analysis of NAs by High-Resolution Mass Spectrometry 

Samples were filtered through 0.22 μm syringe filters (Millex GS, 

Millipore). Tetradecanoic acid-1-
13

C (C14H28O2) was added to each sample (0.2 

µg/mL), as internal standard, to correct for sensitivity and retention time drift. 

Instrumental analysis was performed by a Waters Acquity UPLC System (Waters, 

MA, USA), employed for rapid and efficient chromatographic separation of the 

NAs and their oxidized products. High-resolution measurements were performed 

in-line with a high resolution (~10,000) QSTAR Pulsar i mass spectrometer 

equipped with a TurboIon Spray source (Applied Biosystem/ MDS Sciex, 

Concord, ON, Canada) operated in negative mode.  

Chromatographic separations were run on an Acquity phenyl BEH column 

(150x1 mm, 1.7 μm ID) using a gradient mobile phase of (A) 10 mM ammonium 

acetate solution prepared in Optima-grade water and (B) 10 mM ammonium 

acetate in 50% methanol and 50% acetonitrile, both Optima-grade. Gradient 

elution was: 1% B for 2 min, ramped to 60% B by 3 min, to 70% B by 7 min, to 

95% B by 13 min, holding it until 14 min and finally returned to 1% B followed y 

an equilibration time of 5.8 minutes. The flow was constant at 0.110 mL/min and 

column temperature was 50 ºC. The chromatographic system separated NA based 

on carbon number (n), degree of cyclization (Z), and extent of alkyl branching. 

Relative response to the internal standard for each NA isomer class was plotted 

over time to determine the concentration and NAs profile. A blank was run at the 

beginning of the batch to subtract background effects from the samples. As well, a 

blank was placed as the last sample batch to assess any carry-over effect. 
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2.2.8. Invertebrate Toxicity Tests 

Chironomus dilutus larvae (13-14 days post-oviposition) were exposed to 

fresh water as a control sample, OSPW, OSPW treated with 250 mg/L alum, and 

OSPW treated with 250 mg alum/L plus 5 mg cationic polymer polyDADMAC/L. 

Prior to the initiation of exposures, the OSPW and treated samples were aerated as 

required (3-4 weeks) to minimize ammonia concentrations. Ten animals were 

randomly assigned to 300 mL glass beakers, containing approximately 1 cm of 

silica sand (particle size 200-400 µm) and 250 mL of the respective water 

samples. Animals were fed 0.67 mg dry weight/individual daily with TetraFin® 

fish food slurry (Tetra Company, Blacksburg, VA) and water changes (50% 

renewal) were performed every 2 days. A constant stream of air was bubbled into 

each beaker. Water samples were collected prior to the water change for 

assessment of water chemistry. Temperature and pH readings were taken daily 

from one randomly-selected row of beakers to monitor general water quality. The 

exposure was performed for 10 days in an environmental chamber maintained at 

23 
o
C and all exposures were performed in quadruplicate. The toxicity tests were 

performed in the toxicology centre, University of Saskatchewan, Saskatoon, 

Saskatchewan, Canada, under the supervision of Dr. John P. Giesy following the 

established methodology developed for the toxicity tests to invertebrates.  

2.3. Results and Discussion 

2.3.1. Optimization 

The application of nonionic and anionic polymers showed adverse or no 

effect on the TOC removal. The optimal time for the addition of cationic polymer 

was 15 s from the beginning of the coagulation. Addition of the polymer at the 

beginning of the coagulation may affect the performance of the alum and also its 

addition at 30 s might not provide sufficient interaction with the particles due to 

the charge neutralization mechanism discussed later. For 100, 250, and 500 mg 

alum/L, the optimal cationic polymer concentrations were found to be 10, 5, and 2 

mg/L, respectively. Rapid mixing intensity at 80 rpm might not be enough to 

provide necessary contact between the chemicals and the particles, and high 
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intensity mixing at 220 rpm may cause the breakage of the flocs [21]. For slow 

mixing, TOC removal was the same for all the mixing times less than 30 min. 

Increasing the mixing time to higher than 30 min decreased the TOC removal. 

This could be explained by the effect of the prolonged mixing on the breakage of 

the flocs due to the cleavage of the bonds in the precipitated hydroxides [27, 28]. 

Therefore, 10 min was chosen for the slow mixing time at 30 rpm.  

OSPW was characterized before and after CFS treatment (Table 2.2). The 

conductivity of the samples did not change, indicating the inability of CFS 

treatment to remove inorganic dissolved solids. The pH value decreased slightly 

after addition of the coagulant. Turbidity reduction was greater than 90% at all 

three concentrations of alum and reached 99% at 500 mg/L of alum. The addition 

of the cationic polymer at each concentration of alum slightly improved the 

removal of TOC. Dissolved aluminum ion has been suggested to contribute to the 

Alzheimer’s disease [18, 29]. However, aluminum concentration decreased up to 

96% from its initial concentration due to formation of aluminum hydroxide as the 

dominant species. Therefore, coagulation-flocculation treatment did not increase 

its concentration in the OSPW, which eliminate any possible link with 

Alzheimer’s disease.  

OSPW treated with 250 mg alum/L, 250 mg alum/L plus 5 mg polymer/L, 

and 500 mg alum/L were analyzed for concentrations of NAs and the results 

showed no differences in the removal of NAs and oxidized NAs. Addition of 500 

mg/L of alum increased the salinity of OSPW by 50% after the process. There 

was no difference in the removal of TOC and turbidity in OSPW treated with 100 

mg alum/L, compared to OSPW treated with 250 mg alum/L. Nevertheless, 250 

mg alum/L was chosen as the optimum condition to allocate the safety range for 

suspended solids and TOC fluctuations in OSPW [5].    
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Table 2.2. Complete water quality analysis results before and after CFS treatment for optimum conditions using alum 

as the main coagulant and cationic polymer polyDADMAC as the coagulant aid. 

Optimum Conditions pH 

Turbidity 

Removal 

(%) 

TOC 

Removal 

(%) 

Conductivity 

(μS/cm) 

Sulfate 

Increase 

(%) 

Aluminum 

Removal 

(%) 

Iron 

Removal 

(%) 

Vanadium 

Removal 

(%) 

Barium 

Removal 

(%) 

100 mg/L AS*  7.4 96 8 3770 7 81 82 72 54 

100 mg/L AS + 10 mg/L CP* 7.4 98 12 3720 23 96 87 67 56 

250 mg/L AS 7.1 97 12 3795 24 80 86 72 62 

250 mg/L AS + 5 mg/L CP 7.0 99 14 3795 24 95 89 72 63 

500 mg/L AS 6.5 98 14 3790 49 72 87 72 60 

500 mg/L AS + 2 mg/L CP 6.5 99 17 3775 50 94 91 72 63 

*AS and CP indicate aluminum sulfate (alum) and cationic polymer polyDADMAC, respectively.  
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2.3.2. Removal Mechanisms  

2.3.2.1. Metallic Salt Coagulant 

 Distribution of aluminum species depends on the pH of minimum 

solubility and total aluminum concentration. Speciation distribution for aluminum 

after the addition of 90 mg alum/L showed that over pH range of 4.5 to 9, 

aluminum hydroxide precipitates (Al(OH)3) are the predominant species [18, 30]. 

The surface charge of the precipitates is determined by their isoelectric point [3], 

which is approximately 8 for aluminum hydroxides. Thus, at the operational pH 

used in this study, the surface of the precipitates was positively charged.  

Positively charged hydroxide precipitates contribute to the destabilization 

of the particles [3, 22, 30]. Destabilization occurs by deposition of the hydroxides 

on the surface of the negatively charged particles through adsorption and hetero-

coagulation. This process results in charge neutralization of the particles. 

Dissolved organic compounds could be also adsorbed and neutralized by the 

positively charged precipitates resulting in their lower solubility and precipitation.    

Phenolic and carboxylic functional groups of organic compounds could 

also be neutralized by the positively-charged hydrolysis products of alum 

(Al(OH)
2+

, Al(OH)2
+
), which exist in smaller concentrations compared to 

hydroxides. This process results in lower solubility and subsequent removal [3]. 

In addition, these functional groups might form complexes with Al
3+

 ions [18], 

and removal of the organic compounds and particles coated with organic 

compounds result in the reduction of their concentration.  

Zeta potential measurement was used to characterize and quantify the 

charge of the particles, to better understand the performance of CFS and 

determine the removal mechanism. Measurement of changes in zeta potential and 

turbidity, caused by the increase of alum concentration, showed that the zero zeta 

potential point was not reached (Figure 2.1). Therefore, at the optimum 

concentration of alum, only charge neutralization through adsorption could be the 
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removal mechanism [30]. However, to reach complete charge neutralization 

higher concentration of alum should be applied, which would not be economically 

and practically justifiable due to the additional associated problems such as 

increasing the concentrations of sulfate ions.  

By increasing the concentration of alum, a reduction in the turbidity was 

observed, yet the zeta potential remained negative and slowly approached zero. A 

similar trend has been reported previously [3]. The authors of that report proposed 

an adsorption mechanism of the organic compounds on the surface of the 

precipitates [30]. The zeta potential reached the point of charge neutralization by 

adding 1000 mg alum/L, after which a slight increase in the turbidity was 

observed. An increase in the concentration of positively-charged hydrolysis 

products may cause the restabilization of the suspension. 

 

Figure 2.1.  Zeta potential and turbidity residual (± std. of 5 replicates) vs. amount 

of alum added. 
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2.3.2.2. Effect of Cationic Polymer Addition  

Among the advantages of cationic polymer application are the decrease in 

the concentration of metallic salt coagulant, alkalinity consumption, and sludge 

production [31]. Due to the high charge density and low molecular weight of the 

polyDADMAC, charge neutralization is the proposed removal mechanism. SEM 

images of the flocs, (Figure 2.2) indicate that the flocs formed by the addition of 

both alum and alum plus polymer are small and compact [32-34]. Therefore, it 

can be concluded that charge neutralization is the removal mechanism [34]. 

Although addition of the polymer resulted in slightly greater removal of TOC, it 

also resulted in greater toxicity of the treated OSPW (see section 2.3.5).  

 

Figure 2.2.  SEM images of the flocs formed by (a) 250 mg/L alum, (b) 250 mg/L 

alum with 5 mg/L cationic polymer. 

2.3.2.3. Removal of Trace Metals 

Concentrations of vanadium and barium decreased by 67–78% and 42–

63%, respectively. Removal mechanisms of vanadium and barium might involve 

either adsorption of soluble metals to the active sites of the hydroxide or 

formation of complexes with organic compounds and co-precipitation [35]. Also, 

vanadium (V) could form insoluble precipitates, such as AlVO4, with aluminum 

a b
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ions. Due to the high concentration of added sulfate and the negligible solubility 

of barium sulfate in water, barium removal could be related to the formation of 

the insoluble salt.  

2.3.3. Naphthenic Acids  

CFS is mostly suitable for removing suspended solids. However, in the 

current study, it was found that the concentration of dissolved NAs was 

significantly less in OSPW treated by CFS. Similar results for the removal of an 

anionic surfactant (which had similar properties and structure to NAs) using alum 

have been reported previously [36]. High-resolution MS analysis of NAs and 

oxidized NAs, before and after treatment with 250 mg alum/L are shown in 

Figure 2.3. High resolution MS analysis of NAs after CFS treatment has not been 

reported to date. OSPW is a complex mixture and the concentration of its 

constituents may vary [5]. In this case, the concentration of oxidized NAs 

(CnH2n+ZO3) was 34% higher than the NAs (CnH2n+ZO2). Therefore, removal of 

both kinds of NAs should be considered of similar importance. 

After CFS treatment, NAs and oxidized NAs were removed by 10-37% 

and 64-86%, respectively. Presence of additional oxygen groups in oxidized NAs 

may play an important role in complexation ability toward metals and 

oligomerization of the complexes, and formation of flocs [37]. Residual 

concentration of NAs was 14.9 mg/L for NAs and 4.3 mg/L for oxidized NA. 

Removals of the NAs for all the -Z groups (degree of cyclicity) was 1.3-1.7 times; 

except for the -Z= 8 group of compounds, where removal was slightly higher, 2.2 

times. Oxidized NAs were removed over the range of all carbon numbers, and 

compounds with a higher -Z number were preferentially removed; removal of 

oxidized NAs with -Z=2, 4, 6, 8, 10, and 12, was 2.2, 2.9, 20.5, 23.8, 8.7, 15.5–

times, respectively. There were no differences in removal of oxidized NAs with 

different carbon numbers. The hydrophobicity of NAs increased by increasing 

their molecular weights, which is beneficial for the CFS. These results are 
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consistent with the fact that CFS is generally more effective for the removal of 

organic compounds with higher molecular weight [3]. 

 

Figure 2.3. Total concentration (E.T.C.) of NAs for (a) fresh OSPW (b) after CFS 

treatment with 250 mg/L alum, and oxidized NAs for (c) fresh OSPW (d) after 

CFS treatment with OSPW treated with 250 mg/L alum. 

2.3.4. FT-IR Spectral Analysis 

FT–IR spectroscopy was used to characterize the surface functional 

groups present in the OSPW and flocs. The spectra of dried OSPW and flocs 

formed after treatment with 250 mg alum/L are presented in Figure 2.4. The 

observed spectra of the dried OSPW and OSPW treated with alum were similar, 

with a slight shift in peak positions, which indicated the removal of the 

compounds from the OSPW into the flocs.  
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The broad absorption band in the region of 3700–3000 cm
–1

 indicated the 

presence of OH functional groups [38]. These might be related either to water in 

the samples or the hydroxyl groups. Although samples were air dried, the 

absorption band may be related to the presence of trapped water inside the flocs. 

Alternatively, the broad absorption band indicating hydroxyl groups could be 

related to the presence of the oxidized NAs in the dried OSPW and flocs.  

Spectra for carboxylic acids consist of three absorption bands [38]. An 

absorption band near 1400 cm
-1 

was characteristic of C–O stretching vibration and 

the second was observed near 1700 cm
-1

, which was characteristic of C=O 

stretching vibration. These observations, together with the absorption band of OH 

groups in the region of 3300–2500 cm
–1

 indicated the presence of the carboxylic 

groups in the compounds. It also confirmed the presence of NAs and oxidized 

NAs in the samples. Therefore, these findings confirmed the removal of these 

compounds from OSPW to the formed flocs.   

To confirm the removal of these compounds from OSPW to the formed 

flocs, XPS analysis was performed on the flocs. Peak deconvolution of Al2p 

spectrum of the flocs (Figure B3) showed a peak at ∼73.4 eV, which indicated the 

presence of the Al oxide–oxyhydroxides based on the information from other 

researchers [39, 40]. Peak deconvolution of the O1s spectrum (Figure B4) showed 

oxygen peaks with Eb at ~530.7 eV and 534.4 eV, representing the presence of 

C=O bond of the carboxyls and C–OH/COOH, respectively [41].    

C-H functional groups present in the halogenated compounds, 

hydrocarbon oil, and carboxylic acids are characterized by the peak at ~285 eV 

(Figure B5) [42-46]. The chemical composition analysis by XPS also showed that 

oxygen, carbon and aluminum were the major elements in the flocs by the mass 

concentration of 46.2, 17.5, and 20%, respectively. Together with FT-IR analysis, 

it indicated the presence of the NAs as well as the aluminum hydroxide and 

sulfates in the flocs. Moreover, the removal of the NAs was confirmed by the 

analysis using the UPLC/HRMS. 
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Figure 2.4. Infra-red spectra of the flocs using (a) Dried OSPW, (b) flocs formed 

after CFS treatment with 250 mg/L alum. 

2.3.5. Toxicity to Invertebrates 

 Growth and survival of the benthic midge (Class Insecta, Chironomus 

dilutus) was assessed by exposing animals to a fresh water control, untreated 

OSPW, OSPW treated with 250 mg alum/L, and OSPW treated with 250 mg 

alum/L plus 5 mg polyDADMAC/L. Survivals of C. dilutus (Figure 2.5) in fresh 

water and OSPW were not significantly different (p=0.05) [47] and were 97.5% 

and 100%, respectively. Survival of C. dilutus exposed to OSPW treated with 

alum was 75%, but this was not significantly different (p=0.05) from the survival 

in the freshwater control or OSPW. However, survival of C. dilutus exposed to 

OSPW treated with alum plus cationic polymer was 42.5 %, which is significantly 

less than survival in the freshwater control and OSPW. In addition to effects on 

survival, decreased growth of C. dilutus relative to the control was observed 

following exposure to each of the OSPW samples (Figure 2.6). There was no 

statistically significant difference in growth of animals exposed to OSPW 

compared to alum-treated OSPW. Due to the decrease in the concentration of the 

organic compounds after alum treatment, the similar growth rate of the animals as 
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compared to OSPW could be related to the presence of the other contaminants in 

OSPW, such as inorganic ions and metals, to induce toxicity. However, growth of 

C. dilutus exposed to OSPW treated with alum plus polymer was significantly 

less than the growth of midges in all other treatment groups. These results 

indicated that the addition of the cationic polymer significantly increased the 

toxicity of treated OSPW. OSPW was also proved to be toxic to Daphnia magna 

based on a 48 h acute lethality test [48]. Cationic polymers with quaternary 

amines including polyDADMAC were shown to be toxic to the aquatic organisms 

such as rainbow trout (Oncorhynchus mykiss), Daphnia pulex, and fathead 

minnow (Pimephales promelas) [49-51]; there may be a synergistic effect of the 

cationic polymer or monomer present in the polymer, NAs compounds, and other 

inorganic contaminants which induced more toxicity [25]. Therefore, based on the 

relatively slight increase in the contaminant removal from the OSPW by addition 

of the polymer compared to the coagulant alone, it is recommended to apply only 

the metallic salt coagulant. 
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Figure 2.5. Effects of full-strength OSPW, OSPW treated by 250 mg/L alum, and 

250 mg/L alum+ 5 mg/L cationic polymer on the survival of C.dilutus relative to 

a freshwater control.  Data represent mean ± st dev of 4 independent replicates. 

(1- way ANOVA with Tukey’s post hoc test, p < 0.05). 

 

Figure 2.6. Effects of full-strength OSPW, OSPW treated by 250 mg/L alum, and 

250 mg/L alum+ 5 mg/L cationic polymer on the growth of C.dilutus relative to a 

freshwater control. Data represent mean ± st dev of 4 independent replicates. (1- 

way ANOVA with Tukey’s post hoc test, p < 0.05). 
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2.4. Conclusions 

 The results of the current study demonstrate that CFS is a reliable pre-

treatment process and could reduce the impact that OSPW has on the 

environment. This treatment could be combined with other secondary and tertiary 

treatment processes to enhance the performance and reduce the overall process 

time of the system. In addition to complete turbidity reduction, organic 

compounds were efficiently reduced. Moreover, application of alum over the 

ferric salt coagulants is preferred in regards that it was shown to not only enhance 

the treatment efficiency, but also to decrease the concentrations of dissolved 

aluminum ions in the treated waters eliminating any possible link with 

Alzheimer’s disease. Morphology of the flocs indicated that metallic salt 

coagulants generated compact flocs. Toxicity is a major indicator for the usability 

of a selected process for the remediation of OSPW. The toxicity approach using 

an aquatic invertebrate showed that the pre-treatment does not significantly 

increase the toxicity of the treated water. However, when the cationic polymer 

polyDADMAC was added over the metallic salt coagulant greater toxicity was 

observed. Therefore, this combination is not recommended in order to reduce the 

environmental impact of this pre-treatment.  
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CHAPTER 3. IMPACT OF PETROELUM COKE CHARACTERISTICS 

ON THE ADSORPTION OF THE ORGANIC FRACTIONS FROM OIL 

SANDS PROCESS-AFFECTED WATER
1
 

3.1. Introduction 

With a recoverable 170.4 billion barrels of bitumen, Athabasca oil sands 

in Alberta, Canada, constitutes the third largest oil deposit in the world after 

Venezuela and Saudi Arabia [1-3]. The increasing worldwide demand in crude oil 

leads to a steady increase in the amount of waste by-products generated by the 

petroleum industry including coke, fly ash, and water tailings [4-7]. Petroleum 

coke (PC) is generated in large quantities during the oil refinery process when the 

ratio of H:C has to be upgraded [8]. With a 20 kg of PC typically produced per 

barrel of synthetic crude oil [9], the PC inventory in Alberta has reached 68 

million tonnes in 2010 [10]. The presence of low combustible volatiles and 

relatively inactive carbon forms [11, 12] makes PC ineffective in heat generation 

as compared to coal. The high sulfur and heavy metals content raises significant 

environmental concern over its potential use as an alternative energy source. PC 

has been investigated as a precursor of activated carbon for the removal of 

organic contaminants and heavy metals from aqueous solutions [13-15]. 

However, it has been reported that the activation of PC significantly increased the 

vanadium concentration in the treated water as compared to water treated with the 

                                                 
1
 A version of this chapter has been submitted for publication. Pourrezaei et al. 

International Journal of Environmental Science and Technology (August 2012).  
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fresh PC [9]. Therefore, the continuing accumulation and stockpiling of large 

quantities of PC require development of innovative strategies for the effective 

utilization of this carbon-rich material on an industrial scale.  

Another environmental concern in petroleum industry is the process-

affected water. One of the examples of such water is the oil sands process-

affected water (OSPW), generated after Clark hot water extraction of bitumen 

from oil sands operations. OSPW is a complex alkaline mixture of inorganic and 

organic compounds [5, 6]. OSPW is retained on site and a part of it is recycled 

back to the extraction process to reduce the freshwater consumption. As a result, 

it becomes corrosive and highly toxic due to high concentrations of salts and 

refractory organic compounds such as naphthenic acids (NAs) [16]. The storage 

of OSPW has raised several environmental concerns, including the presence of 

trace concentrations of NAs in surface waters around the oil sands operation 

facilities due to their leaching from tailings ponds [5].  

Adsorption is viewed as an effective process to remove persistent organic 

chemicals from wastewaters [17]. Given the complexity of environmental 

problems and continuous accumulation of different by-products, that the 

petroleum industry is facing, the process shortcomings can be turned into benefits 

by applying one waste to treat another waste product. In this approach, PC can be 

used as an in-situ adsorbent for the treatment of OSPW. Since PC is a residual of 

oil refining, it is available virtually free of charge and does not require any 

transportation costs. As such, the investment cost associated with the development 
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of any other technology for OSPW treatment could be significantly reduced. 

Currently, at Syncrude Canada Ltd. production site in Alberta, Canada, PC, 

produced after fluid coking process, is mixed with OSPW at approximately 

22%wt. before its transport to the tailings ponds for a long-time storage [9]. The 

operating pipeline acts as a “plug-flow” carbon adsorption reactor that reduces the 

concentration of organic fraction in OSPW during the transfer process. Water 

quality analyses have shown that chemical oxygen demand (COD), concentration 

of extractable organic fraction (EOF) and NAs decreased after adsorption [9, 18]. 

The PC-treated OSPW required less ozone doses to remove the remaining 

organics and the resulted water was more biodegradable [18]. Majid et al. [4] 

showed that PC reduced the concentration of total dissolved carbon from 300–600 

mg/L to less than 50 mg/L during the removal of free phase bitumen from a 

wastewater, produced in oil sands surface mining, by agglomeration.  

Leaching of vanadium from PC and its environmental impact has been 

investigated in several publications [17, 19-21]. Vanadium, released from PC, was 

accounted as a primary cause of leachate toxicity to a freshwater invertebrate 

Ceriodaphnia dubia in a hard reconstituted water [22]. In a follow-up study, 

Puttaswany and Liber [20] showed that the concentrations of nickel and vanadium 

released into water, which mimic anion content of OSPW, was above the chronic 

C. dubia half maximal inhibitory concentration (IC50) or median lethal dose 

(LC50). However, OSPW treated with PC, did not show any toxicity towards 

Vibrio fischeri and rainbow trout as compared to fresh OSPW [17].  
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The promising results with respect to the removal of organic compounds 

and reduced toxicity of OSPW after PC treatment require further evaluation of the 

PC for the removal of organic compounds in terms of adsorption mechanism, 

adsorbent properties and vanadium speciation. The objectives of the present study 

were to: (1) investigate the effect of the contact time and PC concentration on the 

removals of EOF and NAs from OSPW without any pre-treatment; (2) determine 

the mechanisms of NAs adsorption on PC; (3) study the effect of physico-

chemical properties of PC on the adsorption of NAs; and (4) investigate the 

vanadium leaching from PC and its speciation during the adsorption process. To 

achieve these objectives, adsorption studies were performed by mixing the PC and 

OSPW in various proportions and for different contact times. The experimental 

data were fitted to different adsorption isotherms to determine the adsorption 

capacity and elucidate the mechanism of NAs adsorption. The physical and 

chemical characteristics of the adsorbent were evaluated by using Fourier 

transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy 

(XPS), thermo gravimetric analysis (TGA), scanning electron microscopy (SEM), 

and Brunauer-Emmett-Teller (BET) surface area analysis. 

3.2. Materials and Methods 

3.2.1. Sampling  

OSPW was collected in January 2010 from the west in-pit (WIP) recycle 

tailings pond at Syncrude Canada Ltd., Alberta, Canada. The barrels were 

transported to the University of Alberta, Edmonton, Canada, and stored at 4C. 

http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
http://en.wikipedia.org/wiki/Paul_H._Emmett
http://en.wikipedia.org/wiki/Edward_Teller
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OSPW characteristics are shown in Table 3.1. OSPW was used as-received 

without any pre-treatment and all adsorption experiments were conducted at room 

temperature (20–23 °C).  

Table 3.1. Characterization of as-received OSPW (average of n = 3 replicates). 

Parameter Value 

pH 8.4 ± 0.2 

Alkalinity (mg/L as CaCO3) 694 ± 19 

COD (mg/L) 233 ± 12 

NAs (mg/L) 60.3 ± 3 

EOF (mg/L) 81 ± 7 

Vanadium (μg/L) 13.1 ± 0.7 

 

3.2.2. Adsorbents 

PC was also provided by Syncrude Canada Ltd. The samples were sieved 

by a No. 40 (0.422 mm) mesh to separate the larger sized clumps. Granular 

activated carbon (GAC, JA04) was supplied by Jacobi Carbons (Jacobi Carbons 

Inc., Columbus, OH, USA), and powdered activated carbon (PAC, WPX-Z) was 

purchased from Calgon Carbon (Calgon Carbon Corporation, Pittsburgh, PA, 

USA).  

3.2.3. Preliminary Adsorption Experiments 

This set of experiments was aimed at evaluating the effects of adsorbent 

concentrations and contact times on the overall adsorption of organic compounds 

from OSPW. Adsorption studies were performed in a batch mode in 500 mL 
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stoppered conical flasks. Specific pre-weighed amounts of PC, GAC or PAC were 

mixed with OSPW to result in 50, 100, 200, 300, and 400 g/L concentrations. The 

control samples were prepared without the addition of adsorbents. The flasks were 

placed on an incubator shaker (New Brunswick Scientific, Enfield, CT, USA) and 

shaken at 270 rpm. After pre-determined contact times (1, 3, 6 and 12 h), the 

mixtures were filtered through 0.45 µm Nylon filters (SUPELCO, Bellefonte, PA, 

USA). Untreated and treated OSPWs were analyzed in terms of EOF 

concentration, COD, pH, and alkalinity. The two-tailed t-test at 95% confidence 

interval was used to determine the statistically significance of the results. 

3.2.4. Equilibrium Time Experiments for PC 

The aim of this set of experiments was to determine the contact time 

needed for the concentration of EOF in the liquid phase to reach equilibrium with 

the PC. Based on the COD and EOF removals during the preliminary adsorption 

experiments with PC (discussed in details in section 3.3.2), and because of the 

dense slurry formed upon mixing 300 and 400 g/L of PC with OSPW, 200 g/L 

concentration of PC was chosen to perform the equilibrium time experiments. The 

experiments were conducted for the contact times of 2, 4, 6, 8, 10, 12, 14, 16, 18, 

20, 25, 30, 35, and 40 h by following the same procedure described in section 

3.2.3. Untreated and treated OSPWs were analyzed in terms of EOF removal.  

3.2.5. Adsorption Isotherms 

In this set of experiments, the specific pre-weighed amounts of PC, GAC 

or PAC were added to OSPW to result in a series of mixtures with the adsorbent 
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concentrations in the range of 0–200 g/L for PC and 0–20 g/L for PAC or GAC. 

The isotherms of adsorption experiments were conducted in the same manner 

described in section 3.2.3 for 16 h and 12 h for PC and GAC/PAC, respectively. 

The experimental data were fitted to the Langmuir, Freundlich, and Dubinin-

Radushkevich isotherm equations as explained in detail in Appendix A.  

3.2.6. End-points for NAs Analysis and Physico-Chemical Characterization 

of Adsorbents  

Because of the high cost and complexity associated with the NAs analysis, 

the NAs removal was measured for 200 g/L of PC after 16 h of treatment and for 

50 g/L of PAC/GAC after 12 h of treatment. These conditions were also used for 

the physico-chemical characterization of adsorbents. 

3.2.7. Vanadium Leaching and Speciation Experiments with PC  

In adsorption experiments aimed at evaluating vanadium speciation in the 

treated OSPW, 2.5 mM ethylenediaminetetraacetic acid disodium salt dehydrate 

(Na2EDTA) (Sigma-Aldrich, Oakville, Ontario, Canada) was added first to 

untreated OSPW or Milli-Q water (Millipore, Molsheim, France) to form a stable 

complex with vanadium (IV) and (V) to prevent speciation change [23]. The 

adsorption experiments were performed in a similar manner as described in 

section 3.2.3. The filtrate was diluted using a 2.5 mM Na2EDTA to a 

concentration that fell within the calibration range. Vanadium speciation was 

performed by using a PerkinElmer high performance liquid chromatography-

inductively coupled plasma mass spectrometer (HPLC-ICP-MS) instrument 
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(HPLC, PE Instruments, Shelton, CT, USA and ICP-MS, PE Sciex, Concord, ON, 

Canada) by following the method described by Li et al. [23]. A Tukey test in 

combination with ANOVA at 95% confidence interval was used for the analysis 

of the obtained data. Vanadium speciation analysis was performed in department 

of chemistry, University of Alberta, Edmonton, Alberta, Canada, under the 

supervision of Dr. X. Chris Le
 

following the methodology developed for 

vanadium speciation.   

3.2.8. Water Quality Analysis  

COD, pH, and alkalinity were determined according to the standard 

methods [24]. A solid addition method was used to determine the pH of the zero 

surface charge (PZC) of the adsorbent. The detailed methodologies for the 

analysis of surface functional groups, BET surface area, TGA, SEM, PZC, and 

XPS could be found in Appendix A. The EOF concentrations in OSPW before 

and after adsorption were measured following the methodology explained in 

details elsewhere [25, 26]. The complete methodology for the NAs analysis is 

explained in Appendix A. Milli-Q water from Synergy
®
 UV instrument 

(Millipore, Molsheim, France) was used throughout the study for the preparation 

of the standard solutions for the analysis. 

3.2.9. Equipment 

A FT-IR instrument (PerkinElmer Spectrum, 100 FT-IR Spectrometer, 

Waltham, USA) was used for the quantification of EOF compounds in liquid 

samples. A Bio-rad diffuse reflectance FT-IR spectrophotometer (FTS 6000, 
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Philadelphia, PA, USA) was used for the identification of surface functional 

groups on the surface of adsorbents. SEM was performed using a HITACHI S-

2500 instrument (Tokyo, Japan). XPS was performed using an AXIS 165 

spectrometer (Kratos Analytical, Manchester, UK). TGA was performed by a 

thermal analyser system (DSC 1, Mettler Toledo, Mississauga, ON, Canada). 

BET surface area analysis was performed using a surface analyser (IQ2MP, 

Quantachrome, FL, USA).  

3.3. Results and Discussion 

3.3.1. pH and Total Alkalinity 

The adsorbents used in this study showed different effects on the pH and 

alkalinity of the samples after adsorptive treatments (Table 3.2). The PC did not 

significantly change the pH of the treated OSPW, but it caused alkalinity to 

decrease by 1–27%. The latter could be related to the dissolution of metal oxides 

present in the PC and their subsequent reaction with bicarbonate ions present in 

OSPW [9]. Increasing the concentration of PAC did not change the pH and 

alkalinity of the treated OSPW, whereas increasing the GAC concentration 

resulted in increments in pH and alkalinity after treatment. This is likely due to 

the higher amount of OH groups present on the GAC surface (discussed later in 

XPS analysis section 3.3.7). The effect of contact time on the pH and alkalinity 

was negligible for PC, PAC and GAC. 

 

 



 

77 

 

Table 3.2. pH and alkalinity of OSPW before and after 12 h of adsorption. 

Concentration 

(g/L) 

pH Alkalinity (mg/L as CaCO3) 

PC GAC PAC PC GAC PAC 

0 8.4±0.1 8.5±0.1 8.6±0.1 704±4 704±4 704±4 

50 8.5±0.1 9.6±0.1 8.8±0.1 688±4 818±5 696±4 

100 8.5±0.1 9.9±0.1 9.1±0.1 664±6 912±5 692±11 

200 8.5±0.1 10.4±0.1 8.9±0.1 637±4 1004±6 - 

300 8.4±0.1 10.4±0.1 9.0±0.1 595±1 1042±5 717±24 

400 8.6±0.1 10.4±0.1 8.9±0.1 544±3 1092±5 720±4 

 

3.3.2. COD and EOF Concentrations  

An increase in PC concentration resulted in an increase in COD removal 

from OSPW (Figure 3.1). No statistically significant difference in the COD 

removal was observed at 1, 3 and 6 h of contact time; however, when contact time 

approached 12 h, the COD removal increased for all the studied PC 

concentrations. The COD removal at 12 h contact time for 200 g/L PC was 

significantly higher as compared to 50 and 100 g/L, but no statistically significant 

difference was observed between 200 with 300 g/L, and between 300 with 400 

g/L PC at 12 h. At PC concentrations above 200 g/L, very dense slurries were 

formed resulting in improper contact between the PC and OSPW. This may 

explain no statistically significant difference in the COD removal for the PC 

concentrations above 200 g/L. EOF removal followed the same trend as the COD 

removal, reaching 60% reduction at 200 g/L PC after 12 h of contact (Figure 3.2). 
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The higher COD and EOF removals at higher PC concentrations are likely arisen 

from the higher available surface area at higher PC concentrations [27, 28]. Based 

on the COD and EOF results, 200 g/L of PC was chosen in further equilibrium 

time studies.  

The application of GAC and PAC to OSPW treatment led to COD and 

EOF removals of >93%, regardless of the contact times and adsorbent 

concentrations. Higher removal in the case of activated carbons is likely arisen 

from the significantly higher surface area of the commercial activated carbons as 

compared to PC (discussed later in section 3.3.8). Therefore, the lowest 

concentrations of 50 g/L of GAC and PAC at 12 h contact time were chosen for 

physico-chemical analysis of adsorbents and NAs analysis. 
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Figure 3.1. COD removal as a function of PC concentration and contact time. 

 

Figure 3.2. EOF removal as a function of PC concentration and contact time. 
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3.3.3. Equilibrium Time Studies  

EOF removal (Figure 3.3) increased gradually from 2 to 16 h and reached 

a plateau after 16 h of contact. The linear and plateau portions of the curve 

corresponded to the diffusion of EOF to surface layers and pores, respectively 

[29]. The observed effect was indicative of the rapid adsorption of EOF on the 

easily accessible adsorption sites at the beginning of experiment, followed by 

limited diffusion of the adsorbate molecules into the mesopores [30]. Based on 

the results, 16 h was chosen as the equilibrium contact time for further physico-

chemical analysis of PC and NAs analysis. 

 

Figure 3.3. EOF removal as a function of contact time at 200 g/L PC. 
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3.3.4. Adsorption Isotherms  

The calculated parameters for the Langmuir, Freundlich, and Dubinin-

Radushkevich isotherms for EOF adsorption are shown in Table 3.3. A complete 

description of the isotherms along with the equations is presented in Appendix A. 

Plots of the isotherms can be found in Appendix B (Figure B6). Both Langmuir 

and Freundlich isotherms showed high correlation coefficients for PC and GAC. 

For PAC, Freundlich isotherm showed higher correlation coefficient as compared 

to that obtained using the Langmuir isotherm. The maximum adsorption capacity 

(qm) for the PC to adsorb EOF from OSPW was calculated as 1.0 mg/g by fitting 

the experimental data to the Langmuir isotherm. This value, compared to 51 and 

71 mg/g for GAC and PAC, respectively, indicated that larger mass of PC is 

required for the removal of the EOF from OSPW. The adsorption capacity also 

decreased with the increase in PC concentration, suggesting that some of the 

available sites remained unsaturated [27, 31]. The separation factor (RL) values in 

the range of 0–1 suggested the favorable adsorption of EOF from OSPW. In 

addition, the calculated mean free energy of adsorption (E < 8 kJ/mol) suggested 

that the EOF were physically adsorbed to the surface of the adsorbents.   
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Table 3.3. Calculated isotherm parameters for EOF adsorption. 

Parameters PC GAC PAC 

Langmuir 

qm (mg/g) 1.02 50.5 71.0 

Kads (L/mg) 0.01 0.02 0.02 

RL 0.67 0.39 0.52 

r
2
 0.95 0.98 0.84 

Freundlich 

K (mg/g)(L/mg)
1/n

 0.01 1.01 0.23 

n 1.22 1.21 1.85 

r
2
 0.95 0.96 0.92 

Dubinin-Radushkevich 

qm (mg/g) 0.28 12.43 107 

β (mol
2
/J

2
) 7  10

-5
 5  10

-6
 3  10

-5
 

E (kJ/mol) 0.01 0.35 0.13 

r
2
 0.85 0.83 0.97 

 

3.3.5. Removal of NAs  

Figure 3.4 shows the distribution of the NAs compounds present in OSPW 

as a function of the carbon number (n) and the number of the rings (-Z/2) before 

and after treatments with PC, GAC and PAC. The total NAs removals following 

PC, GAC, and PAC treatment were 75%, 97%, and 95%, respectively. The results 

of the control samples showed that there was no change in the concentration of 

the NAs as a result of experimental procedure. The NAs found in OSPW were in 

the carbon range of 8–22 within 1–6 numbers of rings, indicating that there were 

no acyclic NAs compounds present. Consistently with previous results [16, 32], 

monocyclic NAs were the least predominant species among all the Z groups; 

whereas, bicyclic and tricyclic acids within the carbon range of 12–16 were the 

most abundant compounds. For the PC (Figure 3.4b), the NAs were 
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predominantly removed in the carbon range of 14–17 (81–100%), 15–20 (86–

100%), 15–19 (93–100%), 15–21 (94–100%), and 17–22 (96–100%) for the -Z = 

4, 6, 8, 10, and 12 group of compounds, respectively. This implies that the 

adsorption of NAs onto PC increased with the increase in both n and -Z numbers, 

with n having greater effect on the adsorption as compared to -Z. The NAs 

removal followed a similar trend for GAC and PAC (Figure 3.4c and d). For the 

GAC and PAC treatments, the NAs removals exceeded 88% for all individual 

NAs.  

Increase in the molecular mass of NAs renders the compounds less soluble 

and more hydrophobic, which, in turn, increase their affinity for the adsorption on 

the surface of the adsorbents [33]. Octanol/water partition coefficient (expressed 

as log Kow) for the NAs is shown in Figure 3.5 as a function of n and -Z. 

Increasing n within each -Z group of compounds resulted in the increase in the log 

Kow, which is consistent with the increase in the removal efficiency of the 

individual NAs by n. This confirms the higher tendency of NAs with the higher 

number of the carbons to adsorb onto the surface of the adsorbents [34].  
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Figure 3.4.  Distribution of the NAs compounds for (a) fresh OSPW, (b) OSPW 

treated with PC at 200 g/L for 16 h, (c) OSPW treated with GAC at 50 g/L for 12 

h, and (d) OSPW treated with PAC at 50 g/L for 12 h. 
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Figure 3.5. Log Kow values for individual NAs as a function of carbon number (n) 

and number of the rings (-Z/2). Log Kow values were obtained from 

ChemSpider chemical database. 

3.3.6. Identification of Surface Functional Groups by FT-IR  

FT-IR analysis is an important characterization method for the 

investigation of the changes in the surface properties of the adsorbents [35-37]. 

The FT-IR absorption spectra of the fresh and saturated PC at 200 g/L and 16 h 

contact time are shown in Figure 3.6a. The absorption peaks at 1680 cm
–1

, 1583 

cm
–1

, and 874 cm
–1

 were characteristics of carbonyl stretching vibrations, N–H 

bending vibration of primary amines, and C-H bending vibrations of benzenes, 

respectively [35, 38, 39]. The broad absorption band in the region of 3400–2500 

cm
–1

 was related to the stretching vibration of O–H groups [38, 40, 41]. The FT-

IR spectra of GAC and PAC (Figure 3.6b) also showed the presence of the 
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carbonyl (1682 cm
–1

), C=C bond of aromatic rings (1477 cm
–1

), and hydroxyl 

functional group (2400–2700 cm
–1

), respectively [38, 40, 41].  

Spectra of the fresh and saturated adsorbents showed peaks with similar 

positions for each identified functional groups, indicating that there was no 

change in the chemical bonding before and after adsorption. This observation 

suggests physisorption of organic compounds on the surface of adsorbents [34, 

40, 42]. 

 

Figure 3.6. FT-IR spectra of the (a) fresh and saturated PC, (b) fresh and saturated 

GAC and PAC. 

3.3.7. XPS Analysis 

XPS analysis was performed in order to identify and quantify the 

functional groups on the surface of the fresh PC, GAC, and PAC. As shown in 

Table 3.4, carbon comprised the highest atomic concentration (89.08, 89.43, and 

93.63% for PC, GAC, and PAC, respectively) in all tested adsorbents. The atomic 

concentration of oxygen was 6.6, 8.0, and 4.6% for PC, GAC, and PAC, 
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to those found in PC. The Na, Fe, Ca, Si, Cl, and Al were also detected on the 

surface of the adsorbent in atomic concentrations of less than 0.5%.  

Table 3.4. Elemental composition of fresh PC, GAC, and PAC according to XPS 

analysis. 

Element Atomic concentration (%) 

PC GAC PAC 

C  89.08 89.43 93.63 

O  6.63 8.00 4.65 

N  1.33 0.03 0.66 

S  2.08 0.02 0.14 

Ca 0.01 0.23 0.09 

Na 0.00 0.00 0.09 

Si 0.70 0.37 0.41 

Al 0.14 1.11 0.27 

Fe 0.03 0.42 0.04 

Cl 0.00 0.04 0.00 

 

The results of the peak deconvolution of C1s, O1s, N1s, and S2p could be 

found in the Appendix B. Peak deconvolution of C1s resulted in three components 

(Figure B7). The C1s peak with the Eb range of 284.3–284.8 eV was characteristic 

of graphitic underivatized C–C bonds [39, 43-45]. Eb in the range of 286.0–286.4 

eV was attributed to the carbon in C–OH groups [39, 44]. The C1s peak with the 

Eb range of 287.1–287.9 eV corresponded to the C=O of carbonyl groups [39, 43-

45].  
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Deconvolution of the O1s spectrum showed oxygen peaks with two 

different Eb (Figure B8). Eb in the range of 531.1–532.2eV was characteristic of 

carbonyl functional groups [39, 46]. The O1s peak with the Eb in the range of 

532.7–533.7eV was attributed to OH groups [46].  

Peak deconvolution of N1s (Figure B9a) resulted in two peaks at 398.3 and 

399.9 eV, which corresponded to the N–C and N–H functional groups on the 

surface of the PC, respectively [39]. The S2p peaks with the Eb at 163.7 eV and 

164.8 eV were assigned to S
2-

 and S
0
, respectively (Figure B9b) [47-49].  

The percentage of the oxygen-containing functional groups of PC, GAC, 

and PAC estimated from the area of the deconvoluted C1s and O1s peaks is shown 

in Table 3.5. Fraction of hydroxyl functional groups on GAC is higher than that of 

PC and PAC, which is consistent with the basic surface characteristic of the GAC 

(pHpzc = 11.9). This may account for the pH increase in the treated OSPW upon its 

contact with GAC. PC contained higher percentage of carbonyl functional groups 

as compared to GAC and PAC.  

Table 3.5. Concentration of oxygen-containing functional groups as determined 

by XPS analysis. 

Functional group 
Oxygen functional groups (%) 

PC GAC PAC 

C-OH 1.1 3.2 1.9 

C=O 4.4 3.7 2.1 
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3.3.8. Surface Area Analysis and SEM Images 

Surface area is an important factor that affects the adsorption capacity of 

the adsorbents. BET surface area of PC was calculated as 7.7 m
2
/g. The low 

surface area of PC as compared to 912 and 800 m
2
/g for GAC and PAC, 

respectively, implies that PC has lower porosity as compared to the highly porous 

structure of the GAC and PAC [37, 50-53]. The pore size distribution curves of 

PC, GAC, and PAC are shown in Figure 3.7. Size distribution of the pores in PC 

was in the mesoporous range (2.3–36 nm) with the highest peaks centred at 2.8 

and 3.2 nm (Figure 3.7a). No micropores (< 2.0 nm) or macropores (> 50 nm) 

were detected on the surface of the PC, suggesting that mesopores play a 

significant role in the adsorption of organic compounds from OSPW. Size 

distribution of the pores for GAC and PAC (Figure 3.7b and c) was in the range 

of 0.5–36 nm, with the highest peaks centred in the range of 0.6–1.4 nm among 

the micropores. SEM images of the PC (Figure 3.8) also showed the spherical 

non-porous structure of adsorbent; whereas, PAC and GAC showed highly porous 

structures, which contributed to high surface area and adsorption capacity of these 

adsorbents.   
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Figure 3.7. Pore size distribution analysis for (a) PC, (b) GAC, and (c) PAC. 
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Figure 3.8. SEM images of (a) PC, (b) PAC, and (c) GAC. 

3.3.9. Thermal Gravimetric Analysis 

 TGA analysis was performed on fresh and saturated adsorbents in order to 

investigate their thermal stability and adsorption mechanism. All TGA curves 

(Figure 3.9) showed drops at 120 and 400C, related to the desorption of water 

and carboxylic acids from the samples [54]. The thermal desorption profile of the 

samples before and after treatment followed similar trend, suggesting the 

physisorption of organic compounds on the surface of adsorbents. The PC, GAC 

and PAC showed higher thermal stability (decomposition temperature of 

~1000C) as compared to other carbonaceous materials such as carbon nanotubes 

(decomposition temperature of 530C) [55]. The total weight loss of the 

adsorbents before the thermal decomposition was 8.4-9.6, 3.0-5.8, and 3.2-3.9% 

for fresh and saturated PC, GAC and PAC, respectively. The higher weight loss of 

PC is related to the higher content of the volatile compounds as a result of partial 

combustion of PC during the coking process [9].  

a cb
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Figure 3.9. TGA analysis of fresh and saturated PC, GAC, and PAC. 

3.3.10. Adsorption Mechanism 

Organic compounds with high molecular weights and molecular sizes 

similar to the pore diameters may block the pores and reduce the available 

adsorption sites [56-61]. However, NAs with low molecular weights (160-500 

g/mol) would easily diffuse into the micro and mesopores [30, 61] and there 

would be no limitation for their diffusion into the pores based on their size.  

The pHpzc for the PC was found to be 6.5 ± 0.3 (Figure 3.10a). NAs have a 

pKa in the range of 5–6 [62], which implies that over the operating pH of this 

study (~8.4), they exist in the dissociated form. As a result, the surfaces of the PC 

and NAs are both negatively charged. Therefore, electrostatic repulsion forces 

may reduce the adsorption capacity of PC for NAs [63, 64]. On the other hand, 
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the metal ions present in OSPW may neutralize the negative charge of NAs, and 

thus decrease the repulsion between the NAs and PC [65]. Additionally, based on 

XPS results, N–H functional groups on the surface of the PC may facilitate 

formation of hydrogen bonds between the PC and hydroxyl groups of NAs. 

However, low nitrogen content of the PC suggests that H-bonding does not 

significantly contribute to the adsorption. NAs with higher molecular weights 

may contain aromatic rings or double bonds which may increase the adsorption 

affinity of these compounds through the π-π interactions to the graphite-like 

surface of the adsorbents [32, 66-68]. Given that NAs are highly hydrophobic 

compounds, the hydrophobic interactions between the NAs and the surface of PC 

is suggested as a dominant adsorption mechanism. 

At the operating pH of this study, surface of the GAC (pHpzc = 11.9) and 

PAC (pHpzc = 9.3) (Figure 3.10b and c) are positively charged, which is 

favourable for the adsorption of NAs through the electrostatic attractive forces 

[63]. Besides, the high surface area and microporosity of these adsorbents 

suggests that the adsorption occurred through the micropore filling mechanism. In 

addition, no change in the peak positions in the FT-IR spectra and desorption 

profile of the samples in TGA analysis of PC before and after adsorption suggests 

that the physisorption of the organic compounds mainly depends on the porosity 

of the adsorbent rather than the surface functionality [40, 42]. This is in 

accordance with the high adsorption capacity of GAC and PAC and low 

adsorption capacity of PC. 
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Figure 3.10. Point of zero charge for (a) PC, (b) GAC, and (c) PAC. 

3.3.11. Vanadium Leaching 

Leaching of vanadium from PC is a complex process, which is expected to 

depend on water matrix. As shown in Figure 3.11, the amount of vanadium 

leached from PC increased with the increase in PC concentration from 50 to 400 

g/L for both OSPW and Milli-Q water. This is consistent with Galvin et al. [69], 
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who observed the increase in the concentration of a range of metals leached from 

different recycled aggregates with the increase in the amount of the added 

material. While studying the leaching of copper, zinc and lead from the cement-

based wasted materials, Li et al. [70] showed that metal concentrations increased 

with increasing solid to liquid ratio, reached equilibrium, and remained constant 

afterwards. Under the experimental conditions applied in this study, the 

equilibrium between the solid-phase and liquid-phase vanadium was not achieved, 

suggesting that more leaching could occur if higher PC concentration is used for 

the removal of organic compounds from OSPW.  

 

Figure 3.11. Concentration of vanadium (IV), vanadium (V), and vanadium 

leached from PC into (a) OSPW, and (b) Milli-Q water after 12 h of contact. 

Depending on the PC concentration, the percentage of leached vanadium 

was in the range of 8.7–17.0% and 9.1–11.5% for OSPW and Milli-Q water, 

respectively (Table 3.6). The leaching of vanadium (V) increases with increasing 

pH [71]. Puttaswamy and Liber [22] showed that as pH increased, more vanadium 
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at pH 9.5 for a PC to water v/v ratio of 1:4). Therefore, the increase in vanadium 

mobility with the pH increase may account for the higher amount of vanadium 

leached from OSPW at pH 8.4 ± 0.2 as compared to that leached from Milli-Q 

water at pH 4.6 ± 0.2. While studying the effect of inorganic anions on vanadium 

leaching from PC in water which contained sulfur, chloride and bicarbonate ions, 

Puttaswamy and Liber [20] showed that bicarbonate ions increased the release of 

vanadium from PC. Since the concentration of bicarbonate ions in OSPW is very 

high (775–950 mg/L) [5], this may also promote leaching of vanadium from PC 

upon its contact with OSPW. In addition, the organic fraction of OSPW contains 

large variety of compounds which could stabilize vanadium in the aqueous phase 

and increase its equilibrium concentration as compared to Milli-Q water. 

Although the percentage of the released vanadium did not exceed 20% of the 

vanadium content present in the typical PC for all studied PC concentrations, its 

concentrations exceeded the background vanadium concentrations reported for 

natural waters (0.5 to 300 µg/L) [23, 72] in both OSPW and Milli-Q water.  
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Table 3.6. Percentage of vanadium leached from PC. 

a
PC, g/L 

% of vanadium leached 

OSPW Milli-Q water 

50 8.7 9.1 

100 8.8 8.4 

200 10.1 9.1 

300 12.5 8.9 

400 17.0 11.5 

a
The total vanadium content of PC is 1226 mg/kg PC [9]. 

The vanadium leached from PC was predominantly vanadium (V) for both 

OSPW and Milli-Q water, although vanadium (IV) was also detected (Figure 

3.11). However, given that vanadium (IV) is unstable at circumneutral pH, it is 

expected that it would be oxidized into vanadium (V) upon its release into OSPW. 

Consistently with the vanadium speciation as a function of pH, the fraction of 

vanadium (IV) was larger in Milli-Q water as compared to OSPW at all studied 

PC concentrations.  
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3.4. Conclusions   

The results of this study demonstrated that two waste by-products 

generated by petroleum industry, PC and process-affected water, can be 

successfully coupled together in the adsorption process in order to remove 

persistent organic contaminants from liquid stream. This, in turn, could reduce the 

adverse impacts of the petroleum industry on the environment. A significant 

advantage of this process is that while the concentration of toxic compounds is 

reduced, the amount of dry waste does not increase. A huge amount of PC is 

continuously produced worldwide. Currently, PC is stockpiled in huge quantities 

on-site of the refinery plants. PC is virtually cheap and its direct application as an 

adsorbent does not require large investments. The ability of PC to adsorb organic 

contaminants, in conjunction with the manner petroleum industry produce, 

transport and store the PC, present a unique opportunity to treat generated 

process-affected waters for large scale applications. PC also has a potential in 

commercial wastewater applications provided that the activation process is 

optimized with respect to increasing surface area and minimizing leaching of 

trace metals.  
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CHAPTER 4. REMOVAL OF THE ORGANIC COMPOUNDS FROM OIL 

SANDS PROCESS-AFFECTED WATER USING ZERO VALENT IRON 

ENHANCED BY PETROLEUM COKE
1
  

4.1. Introduction 

The Athabasca oil sands in Alberta, Canada, contain one of the largest oil 

deposits in the world [1]. During the oil refining process in the petroleum 

industry, a large amount of waste by-products, including process-affected water 

and petroleum coke (PC), are generated [1-4]. In Alberta, generated oil sands 

process-affected water (OSPW) and PC are accumulated on site until suitable 

treatment technologies are advanced [5]. As a result, storage of these waste by-

products has caused environmental problems for the oil sand industry [1].    

OSPW, generated during the Clark hot water extraction of bitumen, 

contains high concentrations of inorganic salts and refractory organic compounds, 

mainly naphthenic acids (NAs) [1, 3]. Presence of these contaminants makes 

OSPW corrosive and toxic to a variety of aquatic biota and mammals [6-12]. 

Slow degradation rate of NAs in OSPW necessitates the development of new 

advanced methods to accelerate their decomposition and removal [13, 14]. On the 

other hand, PC cannot serve as an efficient source of energy for the heat 

generation due to its high sulphur content and low combustible volatiles [15, 16]. 

In turn, PC, which has shown promising results for the removal of contaminants 

from OSPW, could be used as an abundant and free of charge adsorbent for 

OSPW treatment [17, 18]. PC at 300 g/L has shown to remove 60% of dissolved 

organic carbon, 77% of extractable organic fraction (EOF), and 94% of the NAs 

from OSPW [17, 18]. However, it has been found that metal ions (e.g., vanadium, 

molybdenum, and nickel), accumulated in PC during the coking process, could be 

                                                 
1
 A version of this chapter has been submitted for publication. Pourrezaei et al. 

Environmental Science and Technology (December 2012). 
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released into the liquid phase upon contact between PC and water. As such, the 

release of these metals from PC, which increased the toxicity of treated OSPW 

[19-25], might be a limiting factor for its application as an adsorbent, which 

necessitates further research.  

Zero valent iron (ZVI) has been shown to be a cost effective and an 

environmentally friendly reducing agent [26-30]. Recently, the application of ZVI 

and iron based alloys has drawn significant attention for the remediation of 

wastewater and ground water [31-45]. Implementation of the iron walls for the 

ground water remediation was the first successful use of this technology [31, 36, 

43, 45]. ZVI has been successfully used for the removal of the refractory organic 

compounds [46], halogenated compounds [41, 47, 48], nitroaromatics [49, 50], 

nitramines [51], azo dyes [52, 53], nitrate [54], metals [30, 55, 56], and 

radionuclides [57, 58]. 

Although the actual removal mechanisms of the organic compounds by 

ZVI are a matter of debate [26, 59, 60], depending on water characteristics, 

possible removal mechanisms in the ZVI/water system include direct or indirect 

reduction, adsorption, co-precipitation, and oxidation of organic compounds in the 

presence of oxygen [26, 27, 31, 34, 36, 52, 60-64]. Most of the studies have 

investigated the reduction of the organic pollutants in the presence of ZVI and 

there are only few studies investigating the oxidation of organic contaminants and 

their removal mechanisms [26]. Benzoic acid was shown to be oxidized to p-

hydroxy benzoic acid with the use of nano-particle ZVI in the presence of oxygen 

[65]. Phenol was also shown to be oxidized by the hydroxyl radicals formed as a 

result of ZVI oxidation in the presence of oxygen [26]. Depending on  the pH of 

water and oxygen availability, ZVI is quickly oxidized to Fe
2+

 and Fe
3+ 

and forms 

various forms of iron oxy (hydroxides) (FeO, FeO(OH), and Fe2O3) [31, 61, 66]. 

Surface corrosion of ZVI in the presence of oxygen was also suggested to produce 

Fe
2+

 and H2O2, with the subsequent reactions of these two reagents in a Fenton-

type process to generate highly reactive hydroxyl radicals [27, 67].  
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The carbonaceous materials such as PC have been known to possess 

electron conducting characteristics, which enable them to act as both electron 

conductor and adsorption sites [68-70]. The reduction of 2,4-dinitrotoluene by 

ZVI [45] and hydrolysis of lindane and 1,1,2,2-tetrachloroethane [71, 72] were 

reported to significantly increase in the presence of graphite and activated carbon. 

The oxidation of terephthalic acid, which is a dicarboxylic acid, was shown to be 

effectively enhanced in the presence of phosphotungstic acid as an electron 

conductor [44].   

In the present study, we investigated the hypothesis that PC could be 

applied as an electron conductor to provide a simultaneous adsorption and 

oxidation sites to enhance the removal of the organic compounds from OSPW 

using ZVI as a source of electrons. The application of ZVI in combination with 

PC has not been reported previously and it is the first time this process has been 

studied with respect to removal of organic pollutants from OSPW. The objectives 

of the present study were to investigate the impact of the contact time and ZVI 

loading on the removal of organic compounds from OSPW; to understand the 

potential role of PC in the improvement of the organic compounds removal; and 

to determine the removal mechanisms of the organic compounds. To achieve 

these, ZVI alone and in combination with PC was mixed with OSPW at different 

contact times and concentrations. The effect of OSPW oxygen content on the 

removal of the organic compounds was also investigated. The change in the 

concentration of the organic compounds before and after treatments was analyzed 

and the removal mechanisms were investigated.    

4.2. Materials and Methods 

4.2.1. Sampling 

OSPW was collected from the active west in-pit (WIP) tailings pond at 

Syncrude Canada Ltd., Alberta, Canada. Two batches of OSPW, received in 

January 2011 and September 2012, were used for the experiments. OSPW was 
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stored at 4C and brought to the room temperature (20-23°C) before conducting 

the experiments. Typical OSPW characteristics are shown in Table 4.1. 

 

Table 4.1. Characterization of the as-received OSPW. 

Parameter Value 

pH 8.5 ± 0.5 

EOF (mg/L) 61.0 ± 2.0 

NAs (mg/L) 26.2 ± 3.6 

Oxidized NAs (mg/L) 12.6 ± 1.5 

COD (mg/L) 204.0 ± 10.0 

TOC (mg/L) 39.5 ± 4.0  

Alkalinity (mg/L as CaCO3) 650.0 ± 20.0 

 

4.2.2. Adsorbents 

PC, produced during fluid coking process in Syncrude Canada Ltd., was 

used as an adsorbent. Two different batches of PC, received in January 2010 and 

June 2011, were used to conduct the experiments. High-purity ZVI powder (<100 

mesh, >99%) was purchased from Fisher Scientific (Ottawa, ON, Canada). The 

ZVI was used as-received without any pretreatment.  

4.2.3. Adsorption/Oxidation Experiments 

The batch adsorption/oxidation experiments were aimed at investigating 

the impact of the ZVI alone (ZVI), PC alone (PC), and combination of the PC and 

ZVI (CZVI) on the removal of organic compounds (fluorophore organic 

compounds, EOF, and NAs) and metals from OSPW. The first set of experiments 
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was aimed at evaluating the effect of the contact time on the overall 

adsorption/oxidation of the flurophore organic compounds and metals from 

OSPW. Before conducting the experiments, 2.5 g of ZVI alone, 25 g of PC alone, 

or ZVI+PC were transferred to the 250 mL conical flasks. A 100 mL of OSPW 

was added to each flask. Control samples contained OSPW without any PC or 

ZVI. The flasks were left open to the atmosphere and shaken vigorously at 270 

rpm using an orbital shaker (New Brunswick Scientific, Enfield, CT, USA), to 

maintain required oxygen supply. After pre-determined contact times (4, 8, 16, 

32, 56, 80, 104 and 208 h), the samples were centrifuged (Eppendorf, Ontario, 

Canada) at 10,000 rpm for 5 min to settle the ZVI and/or PC. Supernatants were 

withdrawn from the vials and analyzed for any changes in the concentration of the 

fluorophore organic compounds. The supernatant was then filtered using 0.45 µm 

Nylon filters (SUPELCO, Bellefonte, PA, USA) and analyzed for metals content. 

Each adsorption experiment was run in duplicates.  

After finding the required contact time for the adsorption/oxidation, the 

effect of ZVI concentration on the removal of the organic compounds and metals 

was investigated. The experiments were conducted in the same way as described 

above except that the ZVI concentrations of 1.25, 2.5, and 5 g in 100 mL of 

OSPW were used to result in the 12.5 g/L, 25 g/L, and 50 g/L of ZVI. The mass 

of PC was 25 g in CZVI samples. Fluorophore organic compounds, EOF, NAs, 

metals, and toxicity to Vibrio fisheri bacteria were analyzed for these samples.  

Another set of experiments was performed to investigate the effect of the 

dissolved oxygen on the removal/oxidation of the fluorophore organic 

compounds, EOF, and NAs. The OSPW was purged with pure nitrogen until the 

oxygen level reached 0.51±0.05 mg/L. ZVI at 25 g/L was used to perform the 

experiments at 56 h of contact time in stoppered Winkler bottles. The headspace 

of the flasks was purged with nitrogen and sealed before conducting the 

experiments. The two-tailed t-test at 95% confidence interval was used to 
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determine if the difference in water quality characteristics before and after 

treatments was statistically significant. 

4.2.4. Equipment 

An ultra performance liquid chromatograph (UPLC, Waters, MA, USA) 

with a Phenyl BEH column (150×1 mm, 1.7 µm) (Waters, Milford, MA, USA) 

was used for the chromatographic separation and analysis of NAs before and after 

treatments. The chromatographic conditions were the same as those described by 

Perez-Estrada et al. [73]. A Fourier transform infrared (FT-IR) instrument 

(PerkinElmer Spectrum, 100 FT-IR Spectrometer, Waltham, USA) was used to 

measure the EOF concentrations in OSPW according to the method described by 

Jivraj et al. [74]. The fluorophore organic compounds in OSPW were analyzed 

using Fluorescence Spectrophotometer (Varian Cary Eclipse, Ontario, Canada). A 

model 500 Microtox® analyzer (Strategic Diagnostic Inc., Delaware, USA) was 

used to measure the light emitted by the Vibrio fischeri bacteria as a result of their 

normal metabolic processes for the toxicity of the samples before and after 

treatments as described in Appendix A [75-77]. The X-ray photoelectron 

spectroscopy (XPS) was performed using an AXIS 165 spectrometer (Kratos 

Analytical, Manchester, UK). An Elan 6000 ICP Mass Spectrometer 

(PerkinElmer, MA, USA) was used to quantify the concentration of the trace 

metals. Ultrapure water (18 MΩ cm), prepared by a Synergy
®

 UV instrument 

(Millipore, Molsheim, France), was used in the entire set of experiments. The 

detailed methodology for these analyses could be found in Appendix A.  

4.3. Results and Discussion 

4.3.1. Effect of the Contact Time on SFS  

The synchronous fluorescence spectroscopy (SFS) analysis of OSPW 

samples showed a number of peaks at 270-274 nm, 308-310 nm, 324-326 nm, and 

406-415 nm. The position of each peak is pointed by arrows in Figure 4.1 to 

Figure 4.4. To simplify the further discussion, these peaks are herein called as (I), 
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(II), (III), and (IV), respectively. The peaks (I), and [(II), (III)] represent one and 

two member ring compounds, respectively, and peak (IV) was related to above 

four member rings in the structure of the aromatic acids compounds [2, 79]. 

OSPW control samples (Figure 4.1) showed the highest intensity of the peaks 

followed by ZVI, PC, and CZVI treatments, respectively, indicating the highest 

removal of the related compounds by CZVI treatment. There was no change in the 

intensity of the peaks (I), (II), and (III) for OSPW control samples except the peak 

(IV), for which intensity decreased with time. One possible explanation for the 

observed trend is that these compounds could be removed from OSPW due to 

their higher hydrophobicity. For PC (Figure 4.2), the removal of compounds in 

groups (II) and (III) was higher than that of (I). The observed effect is consistent 

with the previous work on the removal of NAs by PC, where greater removal was 

achieved for NAs with higher molecular weights due to their higher 

hydrophobicity [78]. The decrease in the intensity of peak (IV) followed the same 

trend as OSPW control with the complete removal at >100 h contact time. The 

compounds related to these peaks were removed completely by ZVI and CZVI at 

all the contact times (Figure 4.3 and Figure 4.4). The removal of compounds 

corresponded to peak (I) using PC was less than that of ZVI; whereas, the 

removal of the compounds in groups (II) and (III) were higher as compared to 

ZVI. The compounds in group (I) are more soluble; therefore they have less 

affinity to be adsorbed on the PC than compounds in groups (II) and (III).     

 



 

115 

 

 

Figure 4.1. SFS spectra of OSPW control as a function of contact time. 

 

Figure 4.2. SFS spectra of PC-treated OSPW at 200 g/L as a function of contact 

time. 
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Figure 4.3. SFS spectra of ZVI-treated OSPW at 25 g/L as a function of contact 

time. 

 

Figure 4.4. SFS spectra of CZVI-treated OSPW at 25 g/L as a function of contact 

time. 
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Removal of compounds corresponded to peaks (I), (II), and (III) using 

ZVI alone after 208 h contact time indicated the oxidative/adsorptive ability of 

ZVI. The ability of ZVI to reduce concentration of organic compounds was also 

reported by other studies [44, 65]. The intensities of the peaks (I), (II), and (III) 

were plotted versus the contact time for the OSPW control, PC, ZVI, and CZVI 

treated OSPW samples. As shown in Figure 4.5, the reaction proceeded faster 

during the initial hours of experiments using CZVI treatment up to 56 h followed 

by a slower rate. The reduction in the peaks intensity exhibited biphasic kinetics 

with a rapid removal of the compounds in the first 56 h followed by a slower 

removal. Rasheed et al. [80] also showed that the degradation of the organic 

compounds from a wastewater using nanoscale ZVI followed a similar trend 

during the reaction time. Based on this observation, 56 h contact time was chosen 

for further experiments. Upon addition of ZVI to the samples, they turned orange 

due to oxidation of iron. The lower removal rate may indicate the presence and 

build up of the oxide products on the surface of ZVI [65], resulting in the lower 

available reactive surfaces. Vigorous mixing and the presence of the PC in CZVI 

samples may facilitate the removal of the oxide products from the ZVI surface 

resulting in an increase in the number of sites available for reaction. The XPS 

spectroscopy (Figure B10) revealed a peak at 724.3 eV indicating the presence of 

the FeO(OH) on the surface of ZVI [81]. This is consistent with previous studies 

[64, 66], which also reported formation of FeO(OH) on the surface of ZVI during 

the degradation of azo-dyes and pharmaceuticals at pH>5.  
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Figure 4.5. The effect of the contact time on the intensity of the peaks of 

fluorophore organic compounds in untreated and treated OSPW at (a) (I) 273 nm, 

(b) (II) 310 nm, and (c) (III) 325.9 nm. The concentration of ZVI and PC were 25 

g/L and 200 g/L, respectively. 
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4.3.2. Effect of the Contact Time on Metals Removal  

As Figure 4.6 show, V, Mn, Ni, and Mo were released from the PC upon 

contact with OSPW. The concentration of released V increased with increasing 

contact time, while no significant changes in the concentration of Mn, Ni, and Mo 

were observed. When ZVI was added to OSPW, concentration of V, Mn, Ni, and 

Mo decreased below their original concentration in OSPW in both ZVI and CZVI 

treated OSPW samples. After 208 h, the reduction in ZVI and CZVI treatments 

was 24±6% and 87±2%, 81±25% and 98±1%, 76±1% and 78±3%, 96±0% and 

93±8% for V, Mn, Ni, and Mo, respectively. As ICP-MS results indicated, no 

leaching from PC was observed for As, Cd, Co, Sb, Sr, and U (Figure 4.7). The 

concentration of these elements also decreased during ZVI and CZVI treatments 

below their concentration in untreated OSPW. The removal of the As, Cr, and Zn 

from ground water using ZVI was also reported by several studies [55, 82-84]. 

The authors attributed the observed effect to the adsorption of the metals onto the 

iron hydroxides and co-precipitation. The results of this study indicate that 

although addition of PC resulted in the release of some toxic metals into aqueous 

phase, its consequences could be successfully eliminated by ZVI addition.  
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Figure 4.6. The effect of the contact time on the concentration of metals leached 

from PC into PC, ZVI, and CZVI-treated OSPW. The concentration of ZVI was 

25g/L. 
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Figure 4.7. The effect of the contact time on the concentration of the metals in 

OSPW control, PC, ZVI, and CZVI-treated OSPW. The concentration of ZVI was 

25g/L. 
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4.3.3. Effect of ZVI Concentration on SFS, EOF, NAs, and Metal Removal  

Figure 4.8 shows the effect of the ZVI concentration on the SFS spectra. 

Intensity of peaks (I), (II), and (III) decreased with increasing ZVI concentration 

in both ZVI and CZVI treated OSPW. Larger decrease in the intensity of the 

peaks was observed at 50 g ZVI/L in ZVI and CZVI treated OSPW samples. In 

addition, CZVI treatment resulted in the lower peak intensity as compared to 

samples containing ZVI for all three ZVI concentrations. The reduction in the 

intensity of the peaks (II) and (III) was higher than that of peak (I) for both 12.5 

g/L and 25 g/L ZVI in both ZVI and CZVI treated OSPW, showing higher 

removal of the compounds with two rings. However, this phenomenon was not 

observed at 50 g/L ZVI. The observed peaks with the higher intensity in the 

region of 380-406 nm at 50 g/L of ZVI could be due to the shift in the positions of 

the peaks caused by the presence of high concentration of hydroxides or the 

formation of unknown by-products. 
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Figure 4.8. The effect of the ZVI concentration on the SFS spectra for ZVI, CZVI, 

and PC-treated OSPW at 56 h contact time. 

The results of the EOF and NAs removal for the ZVI and CZVI treated 

OSPW with increasing the ZVI concentrations are shown in Table 4.2. The 

difference between the addition of 12.5 g/L and 25 g/L ZVI to OSPW was not 

statistically significant at 95% confidence interval in the ZVI treated OSPW 

samples; whereas, addition of 50 g/L ZVI resulted in significant increase in the 

EOF removal. In the CZVI treated OSPW samples, the increase in ZVI 

concentration from 12.5 g/L to 25 g/L resulted in more than twice increase in the 

removal of EOF (from 34.9% to 74.4%). When ZVI concentration was further 

increased to 50 g/L, it did not results in a significant improvement in EOF 
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the removal of fluorophore organic compounds by CZVI treatment. Kavanagh et 
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organic compounds and EOF in OSPW. The authors suggested that the aromatic 

acids, with similar chemical properties to NAs could co-isolate with NAs and be 

accounted in the SFS analysis as contaminants. This may explain the similarities 

in the removal of fluorophore organic compounds, NAs, and EOF compounds.  

Table 4.2. EOF and NAs removal of the treated OSPW samples with increasing 

the ZVI concentration at 56 h contact time. 

Treatment type EOF Removal (%) NAs Removal (%) 

ZVI (12.5 g/L) 22.6 ± 3.1 37.7 ± 6.0 

ZVI (25 g/L) 28.8 ± 2.2 58.4 ± 0.9 

ZVI (50 g/L) 68.9 ± 5.9 97.7 ± 0.4 

CZVI(12.5 g/L) 34.9 ± 0.2 62.1 ± 5.5 

CZVI (25 g/L) 74.4 ± 0.8 90.9 ± 0.5 

CZVI (50 g/L) 83.4 ± 6.2 98.9 ± 0.0 

PC (200 g/L) 13.9 ± 0.0 16.3 ± 8.8 

Figure 4.9 and Figure 4.10 show the effect of the ZVI concentration on 

metals removal. For all applied ZVI concentrations, the removal of the leached V, 

Mn, Ni, and Mo from PC was 97.7±0.08%, 98.2±1.2%, 93.4±6.2%, and 

97.6±1.6%, respectively (Figure 4.9). The removal of As, Cd, Co, Sb, Se, and Sr 

was 69.0±1.7%, 100.0±0.0%, 91.1±6.3%, 96.2±2.7%, 62.6±3.2%, and 

98.8±0.5%, respectively (Figure 4.10). The removal of the metals in ZVI treated 

OSPW samples was similar to the CZVI treated OSPW samples. Although 

increasing the ZVI concentration did not enhance the metal removal; their 

concentration effectively decreased at all ZVI concentrations. In addition, there 

was no significant change in the concentrations of the metals between the ZVI 

and CZVI treatments.  
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Figure 4.9. The effect of the ZVI concentration on the concentration of the 

leached metals from PC into PC, ZVI, and CZVI-treated OSPW. 
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Figure 4.10. The effect of the ZVI concentration on the concentration of the 

metals in PC, ZVI, and CZVI-treated OSPW. 
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the addition of the ZVI to PC, as compared to the ZVI alone and PC treated 

OSPW samples. This shows the synergistic effect of the ZVI and PC on the 

decrease in the toxicity of the treated OSPW. Due to the small change in the 

concentration of the metals between the ZVI and CZVI treated samples, the 

decrease in the toxicity could be related to the higher removal of the organic 

compounds by the addition of the ZVI into PC samples. The inhibition 

concentration (IC) of OSPW and ZVI at 25 g/L after 15 min of exposure was also 

calculated. The IC20 and IC50 for OSPW were found to be 27.8±1% (v v
-1

) and 

69.5±3% (v v
-1

), respectively. For ZVI, the IC20 and IC50 were found to be 

51.2±3% (v v
-1

) and >100% (v v
-1

), respectively, showing the reduction in the 

toxicity of the OSPW after ZVI treatment.           

 

Figure 4.11. Effect of the ZVI concentration on the toxicity of untreated and 

treated OSPW to Vibrio fischeri bacteria. 
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100% (-Z=4, n=10-18), 25-67% (-Z=6, n=11-18), 21-100% (-Z=8, n=13-19), 51-

100% (-Z=10, n=15-20), and 57-67% (-Z=12, n=17-21), respectively. The 

removals of the individual NAs species were higher in CZVI treatment (Figure 

4.12c) as compared to ZVI treatment. NAs removal in CZVI treated OSPW were 

in the range of 84-100% (-Z=2, n=10-16), 50-100% (-Z=4, n=10-18), 41-100% (-

Z=6, n=11-18), 35-100% (-Z=8, n=13-19), 82-100% (-Z=10, n=15-20), and 94-

100% (-Z=12, n=17-21). The concentration of the individual NA species before 

and after treatment is shown in Appendix C (Tables C1 to C4). The removal of 

the NA species increased with the increase in n for each -Z group of compounds 

due to increase in their hydrophobicity [14, 78]. This, in turn, enhances the 

adsorption of NAs on the surface of ZVI/PC, and facilitates their further 

oxidation. Concentration of the total oxidized NAs increased by 34% after 

treatment using ZVI due to the oxidation of NAs by ZVI. As opposite, the 

concentration of the oxidized NAs decreased by 44% as compared to untreated 

OSPW upon addition of PC in CZVI treated OSPW sample. There was no general 

trend observed for the change in the concentration of the oxidized NA species in 

ZVI and CZVI treatments with respect to n and -Z (Table C6 and C7 in Appendix 

C). However, increase in the concentration of the oxidized NAs with two (-Z=4) 

and three (-Z=6) rings was slightly higher than the other species. The previous 

studies showed that concentration of NAs with two or three rings was generally 

higher as compared to other species [7, 14, 85]. Therefore, it can be expected that 

oxidized NAs would also contain higher number of these species.   
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Figure 4.12. Changes in the distribution of the NAs species for (a) OSPW control, 

(b) OSPW treated with ZVI at 25 g/L, (c) OSPW treated with CZVI at 25 g/L of 

ZVI, and (d) OSPW treated with PC at 200 g/L. The contact time was 56 h. 

4.3.6. The Effect of Oxygen on NAs and EOF Removal  

NAs and EOF removals in ZVI and CZVI treated OSPW for the de-

oxygenated OSPW are shown in Table 4.3. When the OSPW was de-oxygenated 

to 0.51 mg O2/L, the efficiency of EOF removal significantly decreased to 3.1 and 

23.2% in ZVI and CZVI treated OSPW samples, respectively. In the OSPW with 

the oxygen level of 7.8±0.2 mg/L, EOF removal was 28.8 and 74.4% for ZVI and 

CZVI treatments, respectively. Figure 4.13 shows the effect of the de-oxygenation 

on the SFS spectra of the treated samples. Similar to EOF, the dissolved oxygen 

in samples had a strong effect on the efficiency of the removal of fluophore 

organic compounds from OSPW during the applied treatments. At the same 
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applied treatment, the intensity of the peaks corresponded to de-oxygenated 

samples was higher as compared to non-oxygenated samples. Lower NAs 

removals of 17.5% and 65.4% were also obtained for ZVI and CZVI treated-

OSPW in de-oxygenated samples (Table 4.3).  

The removal of the NA species did not change with the increase in n and -

Z for ZVI treatment (Table C9 in Appendix C); whereas, in CZVI treatment, 

increasing the n resulted in the increase in the removal of NA species in each -Z 

group (Table C10 in Appendix C). These results clearly indicated that oxygen 

enhanced the removal of organic compounds likely because of the formation of 

the hydroxyl radicals [82]. According to Joo et al. [62], the removal of molinate 

using nanoscale ZVI in the absence of oxygen was negligible; whereas, 70% 

removal was achieved in the aerated or vigorously shaken samples. The 

turbulence created by aeration or shaking can facilitate the continuous removal of 

the passivating layer on the ZVI, resulting in the more effective electron transfer 

from ZVI to the contaminants/oxygen. In addition, vigorous mixing may facilitate 

the oxygen uptake and increase the oxygen transfer to the ZVI surface for the 

formation of hydroxyl radicals. As Table 4.3 shows, there was no increase in 

oxidized NAs concentration in de-oxygenated samples indicating that the NAs did 

not oxidize when the sample was purged. 

Table 4.3. EOF, NAs, and oxidized NAs removal in de-oxygenated samples at 56 

h contact time.  

Treatment type EOF Removal 

(%) 

NAs Removal 

(%) 

Oxidized 

NAs Removal 

(%) 

ZVI (25 g/L) (de-oxygenated) 3.1 ± 1.5 17.5 ± 0.4 16.3 ± 0.8  

CZVI (25 g/L) (de-oxygenated) 23.2 ± 4.5 65.4 ± 4.5 40.8 ± 0.8  

PC (200 g/L) (de-oxygenated) 16.1 ± 1.0 64.7 ± 4.7 58.0 ± 3.3  
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Figure 4.13. The effect of the oxygen on the SFS spectra for OSPW control, ZVI, 

CZVI, and PC-treated OSPW at 56 h of contact time. 

4.3.7. Removal Mechanisms 

In aqueous solutions, ZVI is quickly oxidized to form Fe
2+

 and Fe
3+

 

products [44, 65]. Positively charged iron oxy/hydroxide precipitates, formed at 
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31, 55, 89]. The presence of these species was confirmed by the XPS analysis of 
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3+

, Fe
2+
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compounds on the surface of ZVI, respectively [14, 27, 81, 90, 91]. The peak 

indicating the presence of the Fe
0
 on the surface of the ZVI was not observed [27, 

86, 90]. These iron oxy/hydroxide products could contribute to the adsorption/co-

precipitation of the organic compounds [45], resulting in their removal from 
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at pH>5 has been reported by several studies [26, 30, 31, 34, 40, 46, 92]. In 

addition, carboxylic functional groups of the NAs may form complexes with the 

dissolved Fe
2+

 [2, 14, 30], resulting in the increased hydrophobicity of the NAs 

and enhanced adsorption onto the surface of PC or ZVI [14]. Increased 

concentration of the iron complexes (such as Fe-NAs), on the other hand, may 

facilitate their aggregation [30, 93]. These aggregates could further attach to the 

surface of the precipitates to form complex oxide products containing iron and 

NAs. Organic and inorganic contaminants could also be trapped in the matrix of 

the forming iron hydroxide precipitates [31]. As long as the hydroxides are not 

dissolved (high pH values), the contaminants are immobilized and removed 

together with the precipitates [31].  

The removal mechanisms of the metals from ground waters were also 

reported to be based on the adsorption of the metals on the surface of ZVI and co-

precipitation with the iron oxy/hydroxides during the oxidation of ZVI [30, 56, 

82, 94, 95]. Karthikeyan et al. [98] showed that freshly formed iron hydroxides 

have the binding sites for Cu adsorption. Cr (III), Ni, and Zn [96, 97], Cr (III) 

[98], As (V) [99], and were shown to be removed by co-precipitation using iron 

oxy/hydroxides. The observed effect for the removal of these elements was 

attributed to the higher available surface area of the iron oxy/hydroxides, which in 

turn, contain higher binding sites for the adsorption. Metal ions could be also 

incorporated into the hydroxide lattice to form mixed-crystals resulting in their 

co-precipitation [31, 96, 97, 100, 101].  

Besides the adsorption/co-precipitation of the organic compounds, 

oxidation is another removal mechanism in the presence of high concentration of 

oxygen in the solutions. Reactions (1) and (2) below show the possible pathways 

in the presence of oxygen and ZVI as suggested in a number of studies [14, 26, 

44, 62, 64, 65, 81]. The generated electrons from the oxidation of ZVI could be 

transferred to oxygen, which results in the production of H2O2 (eq. 2).  
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Fe
0
 + O2 → Fe

2+
 + H2O2 + 2OH

-
                   (1)   

Fe
2+

 + H2O2 → Fe
3+

 + °OH + OH
-
                (2)                                

The highly reactive hydroxyl radicals could be formed during reaction (2) 

[62, 64, 65]. High concentration of oxygen in OSPW (7.8±0.2 mg/L) and 

formation of the reactive radicals as a result of the ZVI corrosion suggests the 

possibility of NAs oxidation [64]. As shown by Drzewicz et al. [14], the 

application of ZVI at pH 9 resulted in the oxidation of cyclohexanoic acid (CHA), 

a simple model NAs, to form oxidized CHA by generated hydroxyl radicals. The 

reaction of hydroxyl radicals with CHA and OSPW NAs, using UV/H2O2 and 

vacuum UV processes, was also shown to form oxo and hydroxy-CHA and NAs 

[87]. Simultaneous increase in concentration of the oxidized NA and decrease in 

the concentration of the NAs after ZVI treatment suggested the oxidation pathway 

of NAs similar to the observed studies.  

The oxidation reactions are assumed to occur on or adjacent to ZVI 

surface [62, 65]. Therefore, organic compounds (such as NAs) with greater 

affinity for surface adsorption would have high possibility to be oxidized [65]. 

Adsorption of trichloroethylene on the activated carbon-ZVI composite surface 

was also shown to increase its degradation by ZVI [88]. NAs with greater 

molecular weights and higher hydrophobicity tend to adsorb more on the surface 

of PC and ZVI [14, 78]. This, in turn, could increase their oxidation and removal 

compared to less hydrophobic species [14], as shown in NAs Removal Section. 

The NAs removal in the presence of ZVI alone was significantly lower than that 

of CZVI treatment suggesting that ZVI in contact with PC enhanced 

removal/oxidation of the NAs. Since electron transfer is responsible for all of the 

reactions, the application of PC, as an electron conductor, could accelerate the 

electron transfer to oxygen to enhance the process efficiency [44]. Graphite and 

granular activated carbon were also shown to be good conductors for electrons 

from the ZVI surface to the adsorbed organic compounds to be reduced [45, 68]. 

The significantly lower NAs and EOF removals and the higher peak intensity of 
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SFS spectra in the de-oxygenated samples also highlighted the important role of 

oxygen in removal of the organic compounds.  

The iron hydroxide precipitates formed on the ZVI surface upon its 

contact with water [26, 59, 65] may decrease the electron transfer to the ZVI 

surface and the decomposition rate of the contaminant [26]. However, it was 

shown that the effective mixing can result in the removal of the precipitates from 

the ZVI surface revealing fresh reactive iron surface [26, 86]. As the reaction 

proceeds, the thickness of the passivating layer would increase, which explains 

the decrease in the removal efficiency of the organic compounds with time 

(Figure 4.5). Availability of ZVI and oxygen, and continuous oxidation of ZVI to 

generate Fe
2+

 and H2O2 could enhance the formation of hydroxyl radicals [62], 

which translated into high removal of the organic compounds. Although the 

degradation of the organic compounds was a slow process, its effectiveness at 

high pH suggests the possibility of the ZVI application for in situ OSPW 

remediation without any pH adjustment.  
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4.4. Conclusions  

The results of the present study clearly indicated that the presence of PC 

enhanced the removal of the organic compounds in OSPW by facilitating the 

electron transfer from ZVI to the reactants. ZVI/PC could be successfully applied 

for the removal of the organic compounds, including NAs, EOF, and fluorophore 

organic compounds, from OSPW. PC could serve as a simultaneous adsorption 

and oxidation site for the organic compounds. This is the advantage of the PC as 

an electron conductor over the non-conductive adsorbents such as polymers for 

OSPW remediation. Furthermore, treated OSPW using ZVI/PC treatment showed 

decreased toxicity towards Vibrio fischeri bacteria as compared to untreated 

OSPW. The promising results obtained in this study can imply that the proposed 

treatment has a potential to be used as an in situ process on an industrial scale to 

treat the large volumes of generated OSPW. In addition, it will utilize the PC, 

which is free of charge and stockpiled on the oil production sites.   
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CHAPTER 5. GENERAL CONCLUSIONS AND RECOMMENDATIONS 

5.1. Thesis Overview  

OSPW, generated after Clark hot water extraction of bitumen from oil 

sands operations in Northern Alberta, Canada, is a complex alkaline mixture of 

inorganic and organic compounds as well as a stable suspension of fine particles. 

Based on a zero discharge policy, oil sands companies are required to store 

OSPW in tailings ponds near the mining sites. Storage of OSPW results in several 

environmental problems, including the presence of the trace concentrations of 

NAs in surface waters around the oil sands operation facilities due to their 

leaching from tailings ponds. Because of the continuous recycling to the 

extraction process, OSPW becomes corrosive and highly toxic due to the presence 

of high concentrations of salts and refractory organic compounds such as NAs. 

On the other hand, PC is generated in large quantities during the oil upgrading 

process as a waste by-product. The production of PC has continuously increased 

and up to date no significant practical application of PC has been reported. 

Therefore, continuing accumulation and stockpiling of large quantities of PC 

requires development of innovative strategies for the effective utilization of this 

carbon-reach material at an industrial scale.  

Various treatment technologies including biological treatment, membrane 

filtration, adsorption, and advanced oxidation processes have been tested for the 

removal of the contaminants from OSPW. However, there are still significant 

knowledge gaps considering the effectiveness and applicability of the proposed 

treatment technologies for the OSPW remediation at an industrial scale. In order 

to minimize the fresh water intake from the Athabasca River, the treatment 

technologies should be optimized to treat the OSPW to a level suitable for the 

utilities. Furthermore, for the release of OSPW into the nearby rivers, the quality 

of the treated OSPW should meet the standard guidelines, and the removal of the 

NAs and other organic and inorganic compounds should be considered as the 



 

150 

 

highest treatment priority. To achieve this, a series of consecutive treatment 

processes is needed to remove the contaminants. Currently, there is no 

economical and viable treatment technology to handle huge amounts of generated 

waste by-products (OSPW and PC). 

CFS is a potential pre-treatment option for the removal of the suspended 

solids and colloidal particles from OSPW. Because of their small size and surface 

charge, without any pre-treatment, suspended particles are difficult to remove by 

filtration or sedimentation. Moreover, suspended solids may interfere with 

ultraviolet light (UV)-based advanced oxidation processes (UV/O3, UV/H2O2) by 

scattering light, thus reducing the efficiency of these processes. Therefore, 

removal of the suspended particles may improve the performance of filtration, 

advanced oxidation, and membrane separation processes. It was expected that the 

CFS pre-treatment of OSPW would decrease the particle and organic loading on 

the subsequent treatment processes and enhance the performance of remediation 

processes. 

Given the complexity of environmental problems and continuous 

accumulation of different by-products, that the oil sands industry is facing, the 

process shortcomings can be turned into benefits by applying one waste to treat 

another waste product. Adsorption is viewed as an effective process to remove 

persistent organic chemicals from OSPW. Considering the abundance of PC in oil 

sands industry, it could be effectively applied for adsorptive treatment of OSPW. 

In this approach, PC can be used as an in-situ adsorbent for the OSPW treatment. 

In addition, the carbonaceous materials such as PC have been known to possess 

electron conducting characteristics, which enable them to act as both adsorption 

sites and electron mediator. ZVI can serve as a source of electron, which 

depending on the water characteristics (e.g., pH and oxygen availability), could 

facilitate the reduction or oxidation of the refractory organic compounds. It was 

hypothesized that application of PC as an electron conductor in combination with 
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ZVI could enhance the removal/oxidation of the organic compounds, including 

NAs, from OSPW.  

This work focused on assessing the feasibility and efficacy of CFS, PC 

adsorption, and PC mediated-ZVI oxidation processes for the removal of different 

types of contaminants, including suspended solids and dissolved organic 

compounds, from OSPW. The objectives of this research were achieved through 

the application of these treatment processes in different phases. 

In order to achieve these objectives, the metallic salt coagulants (alum, 

ferric sulfate, and ferric chloride), and organic polymers (cationic, anionic, and 

non-ionic) were tested to assess the removal of the suspended particles and 

dissolved organic compounds (TOC and NAs) in the first phase. Identification of 

coagulation mechanism and assessment of the properties of the flocs (size and 

surface functional groups) were performed. In the second phase, adsorption of 

different fractions of organic contaminants (EOF and NAs) using PC; 

determination of adsorption mechanisms; studying the effect of physico-chemical 

properties of PC on the adsorption process; and investigating the speciation of the 

leached vanadium from PC during the adsorption process were comprehensively 

investigated. In the third phase, the hypothesis that PC could be applied as an 

electron conductor to enhance the NAs removal/oxidation using ZVI, as a source 

of electron generation, was evaluated. 

5.2. Conclusions  

  Based on the experimental results and analysis obtained in this research, 

the following conclusions were drawn: 

1. Based on the TOC removal and turbidity reduction, alum and ferric 

sulfate showed superior performance compared to ferric chloride. 

Alum and ferric sulfate resulted in the same removal efficiencies. 

However, addition of the ferric salts resulted in a reddish color of the 

treated OSPW with higher color intensity at higher coagulant 
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concentrations. Since this might require additional treatment for color 

removal, alum, the most commonly used coagulant, was chosen as the 

coagulant.  

2. The results of the optimization studies indicated that alum at 250 mg/L 

removed 97% and 12% turbidity and TOC, respectively. In addition, 

NAs and oxidized NAs were removed by 10-37% and 64-86%, 

respectively. The optimum rapid and slow mixing conditions were 

found to be 120 rpm for 30 s followed by 10 min at 30 rpm, 

respectively. The resulting flocs were allowed to settle for 1 h. While 

application of nonionic and anionic polymers showed adverse or no 

effect on the TOC removal, the addition of 5 mg/L cationic polymer 

polyDADMAC to alum slightly improved the TOC removal to 14%.  

3. Positively charged aluminum hydroxide precipitates contributed to the 

destabilization of the particles. Destabilization occurred by deposition 

of the hydroxides on the surface of the particles through adsorption 

and hetero-coagulation. This process resulted in charge neutralization 

of the particles. Dissolved organic compounds could be also adsorbed 

and neutralized by the precipitates resulting in their lower solubility 

and co-precipitation. Measurement of changes in zeta potential with 

the increase of alum concentration showed that ~1000 mg/L alum 

should be applied to reach the zero zeta potential point, which 

corresponds to the complete charge neutralization in the system. 

Therefore, at the optimum concentration of alum (250 mg/L), charge 

neutralization through adsorption was proposed as the removal 

mechanism of the particles and organic compounds.  

4. Aluminum concentration decreased up to 96% from its initial 

concentration in OSPW because of the formation of the aluminum 

hydroxide precipitates. Concentrations of vanadium and barium 

decreased by 67–78% and 42–63%, respectively. Removal 
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mechanisms of vanadium and barium might involve either adsorption 

of soluble metals to the active sites of the hydroxide or formation of 

complexes with organic compounds and co-precipitation.  

5. FT–IR spectroscopy of the flocs treated at 250 mg alum/L showed the 

absorption band of the hydroxyl groups which may be related to the 

presence of trapped water or the oxidized NAs in the flocs. The 

absorption bands representing the carboxylic acids were also detected 

on the surface of the flocs confirming the removal of the NAs from 

OSPW to the formed flocs. 

6. Results of the growth and survival of the benthic midge (Class Insecta, 

Chironomus dilutus) by exposing animals to a fresh water control, 

untreated OSPW, OSPW treated with 250 mg alum/L, and OSPW 

treated with 250 mg alum/L plus 5 mg polyDADMAC/L indicated that 

addition of the polyDADMAC increased the toxicity of the treated 

OSPW towards the animals. The cationic polymer or monomer present 

in the polymer and NAs together may have a synergistic effect to 

induce more toxicity.  

7. Application of PC at 200 g/L mixed for 16 h resulted in EOF and NAs 

removal of 60% and 75%, respectively. A qm for PC to adsorb EOF 

from OSPW was calculated as 1.0 mg/g (by fitting the experimental 

data to the Langmuir isotherm). This value, compared to 51 and 71 

mg/g for GAC and PAC, respectively, indicated that larger mass of PC 

is required for the removal of the EOF from OSPW. BET surface area 

of PC (7.7 m
2
/g), as compared to 912 and 800 m

2
/g for GAC and PAC, 

respectively, implies that PC has lower porosity comparing to the 

highly porous structure of the GAC and PAC.  

8. Distribution of the NA species in OSPW as a function n and -Z before 

and after treatment with PC implied that the adsorption of NAs onto 
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PC increased with the increase in both n and -Z numbers. Increasing n 

resulted in greater removal of the species for each -Z group, whereas, 

increase in the -Z for each n group of NAs did not affect the removal. 

These results were consistent with the log Kow for NAs as a function of 

n and -Z. Increase in the NAs molecular mass renders the compounds 

less soluble and more hydrophobic, which increases their affinity for 

the adsorption on the surface of the PC. Given that NAs are highly 

hydrophobic compounds, the hydrophobic interactions between the 

NAs and the surface of PC is suggested as a dominant adsorption 

mechanism. 

9. Investigation of the FT-IR spectra of the PC before and after 

adsorption showed peaks with similar positions for each identified 

functional groups, suggesting physisorption of organic compounds on 

the surface of PC. In addition, the calculated mean free energy of 

adsorption (E < 8 kJ/mol) suggested that the EOF were physically 

adsorbed on the surface of the PC.   

10. The vanadium release occurred when PC was mixed with OSPW. The 

leached vanadium was predominantly vanadium (V). Although in very 

low concentration, vanadium (IV) was also detected. However, given 

that vanadium (IV) is unstable at circumneutral pH, it was expected 

that it would be oxidized into vanadium (V) upon its release into 

OSPW. Although the percentage of the released vanadium did not 

exceed 20% of the vanadium present in PC, its concentrations 

exceeded the background vanadium concentrations reported for natural 

waters.  

11. Application of ZVI in combination with PC enhanced the removal of 

the organic compounds, including fluorophore organic compounds, 

EOF, and NAs, from OSPW as compared to PC or ZVI alone treated 

OSPW. The investigation of the effect of contact time on the removal 
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of the fluorophore organic compounds during the CZVI treatment 

revealed that the reaction proceeded faster during the initial 56 h 

followed by a slower rate afterwards. The lower removal rate at the 

end of the exposure may indicate the presence and build up of the 

oxide products on the surface of ZVI, resulting in the lower rate of 

electron transfer. The calculated first order rate constants for CZVI 

treated OSPW samples were higher than those of ZVI or PC alone and 

show the synergistic effect of the ZVI and PC.  

12. Increasing ZVI concentration resulted in the increase in the removal of 

the fluorophore organic compounds, EOF, and NAs from OSPW in 

both CZVI and ZVI treated OSPW samples. There was a statistically 

significant difference in the removal of the EOFs at 25 g/L of ZVI 

between ZVI alone and CZVI treatments. The removal of EOF 

increased from 28.8% in ZVI to 74.4% in CZVI treated OSPW 

samples. NAs removal also increased to 90.1% using CZVI as 

compared to 58.4% in ZVI alone treatment. V, Mn, Ni, and Mo were 

shown to be released from PC upon its contact with OSPW. However, 

addition of ZVI to PC resulted in the 97.6-97.8%, 96.9-99.1%, 87.8-

100%, and 95.8-98.8% removals of these metals, respectively. The 

removal of As, Cd, Co, Sb, Se, and Sr from OSPW were in the range 

of 67.8-70.9%, 100%, 85.0-97.6%, 93.9-99.1%, 60.3-66.3%, and 98.5-

99.3%, respectively. 

13. The untreated OSPW was found to be toxic to Vibrio fischeri bacteria 

by 58.9% inhibition. On the contrary, all treated OSPW with ZVI, 

CZVI, and PC showed lower inhibition effects. The inhibition effect 

decreased to 6.1% by the addition of the ZVI to PC at 25 g/L, as 

compared to the ZVI alone (32.0%) and PC alone (28.3%) treated 

OSPW samples. This shows the synergistic effect of ZVI and PC on 

the decrease in the toxicity of the treated OSPW. The IC20 and IC50 for 
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OSPW were found to be 27.8% (v v
-1

) and 69.5±3% (v v
-1

), 

respectively. For ZVI, the IC20 and IC50 were found to be 51.2±3% (v 

v
-1

) and >100% (v v
-1

), respectively, showing the reduction in the 

toxicity of the OSPW after ZVI treatment. 

14. In OSPW with the oxygen level of 7.8±0.2 mg/L, EOF removal was 

28.8 and 74.4% for ZVI and CZVI treatments, respectively. The 

efficiency of EOF removal significantly decreased to 3.1 and 23.2% in 

ZVI and CZVI treated OSPW samples, respectively, when OSPW was 

purged to remove oxygen to 0.51 mg O2/L. Lower NAs removals of 

17.5% and 65.4% were also obtained for ZVI and CZVI treated-

OSPW in de-oxygenated samples as compared to 58.4% and 90.1%, 

respectively in non de-oxygenated samples. These results clearly 

indicated that oxygen played an important role in the removal of the 

organic compounds by increasing the oxidation rate of the iron 

products and subsequent oxidation of the contaminants. High 

concentration of oxygen in OSPW (7.8±0.2 mg/L) and formation of 

the highly reactive hydroxyl radicals as a result of ZVI corrosion 

suggests the possibility of NAs oxidation. Hydroxyl radicals could 

react with NAs to form carbon radicals. Further reaction of these 

radicals with oxygen results in the formation of oxidized NAs. 

Simultaneous 34% increase in the concentration of the oxidized NAs 

and decrease in the concentration of the NAs after ZVI treatment also 

suggested the oxidation of the NAs.  
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5.3. Recommendations  

Based on the obtained results and drawn conclusions, the following 

recommendations can be addressed for future research:  

1. The CFS process could be simulated and optimized using response 

surface methodology (RSM)/artificial neural network (ANN) using the 

results obtained from this study. In addition, other coagulants 

(including poly aluminum chloride (PACl) or poly aluminum sulphate) 

or natural flocculants (chitosan) could be applied as alternative 

coagulants following the same methodology to compare the results 

with the current data and generate more data for the model 

development. The CFS treatment could be conducted at different 

temperatures and pH values to provide more information for the 

simulation.  

2. The flocs strength could be examined by increasing the mixing 

intensity to result in the floc breakage after they have been formed. 

The mixing intensity could then be decreased to the initial condition to 

assess the ability of the broken flocs to re-grow.   

3. Electro-coagulation, with aluminum or iron electrodes, can be applied 

for the removal of suspended solids, heavy metals, oil and grease, and 

dissolved organics. In addition, it can remove the microorganisms. The 

destabilized contaminants could be removed by either precipitation or 

flotation. Since no chemical (e.g. alum) is added to the system, there 

would be no increase in the concentration of the ions associated with 

the common coagulants (e.g. sulfate) after the treatment.    

4. A comparative study regarding the application of other adsorbent, such 

as carbon nanotubes, exfoliated graphite, and polyurethanes, which are 

known to have high adsorption capacity, could be performed for 

OSPW remediation.   

5. Functionalization of the PC surface or impregnation of the nano-

particles, such as nanoscale ZVI, could enhance the adsorption 
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capacity of the PC for the selective adsorption of the organic 

contaminants from OSPW.  

6. The adsorption studies could be performed using commercial model 

NAs to better understand and characterize the removal mechanisms 

and formation of the oxidation by-products.  
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APPENDIX A: Experimental Procedures 
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A.1.     Quantification Methods for Water Quality Analysis 

pH was measured using an Accumet Research AR20 pH Meter, Fisher 

Scientific. An Orbeco-Hellige 965 Turbidimeter, Orbeco Analytical Systems Inc. 

was used to measure the turbidity of the samples based on the light scattering 

principle. An Apollo 9000 TOC Combustion Analyzer, FOLIO Instruments Inc. 

was used to analyze TOC content of the samples. Each sample was analyzed in 

triplicate and the average value with less than 5% standard deviation was 

considered as the TOC. COD and CBOD5 were measured according to the 

Standard Methods for the Examination of Water and Wastewater. Total alkalinity 

of the samples was measured by titration with 0.02 N sulfuric acid. A Thermo 

Orion Portable 130A Conductivity Meter was used to quantify the conductivity of 

the samples. Major cations and anions were analyzed using a Dionex 2500 and a 

2000 IC system equipped with an AS50 auto-sampler with 25 µL injection loop, 

GP50 gradient pump, CD25 conductivity detector, NG1, AG14A, AS14A 

columns, ASRS Ultra П suppressor, eluent reservoir with 4×2L suitable plastic 

containers, and nitrogen compressed gas. An Elan 9000 ICP Mass Spectrometer, 

PerkinElmer SCIEX was used to quantify the concentration of the trace metals. 

To analyze the total metal contents, samples were digested with concentrated 

nitric acid for 10 min. Digested samples were filtered through a 0.45 μm filter and 

diluted before injection into to the ICP-MS.  

A.2.     X-ray Photoelectron Spectroscopy Analysis Methodology 

The XPS measurements were performed on AXIS 165 spectrometer 

(Kratos Analytical) at the Alberta Centre for Surface Engineering and Science 

(ACSES), University of Alberta. The base pressure in the analytical chamber was 

lower than 3 x 10-8 Pa. Monochromatic Al Kα  source  (hν  = 1486.6 eV) was 

used at a power of 210 W. The analysis spot was 400 x 700 um. The resolution of 

the instrument is 0.55 eV for Ag 3d and 0.70 eV for Au 4f peaks. The survey 

scans were collected for binding energy spanning from 1100 eV to 0 with 
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analyzer pass energy of 160 eV and a step of 0.4 eV. For the high-resolution 

spectra the pass-energy was 20 eV with a step of 0.1 eV. Electron flood gun was 

used to compensate the sample charging. Vision-2 instrument software was 

applied to process the data. All spectra were calibrated for C1s binding energy 

position at 284.8 eV. Compositions were calculated from the survey spectra using 

the major elemental peaks and sensitivity factors provided by the database. 

A.3.     Surface Functional Groups Analysis by Fourier Transform Infra Red 

(FT-IR) 

A Bio-rad diffuse reflectance FT-IR spectrophotometer was used to 

identify the surface functional groups. Dried flocs/adsorbents were mixed with 

potassium bromide (KBr) (FT-IR grade, Sigma-Aldrich) in a 5% by weight ratio 

and ground to form a very five powder. The mixture was then analyzed by the 

infrared spectroscopy. Pure KBr was also used to collect the background spectra. 

The spectra were recorded with 128 scans and 4 cm
-1

 spectral resolution. 

A.4.     SEM Analysis Methodology 

Dried flocs were used for image analysis. The sample particles were 

scattered onto the stub pasted with a thin layer of silicon, then the samples were 

sputter coated with a thin layer of gold before it were examined with Hitachi SEM 

S-2500 (Tokyo, Japan). The samples’ images were examined in the SEM 

instrument by adjusting various parameters including working distance, beam 

current, KV, contrast, and brightness to obtain the highest possible quality for 

images. Photos were taken at 3K, 6K magnification at 8.0KV.  

A.5.     Thermo Gravimetric Analysis (TGA) 

TGA was performed by a thermal analyzer system (TGA/DSC 1, Mettler 

Toledo, Mississauga, ON, Canada) under the 50 standard cubic centimeters per 

minute N2 flow at a heating rate of 10C/min. The experiments started at 30C 
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and finished at 1000C. The temperature was increased to 120C and 400C 

maintaining for 60 min at each temperature to completely remove moisture and 

NAs, respectively. Afterwards, the temperature was raised to 1000C.   

A.6.     BET Surface Area Analysis 

The surface area was determined from the nitrogen adsorption/desorption 

isotherms performed at 350C using a surface analyzer (IQ2MP, Quantachrome, 

FL, USA). Prior to analysis, samples were degassed at 300C for 5 h. The specific 

surface area was calculated by the Brunauer–Emmett–Teller (BET) equation at 

the relative pressure range of 0.01-0.07. The V–t model was used to calculate the 

micropore volume. A density functional theory (DFT) model for slit pores was 

used to obtain the pore size distribution. 

A.7.     Point of Zero Charge (PZC) 

A solid addition method was used to determine the pH of the zero surface 

charge on the adsorbent. 50 mL solutions of 0.1 N NaCl, adjusted to the desired 

pH, were transferred to a series of 125 mL stoppered flasks. The initial pH of the 

solutions was adjusted between 2 and 12 by adding 0.1 N HCl or 0.1 N NaOH and 

recorded as the initial pH (pH0) of the solutions. Then 1 g of PC was added to 

each flask and capped immediately. The suspensions were shaken by the 

incubator shaker for 48 h to reach equilibrium. After the designated time, the final 

pH (pHf) of the supernatant was recorded. The difference between the final and 

initial pH values (ΔpH = pHf – pH0) was plotted against the pH0. The point of 

intersection of the curve at which ΔpH = 0 corresponds to the pHPZC. 

A.8.     Vanadium Speciation 

Vanadium speciation was performed on a HPLC-ICP-MS (HPLC, PE 

Instruments, Shelton, CT, USA and ICP-MS, PE Sciex, Concord, ON, Canada) 

using the method developed by Li et al. [1]. A Perkin Elmer Series 200 HPLC 
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system equipped with an autosampler was connected to a Perkin Elmer Elan 6100 

DRC
plus

 ICP-MS using a 38 cm long piece of Peek tubing (1/16” O.D., 0.007” 

I.D.) (Supelco, Bellefonte, PA, USA). The sample injection volume was 50 µL. 

The mobile phase flow rate was 1 mL/min. The column was a SAX PRP-X100 

column (50 mm  4.1 mm  5 µm) (Hamilton, Reno, NV, USA). A Tukey test 

in combination with ANOVA at 95% confidence interval was used to determine 

whether the obtained results for various PC concentrations were statistically 

different.  

A.9.     Analysis of NAs 

2 mL of the samples was centrifuged for 10 min at 10,000 revolutions per 

minutes (rpm). Following centrifugation, 500 µL of the supernatant was placed in 

a 2 mL glass vial with 450 µL of methanol (Fisher Scientific, Ottawa, ON, 

Canada), and 50 µL of an internal standard (tetradecanoic acid-1-
13

C) (Sigma-

Aldrich, Oakville, ON, Canada) solution was added to result in a concentration of 

200 ng/mL in each sample. A Waters Acquity UPLC® System (Milford, MA, 

USA) was employed for efficient and rapid chromatographic separation of the 

NAs and oxidized products. Detection was performed with a high resolution 

Synapt G2 HDMS mass spectrometer equipped with an electrospray ionization 

source operating in negative ion mode. The system was controlled using 

MassLynx® ver. 4.1. Tuning and calibration were performed using standard 

solutions of lucine enkaphenlin and sodium formate, respectively, provided by 

Waters Corporation (Milford, MA, USA). TargetLynx
®
 ver. 4.1 was used for data 

analysis of the target compounds, and the relative ratio of the chromatographic 

peak area of each analyte to that of the internal standard was calculated for 

subsequent analysis. Chromatographic separations were run on a Waters UPLC 

Phenyl BEH column (1.7 µm, 150 mm × 1 mm,) using a mobile phase of: A, 10 

mM ammonium acetate solution prepared in Optima-grade water, and B, 10 mM 

ammonium acetate in 50% methanol 50% acetonitrile, both Optima-grade. 

Gradient elution was as follows: 1% B for the first 2 min, then ramped to 60% B 
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by 3 min, to 70% B by 7 min, to 95% B by 13 min, followed by a hold until 14 

min and finally returned to 1% B, followed by a further 5.8 min re-equilibration 

time. The flow was constant at 100 µL/min and column temperature was kept at 

50°C, while samples were maintained at 4°C. 

A.10.   Toxicity Test 

A model 500 Microtox® analyzer (Strategic Diagnostic Inc.) was used to 

measure the light emitted by the Vibrio fischeri bacteria as a result of their normal 

metabolic processes, for the toxicity of the samples before and after treatments. 

Freeze-dried bacteria, reconstitution solution, diluent and an adjustment solution 

were purchased from Osprey Scientific Inc. (Edmonton, Canada). Microtox® 

81.9% screening and basic test protocols were used for the toxicity assessment of 

samples (analysis performed using 81.9% of initial sample concentrations). The 

luminescence of reconstituted Vibrio fischeri was measured before and after 15 

min of exposure to diluted samples. The toxicity of the samples before and after 

treatments was evaluated with respect to present of luminescence inhibition (% 

inhibition) and to volume percent of a sample that caused a 20% or 50% decrease 

in luminescence (IC20 and IC50, respectively). Phenol was used as a positive 

control for the Microtox® assay. Toxicity analyses were performed in triplicates 

for each sample.  

A.11.   Adsorption Isotherms 

An adsorption isotherm describes the relation between the equilibrium 

adsorbate concentration in the solution and that on the surface of the adsorbent. 

Common isotherms are Langmuir, Freundlich, and Dubinin-Radushkevich (D-

R)[2, 3]. The Langmuir isotherm assumes that all the surface sites on the 

adsorbent have the same affinity for the adsorbate, while the Freundlich isotherm 

assumes that a distribution of sites exist on the adsorbent, which have different 

affinities for different adsorbates with each site behaving according to the 
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Langmuir isotherm. The D-R isotherm is more general than the Langmuir 

isotherm with the assumption of non-homogenous surface sites, which helps to 

determine the physical or chemical nature of the adsorption by the free adsorption 

energy [4]. The Langmuir, Freundlich, and Dubinin-Radushkevich isotherm 

equations are shown below:  

       Langmuir                                                          (1) 

                 Freundlich                                                        (2) 

  Dubinin-Radushkevich                                      (3) 

where: qm is the maximum adsorption capacity in mg/g.  

         Kads (L/mg) and K [(mg/g)(L/mg)
1/n

] indicate the adsorption affinity of the 

adsorbate. 

         n is the adsorption intensity.  

Kads is used to determine the affinity of the adsorbate for the adsorbent calculated 

by separation factor (RL) as shown below:  

                                                                                     (4) 

where: C0 is the highest initial NAs concentration.  

0 < RL < 1 indicates favorable adsorption, and RL > 1 shows unfavourable 

adsorption of the NAs onto the adsorbents. RL = 1 and RL = 0 show linear and 

irreversible adsorption.  

β (mol
2
/kJ

2
) is the adsorption energy constant used to calculate the mean free 

energy. 

E (kJ/mol) is the adsorption free energy for the transfer of one mole of adsorbate 

from the solution to the adsorbent surface. This value determines whether the 
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process is chemisorption (8 < E < 16 kJ/mol) or physisorption (E < 8 kJ/mol). 

This value is calculated as follows: 

.  

ε is the Polanyi potential calculated as shown below: 

                                                                            (5) 

where: R is the gas constant (8.314 J K
–1

 mol
–1

). 

T is the absolute temperature (K).  
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APPENDIX B: Supporting Figures 
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Figure B1. TOC removal with increasing the concentrations of alum, ferric 

sulfate, and ferric chloride. 
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Figure B2. Turbidity reduction with increasing the concentrations of alum, ferric 

sulfate, and ferric chloride. 
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Figure B3. Peak deconvolution of Al2p after CFS treatment with 250 mg/L alum. 

 

Figure B4. Peak deconvolution of O1s after CFS treatment with 250 mg/L alum. 
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Figure B5. Peak deconvolution of C1s after CFS treatment with 250 mg/L alum. 
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Figure B6. Freundlich, Langmuir, and Dubinin-Radushkevich isotherm plots for 

PC, GAC, and PAC. 
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Figure B7. Peak deconvolution of C1s of (a) PC, (b) GAC, and (c) PAC. 
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Figure B8. Peak deconvolution of O1s for (a) PC, (b) GAC, and (c) PAC. 
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Figure B9. Peak deconvolution of (a) N1s and (b) S2p in PC. 
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Figure B10. Peak deconvolution of Fe2p on the ZVI surface at 25 g/L of ZVI. 
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APPENDIX C: Naphthenic Acid Speciation Tables 
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Table C1. Concentration of NA species in OSPW control sample as a function of 

the carbon number (n) and the cyclicity (-Z) 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0.029408 0.058774 
    11 0.046943 0.189781 0.062416 

   12 0.141541 0.806238 0.221337 
   13 0.203017 1.653681 0.953381 0.091292 

  14 0.200181 2.079854 1.940645 0.298808 
  15 0.124829 1.998283 2.94565 0.764818 0.327834 

 16 0.052371 0.941033 2.050173 0.977018 0.645687 
 17 

 
0.207893 0.700812 0.674231 0.780152 1.723173 

18 
 

0.045881 0.1765 0.266455 0.672847 1.636531 

19 
   

0.061413 0.282464 1.064756 

20 
    

0.095097 0.523753 

21 
     

0.099783 
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Table C2. Concentration and removal of NA species in ZVI at 25 g/L as a function of the carbon number (n) and the cyclicity (-Z) 

Concentration of NA species Removal of NA species 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0.019176 0.035743 
    

34.8 39.2 
    11 0.0 0.104992 0.046684 

   
100.0 44.7 25.2 

   12 0.089234 0.330434 0.128028 
   

37.0 59.0 42.2 
   13 0.096463 0.673715 0.408417 0.072556 

  
52.5 59.3 57.2 20.5 

  14 0.084092 0.780473 0.738091 0.161242 
  

58.0 62.5 62.0 46.0 
  15 0.050048 0.753164 1.075887 0.301774 0.161089 

 
59.9 62.3 63.5 60.5 50.9 

 16 0.0 0.328688 0.683584 0.353476 0.272561 
 

100.0 65.1 66.7 63.8 57.8 
 17 

 
0.065014 0.234807 0.241174 0.316093 0.583898 

 
68.7 66.5 64.2 59.5 66.1 

18 
 

0.0 0.059081 0.083894 0.197237 0.548264 
 

100.0 66.5 68.5 70.7 66.5 

19 
   

0.0 0.080272 0.35879 
   

100.0 71.6 66.3 

20 
    

0.0 0.178526 
    

100.0 65.9 

21 
     

0.042974 
     

56.9 
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Table C3. Concentration and removal of NA species in CZVI at 25 gZVI/L as a function of the carbon number (n) and the cyclicity (-

Z) 

Concentration of NA species Removal of NA species 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0.0 0.02928 
    

100.0 50.2 
    11 0.0 0.057461 0.036945 

   
100.0 69.7 40.8 

   12 0.0 0.123075 0.074664 
   

100.0 84.7 66.3 
   13 0.033588 0.210521 0.154239 0.059402 

  
83.5 87.3 83.8 34.9 

  14 0.0 0.208104 0.197081 0.076612 
  

100.0 90.0 89.8 74.4 
  15 0.0 0.122112 0.21492 0.103104 0.059789 

 
100.0 93.9 92.7 86.5 81.8 

 16 0.0 0.028373 0.083998 0.067152 0.082134 
 

100.0 97.0 95.9 93.1 87.3 
 17 

 

0.0 0.0 0.0 0.053342 0.107239 
 

100.0 100.0 100.0 93.2 93.8 

18 
 

0.0 0.0 0.0 0.023352 0.085329 
 

100.0 100.0 100.0 96.5 94.8 

19 
   

0.0 0.0 0.0 

   
100.0 100.0 100.0 

20 
    

0.0 0.0 

    
100.0 100.0 

21 
     

0.0 
     

100.0 
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Table C4. Concentration and removal of NA species in PC (200 g/L) as a function of the carbon number (n) and the cyclicity (-Z) 

Concentration of NA species Removal of NA species 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0.029684 0.048202 
    

0.0 18.0 
    11 0.068953 0.17286 0.034539 

   
0.0 8.9 44.7 

   12 0.12389 0.709164 0.207992 
   

12.5 12.0 6.0 
   13 0.16412 1.513328 0.861824 0.099737 

  
19.2 8.5 9.6 0.0 

  14 0.160493 1.797417 1.702622 0.259647 
  

19.8 13.6 12.3 13.1 
  15 0.093555 1.581941 2.530034 0.678226 0.283773 

 
25.1 20.8 14.1 11.3 13.4 

 16 0.0 0.560727 1.449445 0.78782 0.544954 
 

100.0 40.4 29.3 19.4 15.6 
 17 

 
0.082172 0.391728 0.454775 0.597355 1.301685 

 
60.5 44.1 32.5 23.4 24.5 

18 
 

0.0 0.060798 0.139142 0.393872 1.103219 
 

100.0 65.6 47.8 41.5 32.6 

19 
   

0.0 0.104182 0.597328 
   

100.0 63.1 43.9 

20 
    

0.0 0.247703 
    

100.0 52.7 

21 
     

0.0 
     

100.0 
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Table C5. Concentration of the oxidized NA species in OSPW control as a function of the carbon number (n) 

and the cyclicity (-Z) 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0.060038 0.092074 
    11 0.104223 0.303592 0.240138 

   12 0.187831 0.520307 0.576697 
   13 0.228443 0.798373 1.081598 0.564392 

  14 0.19746 1.110212 2.032725 1.24767 
  15 0.130749 0.876348 1.836855 1.446507 0.457619 

 16 0.074018 0.515252 1.154271 1.115856 0.586859 
 17 

 
0.199415 0.510553 0.592184 0.530318 0.501069 

18 
  

0.219318 0.336493 0.390208 0.563251 

19 
   

0.171045 0.217255 0.447037 

20 
   

0.091487 0.14274 0.290122 

21 
     

0.154827 
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Table C6. Concentration and increase of oxidized NA species in ZVI at 25 g/L as a function of the carbon number (n) and the cyclicity 

(-Z) 

Concentration of NA species 
Increase in the oxidized NA species 

concentration 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0 0.12462 
    

0.0 35.3 
    11 0.14074 0.29767 0.33137 

   
35.0 0.0 38.0 

   12 0.23166 0.71123 0.84121 
   

23.3 36.7 45.9 
   13 0.22740 1.17564 1.55244 0.68435 

  
0.0 47.3 43.5 21.3 

  14 0.26627 1.70931 2.88558 1.62989 
  

34.8 54.0 42.0 30.6 
  15 0.12980 1.21841 2.66980 1.87820 0.59000 

 
0.0 39.0 45.3 29.8 28.9 

 16 0.0 0.63645 1.66617 1.54734 0.72840 
  

23.5 44.3 38.7 24.1 
 17 

 
0.21676 0.64614 0.78976 0.64028 0.68526 

 
8.7 26.6 33.4 20.7 36.8 

18 
  

0.25202 0.31981 0.48852 0.78331 
  

14.9 0.0 25.2 39.1 

19 
  

0.09628 0.10926 0.24702 0.54244 
  

0.0 0.0 13.7 21.3 

20 
    

0.10826 0.30153 
    

0.0 3.9 

21 
     

0.0 
     

0.0 
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Table C7. Concentration and removal of oxidized NA species in CZVI at 25 g/L as a function of carbon number (n) and the cyclicity 

(-Z) 

Concentration of NA species Removal of oxidized NA species 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0 0.09373 
    

100.0 0.0 
    11 0.08033 0.24193 0.21978 

   
22.9 20.3 8.5 

   12 0.12279 0.51356 0.58821 
   

34.6 1.3 0.0 
   13 0.14356 0.74707 0.94899 0.47367 

  
37.2 6.4 12.3 16.1 

  14 0.15848 1.14376 1.86752 0.99406 
  

19.7 0.0 8.1 20.3 
  15 0.07714 0.72033 1.58724 1.11153 0.38408 

 
41.0 17.8 13.6 23.2 16.1 

 16 
 

0.30498 0.77701 0.78673 0.40416 
  

40.8 32.7 29.5 31.1 
 17 

  
0.21471 0.30503 0.28486 0.37436 

 
100.0 57.9 48.5 46.3 25.3 

18 
   

0.10246 0.17040 0.33380 
   

69.5 56.3 40.7 

19 
     

0.11351 
     

74.6 

20 
     

0.07262 
     

75.0 

21 
     

0.0 
     

100.0 
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Table C8. Concentration of NA species in de-oxygenated OSPW control as a function of the carbon number 

(n) and the cyclicity (-Z) 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0.065499 0.080268 
   

  

11 0.162026 0.402688 0.115799 
  

  

12 0.307374 1.579319 0.510823 
  

  

13 0.463102 3.575214 2.006466 0.222444 
 

  

14 0.369834 4.296581 3.975926 0.545615 
 

  

15 0.301898 4.342384 6.47507 1.751853 0.742233   

16 0.10423 2.022695 4.222258 2.223254 1.440698   

17 
 

0.433029 1.604388 1.316388 1.767072 3.730893 

18 
  

0.304515 0.663288 1.334031 3.549312 

19 
    

0.705258 2.225318 

20 
    

0.211421 1.288232 

21           0.280185 
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Table C9. Concentration and removal of NA species in de-oxygenated ZVI at 25 g/L as a function of the carbon number (n) and the 

cyclicity (-Z) 

Concentration of NA species Removal of NA species 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0.052785 0.081864 
   

  19.4 
    

  

11 0.14789 0.26047 0.10425 
  

  8.7 35.3 10.0 
  

  

12 0.217397 1.162915 0.373324 
  

  29.3 26.4 26.9 
  

  

13 0.335441 2.669358 1.482361 0.156335 
 

  27.6 25.3 26.1 29.7 
 

  

14 0.263583 3.301604 2.765969 0.438136 
 

  28.7 23.2 30.4 19.7 
 

  

15 0.238471 2.988023 4.818667 1.187686 0.476551   21.0 31.2 25.6 32.2 35.8   

16 0.06918 1.441713 3.14227 1.489908 1.085512 
 

33.6 28.7 25.6 33.0 24.7   

17 
 

0.291116 1.093288 0.96423 1.282963 2.63372   32.8 31.9 26.8 27.4 29.4 

18 
  

0.26388 0.420223 1.012426 2.697208   
 

13.3 36.6 24.1 24.0 

19 
    

0.469184 1.545728   
   

33.5 30.5 

20 
    

0.138398 0.884441   
   

34.5 31.3 

21           0.209658           25.2 
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Table C10. Concentration and removal of NA species in de-oxygenated CZVI at 25 g/L as a function of the carbon number (n) and the 

cyclicity (-Z) 

Concentration of NA species Removal of NA species 

n -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 -Z=2 -Z=4 -Z=6 -Z=8 -Z=10 -Z=12 

10 0.040118 0.063944 
    

38.8 20.3 
    11 0.094185 0.222426 0.072267 

   
41.9 44.8 37.6 

   12 0.151036 0.799821 0.266959 
   

50.9 49.4 47.7 
   13 0.220312 1.689221 1.021954 0.127584 

  
52.4 52.8 49.1 42.6 

  14 0.144786 2.007412 1.857379 0.265208 
  

60.9 53.3 53.3 51.4 
  15 0.052675 1.387687 2.489522 0.796995 0.35708 

 
82.6 68.0 61.6 54.5 51.9 

 16 0.0 0.439985 1.231241 0.792994 0.604082 
 

100.0 78.2 70.8 64.3 58.1 
 17 

 
0.0 0.234485 0.333281 0.552615 1.369326 

 
100.0 85.4 74.7 68.7 63.3 

18 
  

0.0 0.093791 0.291438 1.056078 
  

100.0 85.9 78.2 70.2 

19 
    

0.106156 0.394346 
    

84.9 82.3 

20 
    

0.0 0.144376 
    

100.0 88.8 

21 
     

0.0 
     

100.0 
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