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Abstract 
Adsorption of Naphthenic Acids from Oil Sand Process-Affected Water (OSPW) using 

Synthesized Activated Carbon 

Elmira Nazari 

This thesis explores the remediation of naphthenic acids (NAs) from oil sands process-

affected water (OSPW) using activated carbon (AC) derived from petroleum coke (PC) 

chemically activated with potassium hydroxide. The research aims to identify the most effective 

method for the adsorptive removal of NAs by optimizing the use of economically viable KOH 

quantities and to apply Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-

ICR-MS) for species-specific detection and characterization of NAs, crucial for targeting specific 

NAs in future studies. 

Prior research focused on single-species adsorption, establishing a foundational 

understanding of non-competitive adsorption before applying these findings to more complex 

NA mixtures and OSPW. This study builds upon this foundation, addressing a significant gap in 

the literature concerning the use of petcoke-derived AC with low KOH ratios and short activation 

times, which are economically advantageous for large scale applications. 

In this thesis, a comprehensive investigation into the kinetics and isotherms of NA adsorption 

on various ACs including PAC (petroleum coke AC), PWAC (pore-widened AC), HAC (heat-

treated wood-based AC), and CAC (commercial AC) was conducted. The study specifically 

examines the adsorption behaviors of seven model NAs, reflecting the diverse molecular 

structures present in real world OSPW. The research also explores the impact of pore widening 
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techniques on the adsorption efficiency of ACs, hypothesizing that increased mesoporosity 

enhances the adsorption of NA compounds. 

The findings demonstrate that FT-ICR-MS is an essential tool for precisely characterizing the 

NA species in OSPW, revealing that pore-widened ACs significantly improve the adsorption of 

NAFCs. This thesis contributes to the field of environmental remediation by offering new 

insights into the optimization of AC for NA removal, emphasizing the importance of surface 

chemistry and mesoporosity in enhancing adsorption efficiency. The study’s outcomes have 

significant implications for the treatment of OSPW, providing a scalable and cost-effective 

solution to mitigate the environmental impacts of oil sands production. 
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Chapter 1 – Introduction and Research Objectives 
 

1.1 General Introduction to Oil Sands Process-Affected Water (OSPW) 

1.1.1 Oil Sands in Alberta 

The northern Alberta oil sands possess the world's third-largest oil reserves, trailing only 

Venezuela and Saudi Arabia. These reserves are estimated to contain approximately 2.5 trillion 

barrels of recoverable bitumen, a dense and viscous form of crude oil.1,2. As per a government 

report, in northern Alberta, three primary oil sands deposits—Athabasca, Cold Lake, and Peace 

River—span a surface area of approximately > 140,000 km2 (Figure 1). The bitumen production 

from Alberta's oil sands industry reached 2.15 million barrels per day in 2014 and is projected to 

increase to 3.95 million barrels per day by 20303,4.  
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Figure 1.1. Major oil sands areas in Alberta, Canada, Source: (Alberta Energy Regulator and Alberta Geological Survey) 

The surge in demand, coupled with technological advancements, has resulted in the swift 

expansion of the oil sands industry3. Over the period from 1999 to 2013, investments totaling 

around $201 billion were injected into the industry5. As the ongoing growth and expansion 

persist, growing concerns emerge regarding the remediation of tailings ponds containing 

hazardous wastewater and the significant extraction of fresh water from the nearby 

Athabasca River3,6. 

1.1.2 Process of Extracting Oil 

The oil sands are comprised of compressed deposits of sand, silt, clay, water, and bitumen. 

Typically, they consist of approximately 6 to 14% bitumen by weight, with 80 to 85% 

constituting mineral solids, and the remaining balance composed of water7,8. Bitumen is 

characterized as a naturally occurring, highly viscous mixture of hydrocarbons that cannot be 

recovered in its natural state through conventional oil well production methods, including 

currently employed enhanced recovery techniques3. 

In Alberta, bitumen extraction typically involves two methods: surface mining (open pit 

mining) and in-situ extraction utilizing thermal recovery methods9.The primary method of oil 

extraction employed by the two major oil producers in Alberta, namely Suncor Energy Inc. and 

Syncrude Canada Ltd., is surface mining which significantly transforms the landscape3,10. Open-

pit mining is employed for oil sand deposits located within 75 meters of the surface. Initially, oil 

sands material from shallow deposits is transported to crushers by large trucks. Subsequently, it 

is commonly conveyed as a slurry from the mining area to the extraction plant11. The bitumen, a 

dense mixture of hydrocarbons that undergoes transformation into crude oil, is extracted using 

the Clark Hot Water Process12,13. Water sourced from the Athabasca river is heated, and a caustic 
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soda (NaOH) is introduced into the slurry to enhance bitumen separation and facilitate the 

release of surfactants9,14. The slurry is subsequently transported through pipelines to primary 

separation vessels, where bitumen separation is achieved through flotation. The isolated bitumen 

is then conveyed to the froth treatment plant, where it undergoes upgrading to 

become crude oil14,15 

While this approach proves highly effective for bitumen extraction, it comes with the 

drawback that approximately 3 barrels of water are utilized for one barrel of crude oil produced. 

This produced water, known as oil sands process-affected water (OSPW), exhibits high toxicity 

to biological organisms and represents a significant environmental and economic challenge for 

the ongoing development of this resource15–17.  

Suncor Energy Inc. and several smaller extraction companies have also adopted a second 

extraction method known as in-situ mining. In-situ operations distinguish themselves from open-

pit mining by extracting bitumen from ore deposits situated at depths below 75 meters 

through drilled wells3,13. In-situ operations have the capability to recover and recycle 

approximately 90% of the water employed, with the remaining portion being lost 

into the ground3,18. Three commonly employed in-situ methods include Cycle Steam Stimulation 

(CSS), Steam Assisted Gravity Drainage (SAGD), and the Vapor Extraction 

Process (VAPEX)3,9,12. In Cycle Steam Stimulation, a single well is alternated between 

production (extraction) and steam injection. This method yields relatively low bitumen recovery, 

typically ranging from 20-25%, with cycle times averaging 6-8 months3,19. Steam Assisted 

Gravity Drainage utilizes horizontal drilling techniques initially developed for 

petroleum production. Steam Assisted Gravity Drainage proves more cost-effective than Cycle 

Steam Stimulation and achieves superior recovery rates. Currently, companies are exploring 
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combinations of both methods to enhance recovery rates 13. Another method utilizing a heat 

carrier is the Vapor Extraction Process, akin to Steam Assisted Gravity Drainage but employing 

vaporized solvents instead of steam to liquefy bitumen for subsequent extraction3,12 

The resultant OSPW is mildly alkaline, highly saline, and poses acute toxicity to aquatic 

organisms. This toxicity is primarily attributed to the elevated concentrations of organic 

compounds leaching from bitumen during the extraction process20. Tailings water produces at a 

daily rate of one billion liters, given that approximately 4 m3 of OSPW are discharged per 1 m3 

of bitumen extracted from oil deposits 11,21. This has led to the generation of over 720 billion 

liters of OSPW, which is currently stored in tailings ponds, covering an expansive 

area of 170 km²3,11,20. Because of Alberta's zero discharge regulation, oil sands producers are 

unable to discharge the processed water back into rivers. Consequently, they are obliged to store 

all processed waters and tailings on-site, leading to the accumulation of substantial volumes of 

water in tailings ponds9,12.  

OSPW is composed of a combination of residual bitumen, dissolved salts, minerals, 

inorganic compounds, and a diverse array of organic compounds. These include polyaromatic 

hydrocarbons (PAHs), benzene, phenols, humic and fulvic acids, as well as toluene and 

naphthenic acids (NAs)22,23. The existence of NAs significantly contributes to the acute toxicity 

observed in OSPW24,25. therefore, treatment technologies focused on mitigating OSPW toxicity 

have specifically aimed at removing these compounds13,26.  
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1.2 Oil Sands Naphthenic Acids 

1.2.1 Origin 

NAs constitute a natural component present in deposits of bituminous oil sands. While the oil 

sands industry has been increasingly adopting the in-situ SAGD process for bitumen recovery, 

surface mining and extraction methods have been more prevalent among companies 

in recent decades27,28. The latter approach has been argued to be more efficient, yet it also 

generates a larger volume of waste7,8. The reported range for the concentration of extractable 

organic acids in tailings ponds is between 40 and 125 mg/L3,20. Within the Athabasca oil sands 

leases, these organic acids are discharged under alkaline conditions.  

1.2.2 Properties of Naphthenic Acids 

NAs consist of a mixture of alicyclic and aliphatic carboxylic acids that are chemically stable 

and non volatile and serve as surfactants owing to their hydrophobic (non-polar aliphatic) and 

hydrophilic ends (carboxyl group)11,29. These substances are naturally present in petroleum, with 

varying concentration levels determined by the specific source of the petroleum12,17,23,30. These 

organic acids can be expressed by the general chemical formula 𝐶𝑛𝐻2𝑛+𝑧𝑂2, where 'n' signifies 

the carbon number, and 'z' is either zero or a negative even number, denoting the quantity of 

cyclic rings in a particular homologous series17,29,31–33. Figure 1-2 illustrates examples of 

fundamental acyclic, monocyclic, bicyclic, and tricyclic NAs. 
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Figure 1.2. Examples of classical NAs where R represents an alkyl chain.  

The ring structures present in NAs usually consist of 5 or 6 carbon atoms arranged in diverse 

combinations. Consequently, a wide variety of NAs exists, characterized by distinct functional 

groups and levels of aromaticity. There are numerous other NA compounds that do not follow the 

formula of classical NAs, like aromatic NAs and other heteroatom containing NA species. This 

diversity leads to variations in toxicity levels among different NAs species23,34. The molecular 

weight (MW) of NAs undergoes a change of 2 mass units (𝐻2) within the Z series and 14 mass 

units (𝐶𝐻2) within the n series35. As reported, NAs originating from OSPW may possess 

numerous carboxylic acid groups, along with compounds containing nitrogen 

(N) and sulfur (S)30,36. Hence, the general formula employed to depict NAs is an 

oversimplification, encompassing not just the NA mixture but also traditional NAs. The Z-value 

may arise from factors such as aromaticity or double bonds, not solely the count 

of rings present11. The exact number of different types of NAs present in OSPW can be 

considerable, reflecting the complexity and diversity of these compounds in the environment6,17. 

Advanced analytical techniques, such as high-resolution mass spectrometry, have identified 

hundreds to thousands of distinct NA molecular species in OSPW36. 
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The solubility of NAs in water is contingent on pH; nonetheless, they exhibit high solubility 

in organic solvents. Due to the alkaline pH of OSPW37, NAs take on the form of water-soluble 

salts within the tailing’s ponds. The acid dissociation constant of NAs falls within the range of 

10-5 to 10-6 (𝑝𝐾𝑎= 5-6), rendering them weaker acids when compared to low molecular weight 

carboxylic acids like acetic acid (𝑝𝐾𝑎= 4.7). Nevertheless, their dissociation constants closely 

align with those of common fatty acids3,37.  

1.2.3 Toxicity and Corrosiveness of Naphthenic Acids 

 NAs are considered the primary toxic constituents of OSPW 3,6,11. Their bioavailability and 

persistence are believed to be significant, contingent upon their specific structural 

characteristics16. Because of this, coupled with the discovery of NA concentrations ranging from 

0.4 to 51 mg/L in the groundwater around the oil sands, as reported by Clemente & Fedorak 

(2005), numerous studies have explored the toxicity of NA mixtures in isolation. The water 

solubility promotes the transportation of NAs in both surface water and groundwater, facilitating 

potential uptake by plants and animals23. Toxicological studies have established that NAs are the 

predominant components of tailings pond water responsible for both acute and chronic toxicity 

in various organisms, including fish, amphibians, zooplankton, and certain mammals like rats 

and guinea pigs23,38. To underscore the level of toxicity observed in tailings pond water, Allen et 

al3 noted that NAs concentrations exceeding 2.5-5 ppm were deemed toxic to fish species. 

Meanwhile, the concentration of NAs in tailings pond water typically falls within the 

range of 20-120 ppm. In contrast, the Athabasca River, a neighboring freshwater source, exhibits 

a NAs concentration of less than 0.01 ppm31. While the toxicity of NAs is specific to each 

species, and the degree of toxicity varies with structural composition, the leaching of OSPW into 

groundwater and nearby freshwater sources can pose significant environmental hazards12,39.  
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1.2.4 Analytical Methods for Detection and Quantification of NAs 

The diverse structural variability of oil sands NAs has presented challenges in achieving 

accurate quantification and characterization. Also, NAs exhibit considerable similarity in terms 

of potential chromophores, making it difficult to differentiate them using techniques such as 

Fourier Transform Infrared Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR), and UV-

vis spectroscopy. To address this, various analytical techniques have been developed. Some are 

specifically employed to ascertain the overall concentration of NAs in the aqueous phase, while 

others can provide insights into their structural composition.  

Standard techniques for identifying and quantifying NAs include Fourier transform infrared 

(FTIR) spectroscopy, gas chromatography-mass spectrometry (GC-MS), high-performance 

liquid chromatography (HPLC), negative ion electrospray ionization-mass spectrometry (ESI-

MS), and high-resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-

MS)12,33,40,41. These methods provide an approximate response that can be correlated with the 

concentration of NAs in the absence of interferences. However, due to the compositionally 

similar but structurally unique nature of NAs, there is currently no specialized method for the 

comprehensive identification or precise quantification of individual acids within the mixture. 

The primary method for detecting and quantifying NAs in general has been a Fourier-

transform infrared (FTIR) spectroscopy-based approach developed by researchers at Syncrude 

Ltd. 42,43. This method relies on the infrared (IR) absorbance of carboxylic acids in an organic 

solvent extract phase for detection. Therefore, NAs are extracted from the acidified aqueous 

phase (acidified the original filtered OSPW sample by adding concentrated HCl to lower the pH 

to 2) into dichloromethane44. The absorbance peak heights of the monomeric and dimeric forms 

are assessed at 1743 and 1704 cm-1 respectively12,27. The total peak height is directly correlated 
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with the concentration of NAs. Therefore, the concentration of NAs in an unknown sample is 

established by comparing the combined absorbance peak height of the sample with those in a 

calibration curve derived from FTIR analyses of solutions prepared using 

commercially available NAs42.  

Because of its robustness and cost-effectiveness, this FTIR technique has found extensive use 

in both the oil sands industry and the scientific community12,42. However, the technique has its 

limitations. As the detection relies on the IR absorbance of all carboxylic acids in a solution, it 

cannot distinguish between various NA species. In essence, it only quantifies the total 

concentration of NAs without providing details about the structural composition. Similarly, the 

technique is unable to distinguish between classical, oxygenated, and unconventional NAs 

containing phenol, thiophene, and pyrrole groups due to the same limitation27.  

Gas chromatography coupled with mass spectrometry (GC-MS) has been employed for the 

quantification and characterization of NAs. This approach necessitates a pre-derivatization step 

to produce t-butyldimethylsilyl esters of NAs, which are subsequently analyzed using GC-MS45. 

The reported detection limit for this method is 0.01 ppm27,45. Nevertheless, it should be noted 

that the method assumes the complete and equal derivatization of all the NA species by the 

derivatizing agent, which may not always be achieved. 

Mass spectrometry stands out as the prevalent detection technique in NA analysis, and it can 

be utilized either independently, or as mentioned earlier, in conjunction with a chromatographic 

technique. Various forms of mass spectrometry are applied in NA analysis, with Electrospray 

Eonization MS (ESI-MS) being a favored technique. This preference arises because non-polar 

contaminants in NA mixtures encounter difficulty in forming ions within the ESI-MS process46–

48. Several studies have determined that operating electrospray ionization mass spectrometry 
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(ESI-MS) in negative mode is more effective for NA detection49. However, it is worth noting that 

other dissolved organic acids may interfere with the detection process, and the elevated 

concentrations of inorganic salts in OSPW can potentially overwhelm the mass spectrometry 

system with charged ions, causing harm to the instrument49.  

Ultrahigh-resolution mass spectrometry with a resolution exceeding 100,000 has increasingly 

played a vital role in advancing our understanding of the molecular composition of petroleum. 

This expanding field of study, commonly referred to as "petroleomics"50,51, incorporates 

techniques such as Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). 

FT-ICR-MS has been at the forefront of this field due to its exceptional resolving power and 

mass accuracy50,52. These characteristics are highly suitable for investigating complex mixtures. 

Electrospray ionization (ESI) enables the examination of both the acidic and basic components 

present in fossil fuels52. While examinations of OSPW have historically concentrated on 

characterizing NAs, it has become increasingly apparent that numerous additional components 

merit deeper investigation. Ultrahigh-resolution mass spectrometry has proven to be invaluable 

for analyzing mixtures related to the Athabasca region53. Headley et al. employed Electrospray 

Ionization Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry (ESI-FT-ICR-MS) to 

emphasize the existence of sulfur-containing compounds in oil sands extracts36,54. Research 

conducted by Barrow et al. analyzed a specific OSPW sample using both Electrospray Ionization 

(ESI) and Atmospheric Pressure Photoionization (APPI). This study underscored the diversity of 

compound classes present and emphasized how the choice of ionization method significantly 

influences the observed components55. Subsequently, Grewer et al. utilized ESI Fourier-

Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR) to explore various water and 

OSPW samples. They concluded that less than 50% of the detected ions could be classified as 
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oxy-NAs, suggesting the adoption of the term "OSTWAEO" or oil sands tailings water acid-

extractable organics to encompass the broad spectrum of compound classes involved30.  

1.2.5 Remediation Techniques of OSPW  

As previously mentioned, OSPW is presently being stored in tailings ponds near the oil sands 

sites, and the volume of OSPW continues to grow1,23. There is a concern that contaminants may 

leach into the Athabasca River due to the close proximity of the tailings ponds to the river, 

posing a potential threat to the aquatic environment3,30. At some point, all oil sands companies 

will need to remediate OSPW for safe discharge into the environment because all lands used for 

oil sands operations, including tailings ponds, are expected to be required to be 

eventually reclaimed3. OSPW must adhere to standard guidelines to ensure its safe discharge into 

the environment. Consequently, the removal of organic compounds, including NAs, is identified 

as the top treatment priority27. To effectively eliminate contaminants such as dissolved and 

suspended solids, dissolved organic compounds, and insoluble hydrocarbons, a series of 

sequential treatment processes is expected to be required7.  

Successful remediation of NAs plays a crucial role in the reclamation endeavors associated 

with oil sands tailings ponds. Various techniques, including biodegradation, photocatalytic 

degradation, ozonation, nanofiltration, sequestration using cyclodextrin-based polymers, and 

adsorption by activated carbon (AC), have been explored and documented in the literature for 

remediating NAs from OSPW38,39,56–60.  

The microbial degradation of NAs usually results in the production of CO2, fragmented 

organic compounds, and water38. Nevertheless, the degree of degradation depends on the 

molecular weight and chemical structure of the compounds. Scott et al. (2005) noted that low 
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molecular weight NAs are more prone to biodegradation compared to high 

molecular weight NAs31. It has been proposed that the biodegradation rate is predominantly 

influenced by the chemical structures of NAs. The more resistant NAs are those with higher 

degrees of aliphatic chains, methyl-substituted cycloalkane rings, and increased cyclicity31. The 

efficacy of photocatalytic degradation is constrained by its reliance on the molecular weights and 

cyclicity of the compounds.  Ozonation of NAs does not result in complete degradation and 

consequently generates various by-products, including aldehydes, ketones, peroxides, and other 

carboxylic constituents56,57. Some of these by-products might even pose greater hazards than the 

original compound31,57.  

Adsorption stands out as one of the most efficient methods for remediating wastewater, 

thanks to its high efficacy in removing contaminants21,27,61,62. Unlike some of the remediation 

techniques mentioned earlier, adsorption allows for the complete removal of persistent 

contaminants, rather than breaking them down into smaller, potentially more harmful fragments 

23,63. Utilizing porous adsorbents like AC offers a significant advantage in that its physical and 

chemical properties can be customized to specifically target certain contaminant species. This 

customization enhances the overall adsorption affinity of the adsorbent for the contaminants26,64.  

1.3 Production of Activated Carbon from Petroleum Coke 

Among all the different treatment methods for NA removal, adsorption has gained significant 

attention due to its high efficiency and fast removal rates. A very broadly useful adsorbent is AC 

which can be produced from a wide range of feedstocks. One possible feedstock related to the 

activities of the oil extraction industry is petroleum coke. Petroleum coke (PC) is a waste-

product of the bitumen upgrading process. It is a carbonaceous solid (80-85 wt% carbon), non-

porous and consequently, with very low specific surface area. In 2011, Alberta's oil sands 
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operations generated about 10 million tons of petroleum coke (petcoke) annually. Comparatively, 

the coal and other industries consumed around 5 million tons of petcoke each year. By the close 

of 2011, Alberta had amassed a petcoke stockpile of roughly 72 million metric tons. Given that 

between 15% and 30% of a barrel of bitumen from tar sands typically converts into petcoke, 

there's a notable chance to repurpose this petcoke into a more beneficial product. Through 

effective enhancement and precise chemical or thermal modification of its surface properties, it 

is possible to transform petcoke into economically and environmentally beneficial AC, which 

can be utilized in environmental cleanup efforts63.Studies have indicated that petroleum coke can 

be thermally treated with an activating agent to produce AC with high specific surface area. The 

term “activated carbon” refers to a wide range of high carbon content amorphous materials. 

Through various chemical and physical methods, high carbon content feedstocks can be 

converted to a disordered inorganic carbon material which is typified by very high specific 

surface areas, varying pore size distribution and a range of surface functional groups.  

Figure 1.3 shows three different types of interactions that describe how molecules are 

adsorbed onto the surface of activated carbons. As is shown in figure 1.3 (a), physisorption refers 

to the adsorption of diphenylacetic acid molecule onto the activated carbon’s surface through 

weak van der Waals forces. It is generally reversible and occurs without significant changes to 

the structure of the adsorbed molecule. Figure 1.3 (b) depicts the adsorption of 

cyclohexaneacetic acid onto the surface via hydrogen bonding which is a specific type of dipole-

dipole interaction and occurs between a hydrogen atom covalently bonded to an electronegative 

atom like oxygen and another electronegative atom. The carboxylic acid group interacts with a 

hydroxyl (-OH) on the activated carbon surface, emphasizing the role of functional group in 

facilitating specific adsorbate-surface interactions. Figure 1.3 (c) demonstrates chemisorption 
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adsorption of a deprotonated molecule through a covalent bond formation with the activated 

carbon surface. This interaction represents a strong and irreversible chemical bonding process, 

altering the structure of the molecule. 

 

Figure 1.3. Three types of adsorption mechanisms on the surface of activated carbon: a) physisorption; b) H-bonding; and 

c) chemisorption. 

 Various activation methods have been adopted for increasing the specific surface area and 

pore size distribution, and customization of functional groups on the material’s surface based on 

the target adsorbate. Most of the earlier research used chemical activation methods using KOH or 

some other alkali metal hydroxides. Barnard, et al. used petcoke to produce AC using KOH as a 

chemical activation agent for the uptake of NAs. Similarly, Niasar, et al used activated PC. Two 

different amination processes of the AC surface were used to vary the surface chemical 

functionality. They found that KOH activation of petroleum coke improved the adsorption of 

three specific NAs significantly using a KOH to PC mass ratio of 3:1. They found that although, 

generally KOH AC adsorbents with a higher specific surface area and pore volume provide better 

adsorption capacity, the textural properties of surface areas and pore volume are not the only 

parameters determining the adsorption capacity. Other parameters such as surface functionalities 
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and solution pH play important roles on the adsorption capacity of the produced adsorbents for 

NAs6,26.  

Takayuki et al. worked on improving the NA adsorptivity using KOH activated AC from 

petcoke feedstock. They revealed that the surface functionality as well as the textural properties 

were dependent on the KOH content, temperature and activation time. Similarly, Lu et al. 

examined the importance of preactivation treatment of the feedstock. They identified the 

presence of C–O, C–O–C, C–O–H and some alkyl species on the surface of the precursors. 

These surface functional species were proposed to play a key role in the pore development 

during KOH activation. They concluded that the surface area and the pore size distribution of the 

AC can be controlled by optimizing the conditions of activation processes65.  

1.4 Thesis Objectives  

My overarching research goal is twofold: 

1) To identify the best adsorptive removal of NAs from oils sands process-affected waters 

using petroleum coke-derived AC chemically activated with economically viable KOH 

quantities 

2) To apply a species-specific detection method, in our case FT-ICR-MS, to precisely 

characterize the NA species as this is essential for subsequent research to target prioritized 

specific NAs.  

Prior to the research described in this thesis, our lab group has primarily focused on the 

investigation of the adsorption of individual model NAs. This is so that the non-competitive 

adsorption process could be elucidated to establish a baseline understanding of single NA species 

before undertaking adsorption from more complex NA mixtures and actual OSPW. We were 

interested in evaluating which NAs are not adsorbed using ultrahigh resolution ESI-FT-ICR-MS 
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measurement technique to identify whether there is any kind of NA speciation dependant 

adsorption. 

Currently very little has been reported on adsorption of NA’s using petcoke derived AC with 

low ratios of KOH and short activation times both of which parameters result in a much more 

economically viable generation of AC. The context of our research is particularly relevant given 

the environmental challenges associated with oil sands production. One of the primary issues is 

the impact on water quality, where contaminants can severely affect ecosystems and human 

health. The petroleum coke that could be transformed into AC is situated at the same site as the 

tailings ponds requiring treatment. Given the large volumes of AC needed to address the tailings, 

it is beneficial to have the raw material nearby. Constructing a facility on-site would reduce both 

the financial and environmental costs associated with transporting the required adsorbent. 

In our laboratory, a major industrial collaboration is underway to design, synthesize and 

characterize AC from petcoke feedstocks using more economically viable processing conditions. 

My research explores the application of these novel and economical AC materials for NA 

adsorption from OSPW. Our process uses chemical activation of PC using KOH with KOH/PC 

mass ratios of between 0.5 and 2 and maximizes the adsorption of NAs mixtures and actual 

OSPW by enhancing the surface chemistry of the AC, increasing mesoporosity, and increasing 

surface area. 

To the best of my knowledge, the discussion of the ESI-FT-ICR MS results concerning the 

NAs extracts from (OSPW) after treatment with AC, as presented in the thesis, is novel. 

Ultrahigh resolution mass spectrometry with Electrospray Ionization (ESI) proves advantageous 

in characterizing NAs, providing an optimal analytical window for detecting polar, heteroatom-

containing compounds. It offers chemical insights into the composition of NAs in OSPW, 
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information that is not easily attainable through traditional chromatographic analysis. 

Additionally, FT ICR MS has demonstrated its suitability as the most ideal technique for 

monitoring crucial environmental processes related to petroleum organics. This contributes to a 

better understanding of the environmental fate of NAs, especially in multi component 

systems like OSPW. 
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Chapter 2 - Methodology and Characterization 

Techniques 
 

2.1 Characterization Techniques 

The characterization of activated carbon materials and their adsorption properties necessitates 

the utilization of numerous analytical tools. In this chapter, an overview of the four instrumental 

techniques will be provided, focusing on their principles, methodologies, and applications in the 

analysis of these materials. 

2.1.1 Total Organic Carbon Analyzer (TOC) 

The measurement of Total Organic 

Carbon (TOC) is a widely employed method 

for assessing the level of organic 

contamination present in water. TOC serves 

as an indirect indicator of organic molecules 

within water, quantified in terms of carbon 

content66. The introduction of organic 

molecules into the wastewater occurs through 

various sources such as the initial water 

supply, purification processes, and materials within the waste management system. The 

analytical technologies employed for TOC measurement share the common goal of fully 

oxidizing organic molecules (using a catalytic oxidation combustion technique at 680 ºC) within 

a sample of water into carbon dioxide (CO2), measuring the resulting CO2 concentration, and 

presenting this outcome as carbon concentration59,66. It is imperative to differentiate between 

Figure 2.1. TOC Analyzer to measure the residual organic 

carbon in naphthenic acid solution 
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inorganic carbon, potentially originating from dissolved CO2 and bicarbonate in the water, and 

the CO2 produced through this oxidation of organic molecules in the sample. 

A method employed for TOC measurement includes subtracting the measured inorganic 

carbon (IC) from the total carbon (TC) measurement. The total carbon encompasses both organic 

and inorganic carbon components10,59.  

                                                          TOC = TC -IC                                                    Eq (1) 

Figure 2.2 shows a schematic diagram showing TOC measurement using TOC analyzer.  

 

Figure 2.2. Schematic diagram showing TOC measurement using TOC Analyzer  

By sparging samples with a slight HCl addition and reducing the pH to 2, the inorganic 

carbon in the sample undergoes conversion into carbon dioxide. After removing this carbon 

dioxide, the total organic carbon (TOC) is determined by measuring the total carbon (TC) in the 

treated sample. It is important to note that during the removal of carbon dioxide from the 

inorganic carbon (IC), some purgeable organic carbon (POC) may also be lost. Consequently, the 

TOC obtained through this method is known as Non-Purgeable Organic Carbon (NPOC). 
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In this work, all adsorption tests were conducted in triplicate, and the samples were filtered 

using disposable 45 µm syringe filters before being analyzed with a Shimadzu TOC-VCPH 

analyzer. The analysis was performed using either the Total Carbon /Inorganic Carbon (TC/IC) 

method or the Non-Purgeable Organic Carbon (NPOC) method. 

2.1.2 Surface Area and Pore Size Distribution Characterization 

BET (Brunauer-Emmett-Teller) surface area analysis is a widely used method for measuring 

the specific surface area of materials, particularly porous materials such as catalysts, adsorbents, 

and other nanostructured materials. The technique is based on the physical adsorption of gas 

molecules on a solid surface. Upon exposure of a solid surface to a gas, there is an initial surge in 

adsorption of the gas molecules onto the surface, followed by the establishment of equilibrium 

between adsorption and desorption rates. By maintaining a consistent temperature throughout 

this phenomenon, the equilibrium position becomes contingent only on the system's pressure. 

This relationship can be assessed through a volumetric technique, involving the introduction of a 

specified gas quantity to the adsorbent under constant temperature conditions67. At the pressure 

equilibrium (p), the quantity of adsorbed gas (nº) is determined by subtracting the gas amount 

introduced from the amount necessary to occupy the space. A graphical representation of the 

amount of adsorbed gas versus the equilibrium relative pressure (p/pº) of the gas, maintained at a 

constant temperature, enables the creation of an adsorption isotherm68. Adsorption isotherms 

play a crucial role in assessing various properties of an adsorbate, such as surface area, pore 

volume, pore size distribution, and heat of adsorption67.  

In accordance with IUPAC standards, most physisorption isotherms fall into six distinct 

types, as illustrated in Figure 2.3. The reversible Type I(a) and I(b) isotherms exhibit a rapid 

increase in adsorption at low p/pº values, followed by a plateau as p/po approaches 1. This 
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isotherm pattern signifies the formation of a monolayer 

and is commonly observed in microporous materials 

with comparatively diminutive external surfaces. The 

swift adsorption rate at low p/pº values is attributed to 

the filling of micropores, and materials predominantly 

featuring narrow micropores exhibit a more rapid rate 

compared to those with wider micropores and potentially 

narrow mesopores69. The reversible Type II isotherm 

configuration is frequently observed in non-porous or 

macroporous adsorbents, allowing for unhindered 

monolayer-multilayer adsorption. In this isotherm, 

monolayer adsorption extends until point "B" on the 

graph, marking the commencement of multilayer adsorption69. The reversible Type III isotherm 

displays a convex shape concerning the p/pº axis, signifying mild interactions among adsorbate 

molecules. In this scenario, a monolayer doesn't develop, as the adsorbate molecules cluster 

around the most favorable sites on the surface of a nonporous or microporous solid69. 

Mesoporous adsorbents exhibit Type IV isotherms, marked by the presence of a hysteresis loop. 

Initially, there is adsorption of a monolayer-multilayer on the mesopore walls, followed by 

capillary condensation. Capillary condensation takes place as the gas transitions to a liquid-like 

phase within a pore, leading to multilayer adsorption originating from the liquid-like phase69. 

Type V isotherms exhibit a resemblance to Type III isotherms in the lower p/po range, indicating 

weak interactions between adsorbent and adsorbate. With increasing p/pº, molecular clustering is 

Figure 2.3.  types of isotherms 

Figure 2.3. IUPAC 6 types of isotherms 

(Taken from ref 96) 
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succeeded by pore filling69. On the other hand, the Type VI isotherm signifies a gradual, stepwise 

multilayer adsorption on a uniform and non-porous surface68. 

The Brunauer-Emmett-Teller (BET) equation is a frequently employed tool for analyzing 

isotherm data, offering quantitative insights into the surface area68. The BET equation operates 

under the assumption of multilayer adsorption, with the linear format of the equation utilized to 

determine the BET monolayer capacity (na
m) (Eq 2), 

                                        
𝑝

𝑛𝑎(𝑝𝑜−𝑝)
=  

1

𝑛𝑚
𝑎 𝐶

+
(𝐶−1)

𝑛𝑚
𝑎 𝐶

(
𝑝

𝑝𝑜
)                                               Eq (2) 

Here, na represents the amount adsorbed at the relative pressure p/pº, and C is a constant 

associated with the enthalpy of adsorption. In conjunction with monolayer adsorption, the 

equation necessitates a linear correlation between p/nº (pº-p) and p/pº. Typically, this constraint is 

applicable to p/pº values ranging from 0.05 to 0.30. Derived from the BET monolayer capacity, 

the specific surface area (as) can be computed using Eq (3). 

                                                        𝑎𝑠 =
𝐴𝑠

𝑚
=  

𝑛𝑚
𝑎 ∙𝐿∙𝑎𝑚

𝑚
                                                Eq (3) 

Here, As represents the surface area, and m denotes the mass of the adsorbent. The definition 

of As involves the multiplication of the BET monolayer capacity, the molecular cross-sectional 

area (am), and Avogadro’s constant (L). 

In this study, the specific surface areas of all activated carbon (AC) samples were determined 

using a Tristar II Plus surface area and porosity analyzer. N2 adsorption at 77 K was employed 

for analysis, encompassing 50 points for adsorption spanning between 0.0065 p/p0 and 0.995 

p/p0, and 52 points for desorption ranging from 0.995 p/p0 to 0.104 p/p0. The reported surface 

areas were determined through BET surface area analysis.  
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2.1.3 X-Ray Photoelectron Spectroscopy (XPS) 

 X-ray photoelectron spectroscopy (XPS) is a technique used to analyze surface 

characteristics, revealing details about a material's elemental and chemical composition, as well 

as the chemical speciation of its elements. This method involves bombarding the surface with X-

ray photons, causing core electrons to be emitted. When X-ray light hits a material, it can transfer 

its energy to the electrons in the core shell part of the material, causing these electrons, known as 

photoelectrons, to be pushed out. Other electronic phenomenon may occur as well however XPS 

uses the information provided by the photoelectron to characterize the surface.70.  

The kinetic energy of the photoelectrons is measurable and can be defined by Eq 4.  

                                                       𝐸𝑘 = ℎ𝑣 −  𝛷 − 𝐵𝐸                                              Eq (4) 

The process involves the photon energy (hv), interacting with the spectrometer's work 

function (Φ) and the electron's binding energy (BE), crucial for understanding the characteristics 

of the initial state of the photoelectron. 

In our study, The XPS analyses were carried out with a Thermofisher Scientific K(alpha) 

spectrometer using a monochromatic Al K(alpha) source (15mA, 15kV). The instrument work 

function was calibrated using sputter cleaned Au, Ag and Cu to determine the absolute linearity 

of the binding energy scale, with 83.96 eV for the Au 4f7/2 line for metallic gold, 368.21 eV for 

Ag 3d5/2, and 932.62 eV for the Cu 2p3/2 line of metallic copper. Survey scan analyses were 

carried out with 200 eV pass energy and a 1 eV/step. High resolution analyses were carried out 

with an analysis area of 300 x 700 microns and a pass energy of 20 eV. Spectral analysis 

including peak fitting was done using CASA XPS Software (version 2.31) with the spectra being 

corrected to the main line of the carbon 1s spectrum at 284.85 eV. 
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2.1.4 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR MS) and 

Electroscopy Ionization (ESI) 

2.1.4.1 Theoretical Foundations and Principles in Fourier Transform Ion Cyclotron Resonance 

Mass Spectrometry (FT-ICR MS) 

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR MS) stands out as 

a highly effective analytical instrument for molecular analysis of intricate organic blends, 

including raw or weathered petroleum, non-aqueous phase liquids (NAFCs), and natural organic 

matter. Pioneered by Comisarow and Marshall in 1974, FT-ICR MS has played a crucial role in 

numerous scientific breakthroughs over the past five decades. When coupled with diverse 

ionization methods, it enables the identification of both polar and non-polar molecules that may 

not be readily detected through chromatographic measurements(McKenna et al. 2013).  

Marshall et al. (1998) present a comprehensive elucidation of the physics and mathematical 

principles underpinning the design of FT-ICR MS instruments. Illustrated in Figure 2.4 is a 

simplified schematic delineating the various processes involved in generating a mass spectrum 

using FT-ICR MS instruments. In Figure 2.4(a) and Equation (5), ions move within a spatially 

uniform and static magnetic field, denoted as B, rotating in a confined space at a cyclotron 

frequency, vc, measured in Hz or rad/sec. This frequency is parallel to the magnetic field and 

inversely proportional to the mass-to-charge ratio (m/z). 

                                                         𝑣𝑐 =
𝑧𝐵

𝑚
                                             Eq (5) 

Raising the magnetic field strength to several Tesla (T) results in enhancements to mass 

accuracy, dynamic range, and the duration of analysis73. The confined ions' cyclic motion is 

identified by gauging the image current generated as the ions traverse the detection plates. These 
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currents exhibit distinctive geometric waveforms, oscillating periodically. Consequently, the 

frequency, entirely distinctive to the ion's mass-to-charge ratio, can be determined from this 

characteristic pattern. In Figure 2.4a, the ensuing time-domain image current signal is 

showcased, a result of ions passing through electrodes. Fourier Transform data reduction is then 

employed to transform these current signals into a frequency, as depicted in Figure 2.4c. 

Ultimately, the ion cyclotron frequencies are translated into a mass spectrum through the 

application of a calibrated frequency-to-m/z conversion factor, outlined in Figure 2.5d. 

 

 

2.1.4.2 Electrospray ionization (ESI) 

For optimal outcomes with FT-ICR MS instrumentation, a crucial stage involves the 

generation of charged ions through a chosen method of analyte ionization. Electrospray 

ionization (ESI) emerges as a widely employed method for ionizing polar, low molecular weight 

analytes in MS analysis(Yi-Wun Wang et al. 2022). When coupled with FT-ICR MS instruments, 

Figure 2.4. Schematic of procedures involved in generating a mass spectrum through 

FT-ICR-MS analysis (Taken from ref 72) 
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it enables the discrimination of minute mass variations between isobaric compounds, such as C3 

and SH4 or O2 and S 75. In their comprehensive work, Prabhu et al. (2023) offers a detailed 

scientific introduction to the configuration, mechanism, and prospects of electrospray ionization 

(ESI). The liquid sample is introduced into the ESI capillary, where it encounters a high voltage, 

leading to the generation of large, charged droplets within the Taylor cone. The utilization of a 

nebulizer and drying gases leads to solvent evaporation, resulting in the reduction of droplet size 

and the production of gas-phase ions suitable for introduction into the mass analyzer. Depending 

on the specific analyte of interest, it is crucial to carefully select the appropriate ionization mode, 

whether positive or negative, considering whether the analytes ionize as positively or negatively 

charged ions, respectively. Various factors may act as constraints on the applicability of ESI, 

including sample pH, matrix effects, and the existence of non-volatile salts and molecular 

adducts(Yi-Wun Wang 2022;Prabhu et al., 2023). These factors should be considered, both 

before and during the analysis, particularly when undertaking ESI-FT-ICR MS analysis of polar 

analytes like non-aqueous phase liquids. 

In this research, we use negative-mode Electrospray Ionization Fourier transform ion 

cyclotron mass spectrometry (ESI (-) FT-ICR MS) to further characterize the species in the NA 

extracts of pre-treated and post-treated OSPW samples with two different synthesized AC 

adsorbents. 

2.1.5 Point of Zero Charge 

The point of zero charge (PZC) is a key indicator that helps understand how charged a 

material's surface is. PZC refers to the pH value at which a solid surface exhibits a net zero 

surface charge. At this specific pH, the number of positive charges on the surface equals the 

number of negative charges76. Knowing the PZC can identify whether certain charged 
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substances, like NAs and AC, will interact well, or poorly with each other. When the pH of the 

solution is above the PZC of AC, the surface of the carbon will predominantly carry a negative 

charge. If the NAs (which are negatively charged at a higher pH due to deprotonation) are 

introduced into the solution, the electrostatic interaction between the negatively charged carbon 

surface and the NAs may reduce the efficiency of adsorption. Conversely, if the pH is below the 

PZC of AC, the surface will have a net positive charge. Depending on the charge state of the 

particular NA, this can create an attractive force between the positively charged carbon surface 

and the negatively charged NAs, enhancing the likelihood of adsorption. At the pH 

corresponding to the PZC, the surface of AC has a neutral charge, which may result in reduced 

electrostatic interactions with the NAs. However, other forces, such as van der Waals forces or 

hydrophobic interactions, may still facilitate the adsorption process. That's why measuring the 

PZC is crucial for all the adsorbing materials discussed in this thesis.  

The (PZC) for each type of AC was calculated using the pH drift method77. Here, a 0.01 M 

NaCl solution was prepared, and nitrogen gas was used to remove dissolved carbon dioxide. 

Then, 50 mL of this solution was poured into several 100 mL beakers, with the pH being 

adjusted between 2 and 12 using HCl or NaOH. Each beaker received 150 mg of AC. These 

mixtures were stirred for 48 hours at 250 rpm, after which they were filtered, and the final pH 

levels were recorded. The change in pH (ΔpH), calculated as the difference between the final pH 

and the initial pH, was plotted against the initial pH. The point at which ΔpH equals zero was 

identified as the point of zero charge. 
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2.2 Adsorption Study 

2.2.1 Adsorption Kinetics 

Adsorption kinetics describe the rate at which a substance is adsorbed onto a surface, 

detailing how quickly the adsorption process reaches equilibrium. This is crucial in 

understanding how quickly pollutants, ions, or molecules adhere to adsorbents in various 

environmental and industrial processes. It encompasses the steps involved in the movement of 

adsorbate molecules from the bulk phase to the surface of the adsorbent and is often modeled to 

optimize the design of adsorption systems for water treatment, gas purification, and 

chemical separation13.The transfer of mass from the solution to the adsorbent particles' 

adsorption sites is controlled by mass transfer resistances. These resistances determine the time 

required to reach equilibrium and are crucial factors in designing fixed-bed or flow-

through systems(Worch et al. 2012). The pace of adsorption is typically restricted by diffusion 

processes both towards the external surface of the adsorbent and within the porous particles of 

the adsorbent.  

In this work, adsorption kinetics experiments for each model NA were conducted over a 

duration ranging from 5 minutes to 48 hours. A fixed adsorbent dosing of 0.5 g/L of AC was 

stirred at 200 rpm with a 40 mg/L solution of each model NA in 125 ml beakers, sealed with 

parafilm. All adsorption tests were pH-buffered to a value of 8 using a phosphate buffer to mimic 

the pH conditions found in authentic OSPW.  

The calculation of the percentage of removal through adsorption was determined using 

the provided Eq(6): 

                                             %𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶0−𝐶𝑡

𝐶0
∗ 100                                             Eq (6)  
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Here, C0 and Ct denote the initial and time-dependent TOC) concentrations in the 

solution, respectively. 

2.2.2 Kinetics Modelling  

There are several kinetics models such as zero-order kinetics, first-order kinetics, second-

order kinetics and multi-exponential model (m-exp) to understand adsorption mechanism and 

rate better. M-exp model was used in this study among other models simply because it can 

account for the complexity and heterogeneity of real-world systems and provides a 

comprehensive understanding, making it more accurate for predicting and analyzing complex 

behaviors in contaminated water systems. m-exp model is often considered a set of parallel 

pseudo-first-order mechanisms designed to align with the kinetics of adsorption as determined 

through experimental observations79.  

                                           

                                                              qt = qe − qe ∑ fiexp(−kit)n
i=1                            Eq (7) 

Where,  

∑ 𝑓𝑖 = 1

𝑛

𝑖=1

 

Here, fi is defined as the segment of the adsorption kinetics that is determined by the distinct 

rate constant ki (min-1). Equation 7 served solely as an empirical method to calculate the half-life 

times of adsorption, represented as t(1/2) (in minutes), independent of the model. These calculated 

times were then utilized for conducting comparative analyses among different model NAs. 
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2.2.3 Adsorption Isotherms 

Choosing an appropriate adsorbent for a specific separation task is a complex challenge. The 

primary scientific criterion for adsorbent selection is typically the equilibrium isotherm, with the 

diffusion rate generally considered of secondary importance27,80. An isotherm signifies the 

connection between the quantities of adsorbate on the adsorbent at equilibrium, and these 

isotherms serve to articulate adsorption phenomena80. Understanding the adsorption isotherm 

allows for the determination of the adsorbent's carrying capacity, regeneration techniques, the 

extent of unusable bed length, and product purities(Ayawei et al., 2017; Iranmanesh, 2013). 

Hence, establishing the equilibrium isotherm holds significance in formulating the entire process 

design. The equation below was used to determine adsorption capacity: 

                                                               qe =
V∗(C0−Ce)

m
                                                      Eq (8) 

The volume of solution used is denoted by V, the initial concentration is represented as C0, 

the equilibrium concentration is denoted as Ce, qe is an adsorbent capacity at equilibrium and m 

signifies the mass of the adsorbent.  

Adsorption isotherms serve as a tool for assessing and contrasting the adsorption capacities 

of diverse adsorbents concerning a specific adsorbate species. Experimentally, acquiring qe and 

Ce values for an isotherm can be accomplished through two approaches: (1) introducing a 

constant adsorbent dosage into a series of solutions with differing initial concentrations, or (2) 

maintaining a constant initial adsorbate concentration across a series of solutions while adjusting 

the adsorbent dosage for each solution80,81.  

Throughout this study, all isotherm experiments were conducted with constant concentrations 

of NAs at 60 mg/L. This particular value was chosen as it fell within the experimental range 
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commonly observed in model NA adsorption isotherms and it is also close to the typical 

concentrations of NAs in OSPW(Sarkar et al., 2013; Iranmanesh, 2013).  

In the upcoming sections, we will delve into descriptions of isotherm models widely utilized 

and referenced in the literature. 

2.2.3.1 Langmuir Model 

Originally devised to elucidate gas-phase adsorption, the Langmuir isotherm model has 

found widespread application in explaining the adsorption phenomena within aqueous systems81. 

The model establishes explicit assumptions, stipulating that adsorbed species exclusively create a 

monolayer devoid of interactions with neighboring adsorbed species. Additionally, it posits that 

the energy associated with adsorption at each site on the surface of an adsorbent remains 

constant, suggesting a homogeneous surface. 

                                                                  𝑄𝑒 =
𝑄0𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                                               Eq (9) 

In the given equation, Q0 (mg/g) and KL (L/mg) represent the monolayer saturation capacity 

and Langmuir constant, respectively. 

2.2.3.2 Freundlich Model 

The practical Freundlich isotherm model (Eq 10) is frequently employed to depict adsorption 

on AC, primarily because of the heterogeneous nature of the adsorbent's surface(Worch, 2012). 

This model anticipates a limitless augmentation in adsorption capacity as the equilibrium 

concentration rises, suggesting the occurrence of multilayer adsorption. 

                                                            𝑄𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛⁄

                                                  Eq (10) 
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Within Equation (10), KF (mg/g)/(L/mg)1/n) serves as the Freundlich constant characterizing 

adsorption strength, and 1/n represents the heterogeneity factor. Values closer to zero for 1/n 

indicate a surface with greater heterogeneity. 

2.2.3.3 Redlich-Peterson Model 

Although the Langmuir and Freundlich models are frequently employed, there are instances 

where they may fall short in explaining the equilibrium behavior in adsorption systems. The 

Redlich-Peterson and Sips isotherms, both being three-parameter models, are unique 

combinations of the Langmuir and Freundlich models. This distinctive feature imparts greater 

flexibility to these models, enabling them to better accommodate and fit 

adsorption isotherm data(Foo & Hameed, 2010; F. C. Wu et al., 2010). 

                                                             𝑄𝑒 =
𝐾𝑅𝐶𝑒

1+𝑎𝑅𝐶𝑒
𝑔                                                  Eq (11) 

In the Redlich-Peterson model presented in Equation 11, KR (L/g) and aR (L/mg) serve as the 

Redlich-Peterson constants, while the parameter g denotes the heterogeneity factor. 

2.2.3.4 Sips Model 

To establish an upper boundary for the Freundlich isotherm, Sips (1948) introduced an 

equation resembling the Langmuir equation by incorporating an additional parameter 'n'. When 

'n' equals one, the Sips equation transforms into the Langmuir equation. The parameter 'n' is 

commonly interpreted as the degree of system heterogeneity. Consequently, as the magnitude of 

'n' approaches 1, the adsorption system behaves more like Langmuir and thus implies a more 

homogeneous surface. It is important to note that the accuracy of the Sips equation diminishes 

within low concentration ranges. 
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                                                        𝑄𝑒 =
𝑄𝑚𝑆𝐾𝑆𝐶𝑒

𝛽𝑆

1+𝐾𝑆𝐶𝑒
𝛽𝑆                                                    Eq (12) 

In the provided equation, QmS (mg/g) and KS (L/mg)βS represent the maximum monolayer 

saturation capacity and Sips constant, respectively, with βS serving as the heterogeneity factor. 

The analysis of all isotherm models was performed using the non-linear curve fitting function 

in the OriginPro Software (2022, version 9.9.0.225). Employing a range of different evaluation 

techniques is recommended for a thorough assessment of isotherm modeling81. In this study, we 

initially applied the Akaike Information Criterion (AICc) to assess the fit of the model(Eder et al., 

2021). The model that most accurately represents the isotherm data, in comparison to alternative 

models, is indicated by the lowest AICc value. Typically, the comparison of AICc values involves 

applying Equation 12. 

                                                          ∆𝑖= 𝐴𝐼𝐶𝑐𝑖
− 𝐴𝐼𝐶𝑐𝑚𝑖𝑛

                                                        Eq 

(13) 

In this context, AICcmin represents the isotherm model with the minimum AICc value. 

Comparing this value with the AICc values of other isotherm models helps in determining how 

well these other models represent the isotherm data relative to the model with the lowest AICc. 

Given that various models frequently appeared appropriate for depicting the isotherm data, we 

additionally employed both the reduced Chi-squared (X2) and the adjusted coefficient of 

determination (R2) to further evaluate the fit of the models. 
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2.3 Production of Activated Carbon 

2.3.1 Production of Potassium Hydroxide (KOH) Petroleum Coke Activated Carbon 

In the field of environmental science, one promising area of research is the development and 

utilization of adsorbent carbon materials, particularly from unconventional sources. Our research 

team is at the forefront of this innovative exploration, focusing on the use of petroleum coke.  

One of the key processes in converting petcoke into an effective adsorbent material involves 

activation. Activation enhances the adsorptive properties of the carbon material, making it more 

effective in capturing contaminants. Our research has shown that when petcoke is activated using 

potassium hydroxide (KOH), it yields a more substantial amount of AC compared to other 

materials, such as KOH-activated lignocellulosic materials. This difference is primarily due to 

the pre-carbonized nature of petcoke, which results in less mass loss during the activation 

process. 

In this chapter, we will delve into the specific methodologies for producing AC from petcoke. 

These methods are both environmentally and economically sustainable, making them ideal for 

widespread application. The processes we explore are integral to our thesis and have practical 

implications in addressing environmental challenges, particularly in adsorbing NA compounds 

commonly found in Oil Sands Processed Water (OSPW). 

2.3.1.1 Activation Procedure 

The activation of petcoke using KOH is a multistep process. Initially, the petroleum coke 

(PC) is ground to achieve particle sizes below 0.308 mm. This fine particle size is crucial for 

ensuring uniformity in the activation process. Before activation, the ground PC undergoes a 
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pretreatment step where it is heated at 400°C in the presence of air for one hour. This step 

eliminates volatile compounds that might interfere with the activation process. 

Following pretreatment, the PC is mixed with dry KOH at a mass ratio of 1:1. This mixture is 

then loaded into crucibles and subjected to a controlled heating process. Initially, the temperature 

is increased at a rate of 40°C/min until reaching 410°C under a nitrogen atmosphere. The KOH is 

converted to potassium oxide (K2O), at this stage. The activation itself involves further heating 

the mixture at a rate of 90°C/min until it reaches 900°C. This temperature is maintained for 15 

minutes, allowing for thorough activation of the petcoke. 

After the heating process, the activated material undergoes a washing procedure. This step 

involves using 20 mL of water per gram of the untreated activated product, followed by vacuum 

filtration. The final product, referred to as single-cycle AC exhibits enhanced adsorptive 

properties, making it suitable for environmental remediation applications, particularly in water 

treatment processes. 

2.3.2 Production of Heat-Cycled KOH Petroleum Coke Activated Carbon 

Our previous work, as detailed in Strong et al. (2023), builds upon the standard procedure for 

creating AC from petcoke using KOH, with an additional focus on creating pore-widened 

activated carbon (PWAC). The process begins similarly to the standard activation process, where 

the petcoke is activated at a temperature of 900ºC for 15 minutes. After the initial activation 

cycle and once the product cools down to room temperature, subsequent cycles of activation are 

initiated without the addition of any extra chemical reagents. 

These subsequent cycles involve several key steps. First, the unwashed product from the 

initial single-cycle activation is exposed to the atmosphere. It is then crushed and remixed, 
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followed by a repetition of the activation heating cycle under an inert atmosphere. This process 

allows for the gradual expansion of the pores in the AC. The samples then undergo either a 

washing procedure or additional heating cycles. 

After the washing procedure, the AC with widened pores (PWAC) is dried overnight at a 

temperature of 110 °C. Our study particularly emphasizes the use of single and triple cycles of 

activation to understand the differences in adsorption characteristics for NA compounds between 

these two types of adsorbents. 

2.3.3 Production of Heat-Treated Phosphoric Acid (H3PO4) Activated Carbon 

In our recent research, as detailed in the work of 84, we explored the application of this 

method using waste wood collected from construction sites in Ontario, Canada. The waste wood 

was initially subjected to size reduction until it was small enough to pass through an 18-mesh 

screen, equating to particle sizes of less than 1.0 mm. This size reduction is a crucial step, 

ensuring uniformity in the subsequent treatment processes. 

Following size reduction, a dry mass ratio of 1:1, consisting of 25% phosphoric acid (H3PO4) 

and waste wood, was prepared85. This blend underwent a digestion process for 20 hours at a 

temperature of 35°C. The extended digestion period allows for thorough interaction between the 

acid and the wood, initiating the activation process. 

After digestion, the treated waste wood was subjected to a muffle furnace for thermal 

treatment. This step involved heating the samples for 30 minutes at 400°C under a nitrogen flow 

of 5L/min. The controlled heating under an inert atmosphere is crucial for the development of the 

desired porous structure in the AC. 
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Once the thermal treatment was completed, the samples underwent further processing, 

including grinding, to ensure uniformity. The samples were then washed sequentially, first with 

0.1 M hydrochloric acid (HCl) at a ratio of 10 mL per 1 g of the initial unwashed product. This 

wash was conducted at 80°C for 1 hour with agitation. The purpose of the HCl wash is to remove 

any residual phosphoric acid and other impurities. 

Following the HCl wash, the samples were subjected to a wash with 0.1 M sodium hydroxide 

(NaOH) at the same ratio and temperature, and then a final wash with deionized (DI) water. 

These washing steps are critical for neutralizing the pH of the AC and removing any remaining 

impurities.  After washing, the AC samples were dried overnight at a temperature of 110°C.  

The final step in the process involved a heat treatment phase aimed at reducing the oxygen 

functionality on the surface of the AC. This step involved heating 5 grams of the product to 

900°C for 15 minutes under a nitrogen atmosphere. The high-temperature treatment under an 

inert atmosphere further enhances the properties of the AC, making it more effective for 

adsorption applications. 

Subsequent to this heat treatment, the samples underwent a final washing and drying process 

at 110°C. This comprehensive process, from the initial collection of waste wood to the final 

production of activated carbon, demonstrates a sustainable approach to creating high-value 

materials from waste.  

 

 

  



 

38 
 

Chapter 3 – Kinetics and Isotherms Study of 

Naphthenic Acid Adsorption on Various Synthesized 

Activated Carbons 
 

3.1 Introduction 

In this chapter a comprehensive exploration of the kinetics and isotherms characterizing the 

adsorption of seven model naphthenic acids (NAs) was investigated. This investigation was 

conducted using three distinct activated carbons (ACs): a potassium hydroxide petroleum coke 

AC (PAC), heat-treated wood-based activated carbon (HAC) and a commercial activated carbon 

(CAC), with a particular focus on elucidating the complexities of the adsorption process. NAs, 

abundant in oil sands process water (OSPW), present significant environmental challenges, 

emphasizing the importance of understanding their interactions with tailored ACs for effective 

water treatment strategies1,6,28,31,86. 

AC stands out as a versatile and highly efficient adsorbent, renowned for its porous structure 

and extensive surface area34,87. In the context of this study, the synthesized ACs are designed 

with unique textural and chemical properties, reflecting a deliberate effort to unravel the 

molecular mechanisms governing their interactions with NAs. 

Canada's substantial production of waste wood, estimated at around 2.5 million tons 

annually, primarily originates from industrial, commercial, land clearing, and demolition 

activities. This amount of waste wood is significant, as it accounts for nearly half of all 

demolition materials that end up in landfills each year. The prevalence of waste wood in landfills 

highlights a critical environmental issue but also presents an opportunity. Given its abundance, 

waste wood becomes a prominent candidate as a cost-effective and sustainable resource for 
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producing novel materials, especially in the context of environmental remediation and 

sustainability. 

One promising avenue for utilizing waste wood is through the process of phosphoric acid 

activation. This method, particularly effective for cellulose-based materials like wood, has been 

shown to be efficient in achieving activation at relatively low temperatures. Such a process 

results in higher yields of the desired product, enhanced porosity, and a substantial increase in 

surface area. These properties are particularly advantageous for adsorption applications, 

including the adsorption of NA compounds, a prevalent contaminant in industrial processes. 

Veksha et al. (2016) have noted the efficacy of this method, highlighting its potential in 

environmental remediation. 

NAs, characterized by their complex molecular structures and functionalities, represent a key 

class of contaminants in OSPW50. The selection of seven model NAs for this study allows for a 

comprehensive examination as they represent a diverse range of solubilities, molecular 

structures, and properties, to understanding the complexity found in real-world environmental 

matrices. 

The fundamental concept of adsorption, wherein molecules adhere to a solid surface, serves 

as the foundation for understanding the interactions between NAs and ACs59,62. This chapter 

places a particular emphasis on the kinetics of the adsorption process, exploring the rate at which 

NAs interact with the ACs as is shown in our earlier work84. Additionally, four prominent 

isotherm models—Langmuir, Freundlich, Sips, and Redlich-Peterson—are employed to 

characterize the equilibrium distribution of NAs on the synthesized ACs. These isotherm models 

provide a systematic framework for understanding the nature of sorption phenomena, including 

monolayer and multilayer adsorption80. 
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The study presented in this chapter is derived from our previous paper which aims to 

contribute insights into the adsorption behavior of NAs by evaluating structurally different model 

species84. These NAs were explored to understand the variability in their adsorption onto AC at 

the relevant pH of OSPW. This investigation provided further insights into the favorable and 

unfavorable interactions between NAs and AC. 

3.2 Materials and Methods 

Diphenylacetic acid (DPA) (CAS# 117-34-0), dicyclohexylacetic acid (DHA) (CAS# 52034-

92-1), cyclohexane acetic acid (CHA) (CAS# 5292-21-7), 2-methyl-1-cyclohexanecarboxylic 

acid (2-MCH) (CAS# 56586-13-1), 1,4-cyclohexanedicarboxylic acid (1,4-CHA) (CAS# 1076-

97-7), heptanoic acid (HA) (CAS# 111-14-8), and succinic acid (SA) (CAS# 110-15-6) were all 

procured from Sigma Aldrich (St. Louis, MO) The ACs employed in this investigation are 

categorized as follows: commercial activated carbon (CAC) (CAS# 7440-44-0), obtained 

directly from Strem Chemicals and utilized without further modification; KOH petroleum coke 

activated carbon (PAC); and heat-treated wood-based activated carbon (HAC), for which 

activation procedures are detailed in the preceding chapter. The adsorption experiments and their 

respective conditions are described in Chapter 2. 

3.3 Results and Discussion 

3.3.1 Textural Properties of each Activated Carbon 

3.3.1.1 Surface Properties of Adsorbents 

In this study, several key techniques were employed to characterize the adsorbents used to 

assess model NA adsorption. Among these techniques were the BET method for analyzing 

surface area and the pore size distribution as detailed in Table 3.1, PAC stood out due to its 
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relatively low surface area, which was approximately 950 m²/g. Furthermore, PAC was 

characterized by the lowest percentage of mesoporosity, around 20%, among the adsorbents 

tested. This suggests that PAC might have limitations in adsorbing NA molecules due to its 

restricted pore structure both in terms of overall capacity and the kinetics of adsorption. 

On the other hand, CAC and HAC presented more favorable characteristics for the 

adsorption process. Both of these adsorbents showed similar surface area metrics, yet they 

differed significantly in their mesoporosity levels. The CAC exhibited a mesoporosity level of 

about 50%, indicating a well-balanced distribution of pore sizes that can accommodate a variety 

of molecular sizes. This feature makes CAC a versatile adsorbent for different types of 

contaminants, including NAs. Meanwhile, the HAC demonstrated an even higher level of 

mesoporosity, reaching 75%, which marks it as the adsorbent with the highest proportion of 

mesoporosity among the ones analyzed. Furthermore, variations in surface charge are anticipated 

owing to the differences in the point of zero charge (pzc) as shown in Table 3.1. 

Table 3.1. Analysis of the BET surface area of the utilized activated carbon adsorbents. 

Adsorbent Total Surface 

Area 

Total Pore    

Volume 

Micropore  

Volume 

Mesopore 

Volume 

Point 

Of Zero  

 (m2/g) (cm3/g) (cm3/g) (cm3/g) Charge 

PAC 956 ± 34 0.402 ± 1.3*10-2  0.322 ± 1.2*10-2  0.080 ± 7.0*10-2  6.5 

HAC 1440 ± 78 0.761 ± 1.5*10-2  0.190 ± 6.7*10-3  0.572 ± 2.2*10-2  4.0 

CAC 1310 ± 69 0.476 ± 1.0*10-2  0.261 ± 1.6*10-3  0.215 ± 1.2*10-2  
 

9.0 

 

3.3.1.2 Size Distribution of Adsorbents 

In our comprehensive study of the properties of ACs derived from different precursor 

materials, we conducted a detailed size fraction test to evaluate the particle size distribution of 

each type of AC. The results of this size fraction test are in Figure 3.1 of our report. For most 
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particle sizes, the distribution patterns of all three adsorbents—namely heat-treated wood based 

activated carbon (HAC), commercial activated carbon (CAC), and KOH petroleum coke 

activated carbon (PAC)—were found to be remarkably similar. This similarity suggests that the 

activation process  and the fact that the ACs were ground as stated earlier, irrespective of the 

chemical agent used, tends to produce ACs with comparable particle size distributions in most of 

the size ranges we examined. 

However, a notable exception was observed for particles with a diameter greater than 0.381 

mm. In this size range, HAC exhibited a distinct deviation from the pattern observed in CAC and 

PAC. Specifically, HAC was found to have a higher proportion of larger particles compared to 

the other two types of ACs. This divergence was not only statistically significant as evidenced by 

the data presented in Figure 3.1 but was also corroborated by a visual inspection of the adsorbent 

container. 

In contrast, the containers for CAC and PAC revealed a more homogeneous mixture of 

particle sizes, with fewer large particles and a distribution that appeared to be more consistent 

with the majority of the size ranges we analyzed. 

The presence of larger particles in HAC could be attributed to several factors, including 

differences in the precursor material, variations in the activation process, or the specific 

conditions under which the phosphoric acid activation was performed. Larger particles in an 

adsorbent can have both advantages and disadvantages, depending on the intended application. 

For instance, larger particles may reduce pressure drop in fixed-bed adsorption processes, but 

they might also exhibit lower surface area-to-volume ratios, potentially impacting the adsorption 

efficiency for certain contaminants88,89. 
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This finding underscores the importance of careful selection and characterization of Acs for 

specific applications. Understanding the particle size distribution and other physical properties of 

ACs is essential for optimizing their performance in adsorption processes. This study contributes 

valuable insights into the physical characteristics of ACs, highlighting the need for detailed 

analysis and selection based on the specific requirements of the intended application. 

 

 

3.3.2 Surface Functionality of each Adsorbent 

 

Table 3.2. Atomic Percent Composition by XPS 

Adsorbent C (%) O (%) N (%) P (%) K (%) S (%) 

HAC 93.9 ± 1.41 5.4 ± 1.08 0.30 ± 0.30 0.6 ± 0.09 / / 

CAC 84.5 ± 1.68 15.5 ± 1.68 / / / / 

PAC 85.5 ± 3.73 12.1 ± 2.31 0.4 ± 0.12 / 1.3 ± 0.53 0.6 ± 0.1 

 

Figure 3.1. Particle size distribution of all three adsorbents of a)PAC; b)CAC; and 

c)HAC. 
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Table 3.2 presents atomic composition data from X-ray photoelectron spectroscopy (XPS) 

which offers insights into the surface elemental composition and chemical states of ACs from 

various activation processes, while the high-resolution C 1s spectrum with synthetic component 

fitting is shown in Figure 3.2. As shown in the table, all ACs share similar compositions, 

primarily consisting of carbon and oxygen functionalities. The high-resolution C 1s scans 

(Figure 3.2) reveal that while the types of oxygen functional groups are similar across all three 

ACs, their distributions vary slightly. These differences might explain the variations in 

adsorption performance observed among the ACs. Notably, HAC contains a small amount of 

phosphorus, which stems from the use of phosphoric acid during the activation process and has 

been integrated into the AC structure. Additionally, HAC displays a significantly lower level of 

oxygen functionality, as clearly shown in Table 3.2. Considering the different types of oxygen 

functionalities within these adsorbents, it is primarily the hydroxyl groups that facilitate 

favorable interactions with NAs through hydrogen bonding. Therefore, one reason for HAC's 

relatively poor adsorption performance compared to the other two ACs could be the fewer 

hydrogen bonding opportunities, owing to its lower oxygen content and consequently reduced 

hydroxyl functionality on the surface.  

For CAC, the XPS survey scan reveals a composition predominantly consisting of oxygen 

and carbon. This indicates a high degree of purity with minimal impurities present. The 

predominance of oxygen suggests a significant amount of oxygenated functional groups on the 

surface, which can enhance the adsorption capabilities of the AC by providing additional sites for 

chemical interactions with contaminants. 

In contrast, PAC demonstrates a different chemical profile. The XPS scan for PAC shows 

residual amounts of potassium, which is primarily present in the form of potassium carbonate. 
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This is likely a result of the potassium hydroxide activation process and the subsequent reactions 

occurring during the heat treatment. In addition to potassium, the PAC samples also exhibit some 

sulfur content. The presence of these elements indicates a more complex surface chemistry, 

which could influence the adsorption behavior of PAC, particularly in its interaction with 

specific types of contaminants. 

The differences in the chemical compositions and surface properties of these ACs, as 

highlighted by the XPS survey scans, have significant 

implications for their use as adsorbents. The variety in 

elemental composition and functional groups present on 

the surface of the AC effect their adsorption efficacy, 

kinetics, and isotherms for specific contaminants, such as 

NAs. For example, the higher oxygen content in CAC 

might facilitate stronger interactions with polar 

contaminants, whereas the unique chemical 

functionalities in PAC and HAC could offer advantages 

for adsorbing other types of molecules. 

3.3.3 Kinetics of Adsorption 

The kinetics of NA adsorption on to the three AC 

materials was evaluated and the results are presented in 

Figure 3.3. 

The kinetics of adsorption presented in Figure 3.3 

reveal that the efficiency of NA uptake by each AC Figure 3.2. C 1s XPS Survey Scans of a) PAC; 

b) HAC; and c) CAC 
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strongly depends on the chemical structure of the given compound. Notably, DPA and DHA 

exhibited the highest adsorption capacities. In contrast, HA, CHA, and 2-MCH showed 

moderately lower adsorption percentages. 1,4-CHA and SA displayed minimal adsorption. 

Although these NAs represent only a fraction of potential NA compounds varieties in OSPW, 

this highlights the need for more targeted adsorption studies for optimal NA removal using AC. 

The adsorption rate for each model NA also varied based on the surface properties such as 

pore size distribution and particle size of the AC adsorbent. Among the model NAs, CAC 

showed the quickest adsorption, reaching equilibrium within 30 to 60 minutes. PAC achieved 

equilibrium in 24 to 48 hours, depending on the NA, suggesting differences in pore size 

distribution compared to CAC. Despite having the highest mesoporosity, HAC took 2 to 8 hours 

to approach equilibrium. Table 3.1 illustrates that CAC and HAC possess a significantly larger 

mesopore volume in comparison to PAC's mesoporosity. This characteristic is expected to result 

in more rapid kinetics for these two adsorbents. Previously, we demonstrated that enhancing the 

mesoporosity of PAC without extra chemical additives leads to improved adsorption kinetics 

(Strong et al., 2023). This improvement is attributed to mesopores being more effective at 

promoting the internal diffusion of adsorbates than micropores26. As mentioned before, CAC and 

PAC share a similar distribution in particle sizes, but HAC displays a significant increase in its 

largest size fraction which could slow the kinetics of adsorption26. The larger particle size found 

in HAC probably accounts for the somewhat slower adsorption kinetics on this adsorbent 

compared to CAC, even though HAC possesses the greatest volume of mesoporosity. In general, 

particle size could be considered as a potential influencing factor in kinetics of NA adsorption. 

This comparative analysis underscores the importance of selecting the right adsorbent based 

on its structural properties, including surface area and pore size distribution. These 
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characteristics directly impact the adsorbent's efficiency in capturing specific contaminants, 

highlighting the need for careful consideration in the design and selection of adsorbents for 

environmental remediation applications, particularly when targeting complex mixtures of 

pollutants like NAs. 
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` 

Figure 3.3. Adsorption kinetics of model NAs onto three types of ACs: 1) PAC; 2) CAC; and 3) HAC. 

 

To understand the interaction between various NAs and activated carbons, we analyzed the 

rate at which these acids are absorbed using a technique known as kinetic modeling. More 
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specifically, we applied a model called the m-exp model, as outlined in Equation 7, to assess the 

adsorption "half-time," denoted as t1/2. This term represents the estimated time required to reach 

50% of adsorption equilibrium (Table 3.3). The M-exp model was chosen in this study for its 

ability to account for the complexity and heterogeneity of real-world systems, offering a more 

accurate prediction and analysis of behaviors in contaminated water systems. It is often viewed 

as a set of parallel pseudo-first-order mechanisms that align with the adsorption kinetics 

observed in experiments79. 

It is important to note that this modeling approach was not applied to all acids. We excluded 

SA and 1,4-CHA from our analysis due to their minimal adherence to the carbon surfaces, a 

phenomenon evident in Figure 3.3. Additionally, the interaction between CAC and the acids 

showed deviations from our model's predictions, likely due to the rapid and highly efficient 

adsorption process onto CAC. For the model to provide accurate insights, it is crucial to have 

data that spans the entire duration of the adsorption process, capturing the dynamics from 

beginning to end76. 

Upon evaluating the acids that aligned well with Equation 7, we calculated their t1/2 values. It 

was observed that the PAC typically exhibited the longest adsorption half-times among the acids 

tested, particularly in comparison to HAC. Conversely, CAC stood out for its rapid adsorption 

rates, with the half-time for each acid tested on CAC occurring within the initial 5 minutes of 

agitation. This rapid performance of CAC relative to the other carbons offers valuable insights 

(most importantly pore size and particle size) into the interaction between different materials and 
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NAs, potentially guiding the selection of the most effective activated carbon for environmental 

cleanup efforts.  

Table 3.3. Adsorption half times for model naphthenic acids onto each activated carbon calculated using m-exp modelling. 

*CAC was not modelled by m-exp, and thus adsorption half times are approximated by experimental adsorption kinetics. 

   
 

  

 HAC  PAC  *CAC 

Model NA 𝑡
1

2
  

(min) 

R2 
𝑡

1

2
  

(min)  

R2 
𝑡

1

2
  

(min) 

DHA 6 0.9883 98 0.9914 < 5 

DPA 4 0.9977 24 0.9960 < 5 

HA 7 0.9621 11 0.9952 < 5 

CHA 16 0.9725 7 0.9976 < 5 

2-MCH 7 0.9883 53 0.9089 < 5 

 

3.3.4 Isotherms Study 

Kinetics modeling examines the rate at which adsorption occurs, providing insights into the 

mechanisms and factors influencing the speed of the adsorption process. Another essential 

parameter for adsorption is adsorption capacity and isotherm modeling which focuses on the 

equilibrium relationship between the concentration of adsorbate in the solution and its 

corresponding amount adsorbed onto a solid surface at constant temperature. This helps in 

understanding the capacity and affinity of the adsorbent. The interaction between various NAs 

and activated carbons significantly varies depending on the specific acid in question. For 

example, DHA and DPA demonstrated notable efficiency in adhering to activated carbons, with 

adsorption capacities ranging from 100 to 350 milligrams per gram (mg/g), indicating strong 

adsorption. However, the scenario was quite different for 1,4-CHA, where the adsorption 

capacity was significantly lower, as depicted in Figure 3.4, suggesting a lesser affinity for the 

carbon surfaces. SA presented an even more pronounced deviation, showing almost no 

inclination to either PAC or HAC, and only marginally better results with CAC. This could be 
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attributed to the soluble nature of SA and 1,4-CHA in water, making them less likely to detach 

from a liquid medium and bind to the hydrophobic surfaces of adsorbents. 

Upon analyzing the performance of different activated carbon types in adsorbing these acids, 

several patterns emerged. CAC and PAC often performed comparably, effectively capturing a 

significant amount of acids. On the other hand, the HAC generally showed lower adsorption 

efficiency. It appeared that HAC, despite its unique preparation, did not perform as well in 

retaining the acids as its counterparts. This investigation underscores the fact that activated 

carbons and NAs are not all equivalent. The efficacy of adsorption depends greatly on the type of 

acid and the specific activated carbon used. 
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Figure 3.4. Isotherms illustrating the absorption of 

model NA species on (a) CAC, (b) PAC, and (c) HAC. 
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Figure 3.5 provides a more detailed comparison of how effectively each type of activated 

carbon can capture NAs. This figure showcases the maximum capacity of each activated carbon 

to adsorb NAs, using data derived from isotherm curves presented in Figure 3.4. Interestingly, 

we normalized these maximum capacities based on the surface area of each type of carbon, 

ensuring a fair comparison that accounts for the available surface for the NAs to adhere to. 

From this analysis, we observed that PAC tends to outperform both the CAC and the HAC 

for a number of the NAs examined. This outcome is particularly intriguing as it challenges the 

assumption that a larger surface area is directly correlated with superior adsorption capability. 

Instead, it appears that the specific characteristics of the carbon's surface, along with the distinct 

physical and chemical attributes of the NAs, are the critical factors in determining adsorption 

efficiency. 

This revelation significantly shifts our understanding of what to consider when selecting 

activated carbon for environmental cleanup tasks. It implies that merely looking at the surface 

area of activated carbon is not sufficient to gauge its effectiveness. Rather, attention must be paid 

to the interaction between the carbon's surface and the specific NAs in question. Certain surfaces 

may offer unique textures or chemical compositions that are particularly conducive to capturing 

specific NAs, despite not having the largest surface area. 
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.  

Figure 3.5. The highest adsorption capacities for each model NA, as determined through experimentation, normalized 

against the total specific surface area of each type of activated carbon. 

 

In isotherm measurements, metrics like reduced chi-square (X2), adjusted R-squared (R2), 

and Akaike Information Criterion (AICc) are key for evaluating model fit and accuracy. Reduced 

X2 assesses goodness-of-fit by comparing observed and predicted data, adjusted R2 refines the fit 

by accounting for the number of predictors, and AICc balances fit with model complexity to 

identify the most efficient model. These tools collectively help select the most 

reliable isotherm model. Table 3.4 presents the assessment of adsorption isotherm modeling, 

showcasing the reduced X2, adjusted R2 and AICc values for the best fitted model of each 

adsorption system. In our study, Δi values from equation 12 that are less than 2 are typically 

deemed satisfactory, indicating that both isotherm models effectively represent the 

adsorption isotherm83. In numerous cases, this situation occurred, necessitating a comparison of 
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the reduced X2 and adjusted R2 to distinguish the most accurate isotherm model. Table 3.5 

exhibits the fitted parameters for the optimal representative models for each adsorption system. 

Although the Freundlich model is commonly used to describe adsorption onto activated 

carbon in existing literature80, the Langmuir model was shown to best represent the adsorption 

isotherms for several of the model NA adsorption systems in this study. This preference may 

stem from the Freundlich model's limitations in accurately reflecting the relationship between 

low equilibrium concentrations (Ce) and equilibrium quantities (Qe), or in predicting saturation 

behavior at high Ce values when a complete isotherm is achieved80. The Langmuir model best 

represented the adsorption isotherms for HA, CHA, and MCH, as indicated by the low reduced 

X2 and high adjusted R2 values in Table 3.4. This suggests that the activated carbon surfaces have 

energetically uniform adsorption sites and a homogeneous surface, aligning with the fundamental 

assumptions of the Langmuir model. 

The applicability of the Langmuir model is a surprising outcome as the assumptions of the 

model are not particularly consistent with the properties of AC surfaces. In particular, activated 

carbon lacks a consistent surface texture. Nonetheless, instances exist where the Langmuir model 

effectively describes adsorption systems using activated carbon, despite the deviation from the 

presumption of a homogenous surface(Worch, 2012). When considering adsorption sites 

influenced by hydrophobic or hydrogen bonding mechanisms, the associated energy spectrum is 

notably smaller compared to the larger energy interactions found in the specific chemical 

bonding between an adsorbent and an adsorbate. This might suffice to characterize the surface as 

uniformly consistent, especially in terms of the minor energy disparities among 

physisorption sites80.  
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For both the MCH and HA isotherms on CAC, which are most accurately depicted by the 

Redlich-Peterson and Sips models respectively, the similarity of the heterogeneity factor to unity 

in both cases, as indicated in Table 3.5, suggests a higher degree of energy uniformity in the 

adsorption sites of the activated carbon. For DPA, despite its poor fit with the Langmuir model, 

the heterogeneity factors in the Redlich-Peterson and Sips models were also notably near to one, 

indicating a similar trend in uniformity. Isotherms of DHA were most accurately depicted using 

the Redlich-Peterson or Sips formulas. However, it is noteworthy that the heterogeneity factors 

derived from the Sips analysis of DHA on CAC and HAC indicated considerably lower values, 

suggesting the possibility of a broader range of energy distribution at the adsorption sites for this 

model species on these activated carbons. While the Langmuir expression effectively modeled 

1,4-CHA's adsorption on CAC, the isotherm models applied to 1,4-CHA isotherms on PAC and 

HAC did not achieve a good fit. This is evident from Table 3.3, where even the most suitable 

isotherm model for 1,4-CHA on PAC and HAC yielded low R2 values. The likely cause for this 

is the minimal adsorption observed on PAC and HAC, leading to an incomplete isotherm profile. 
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Table 3.4. Assessment of Optimal Isotherm Models for Each Adsorption System. 

MODEL 

NA 

ADSORBENT BEST 

 MODEL 

Χ2 ADJ R2 AICC 

DHA CAC 

PAC 

HAC 

Sips 

RP 

Sips 

20.36 

74.22 

17.64 

0.9933 

0.9645 

0.9883 

31.18 

40.23 

30.17 

DPA CAC 

PAC 

HAC 

RP 

RP 

Sips 

0.2683 

15.97 

0.6168 

0.9996 

0.9876 

0.9982 

0.8738 

29.48 

6.700 

HA CAC 

PAC 

HAC 

Sips 

Langmuir 

Langmuir 

0.9872 

7.962 

1.501 

0.9954 

0.9821 

0.9799 

9.993 

19.17 

7.489 

CHA CAC 

PAC 

HAC 

Langmuir 

Langmuir 

Langmuir 

1.183 

1.022 

0.5111 

0.9936 

0.996 

0.9904 

5.824 

4.794 

-0.0539 

MCH CAC 

PAC 

HAC 

RP 

Langmuir 

Langmuir 

0.1800 

0.6351 

0.4848 

0.9991 

0.9962 

0.9692 

-1.921 

1.467 

-0.4234 

1,4-CHA CAC 

PAC 

HAC 

Langmuir 

Langmuir 

Langmuir 

0.4190 

0.00528 

0.1165 

0.9736 

0.8912 

0.4756 

-1.4442 

-32.05 

-10.404 

 

Table 3.5. Parameters Determined from Isotherm Modeling of the Most Representative Models for Each Adsorption System. 

   
LANGMUIR 

 
SIPS 

  
RP 

  

MODEL 

NA 

Adsorbent Best 

Model 

Q0 

(mg/g) 

KL 

(L/mg) 

Qm 

(mg/g) 

Ks 

(L/mg)βs 

Βs Kr (L/g) Ar 

(L/mg)g 

g 

DHA PAC RP 
     

887.7 7.489 0.9275 
 

HAC Sips 
  

284.8 0.2624 0.5147 
   

 
CAC Sips 

  
670.1 0.2682 0.3575 

   

DPA PAC RP 
     

80.51 0.846 0.8673 
 

HAC Sips 
  

129.9 0.4191 0.5869 
   

 
CAC RP 

     
244.6 2.605 0.876 

HA PAC Langmuir 78.96 0.1205 
      

 
HAC Langmuir 34.26 0.1371 

      

 
CAC Sips 

  
74.51 0.3746 0.628 

   

CHA PAC Langmuir 72.71 0.0639 
      

 
HAC Langmuir 35.06 0.0841 

      

 
CAC Langmuir 58.37 0.1485 

      

MCH PAC Langmuir 62.87 0.0571 
      

 
HAC Langmuir 22.05 0.1304 

      

 
CAC RP 

     
11.21 0.3743 0.8259 

1,4-CHA PAC Langmuir 7.736 0.0045 
      

 
HAC Langmuir 2.553 0.0877 

      

 
CAC Langmuir 17.67 0.0519 
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3.4 Conclusion 

This chapter highlights the diverse adsorption affinities of NA species to ACs, offering 

insights for identifying NAs resistant to adsorption. The importance of physicochemical 

properties, notably hydrophobicity, is emphasized as crucial for adsorption efficiency, suggesting 

physisorption as the dominant mechanism. Our findings indicate that while hydrophobic surface 

interactions are beneficial, hydrogen bonding with surface oxygenated groups also play a 

significant role, particularly evidenced by the lower adsorption rates of NAs on HAC compared 

to other carbons. This is attributed to the favorable presence of oxygenated species on the carbon 

surface, with future research directions aimed at enhancing surface functionalities to improve 

adsorption of recalcitrant NA species, thus optimizing ACs for environmental cleanup. 
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Chapter 4 – Adsorption Kinetics of Model Naphthenic 

Acids on Pore Widened Activated Carbons 
 

4.1 Introduction 

The demand for effective environmental remediation techniques has led to the exploration of 

various materials and methods capable of addressing the pervasive challenge of pollution, 

particularly from industrial sources. Among these, activated carbons (ACs) have emerged as a 

pivotal tool due to their high surface area, porosity, and adsorption capacity. This chapter delves 

into the adsorption kinetics of three model naphthenic acids (NAs) - diphenylacetic acid (DPA), 

cyclohexaneacetic acid (CHA), and heptanoic acid (HA) on pore-widened activated carbons, a 

study aimed at enhancing the understanding and efficiency of ACs in environmental applications. 

Naphthenic acids, a class of compounds found in crude oil and oil sands process water, pose 

significant environmental hazards due to their toxicity and persistence. The remediation of these 

compounds is of utmost importance for environmental protection and sustainability. Activated 

carbon, derived from petroleum coke via chemical activation using potassium hydroxide (KOH), 

represents a promising material for this purpose. However, the intrinsic microporosity of the 

resulting ACs, while beneficial for certain applications, can limit the adsorption kinetics of larger 

molecular species, such as naphthenic acids, thereby restricting the material's effectiveness in 

rapid environmental remediation scenarios. 

To overcome this limitation, our research has focused on a novel approach to modify the pore 

structure of activated carbons. By subjecting the KOH-activated carbon to additional heat cycles 

without introducing new chemical agents, we aim to enhance the mesoporosity of the material. 

This process leverages the oxidation of residual potassium metal, a byproduct of the initial 
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activation phase, to serve once again as an activating agent, promoting further development of 

the carbon's pore structure. 

The effect of this pore-widening technique on the adsorption kinetics of DPA, CHA, and HA 

offers valuable insights into the potential of modified ACs for environmental applications. By 

increasing mesoporosity by 10–25% with each successive heat cycle, we hypothesize that the 

adsorption rates and capacities of the ACs for naphthenic acids will be significantly improved. 

This chapter presents a comprehensive examination of the adsorption behavior of single, double, 

and triple-cycled activated carbons, providing a critical assessment of their efficacy in the 

adsorption of model NAs. Through precise experimentation, including the utilization of Fourier 

Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS) to analyze the treated oil 

sands processed water (OSPW), this chapter also offers a thorough evaluation of the adsorption 

capabilities of single and triple-cycled activated carbons, especially with the remarkable 

adsorption behaviour and signal reduction observed for DPA, DHA, succinic acid (SA), 1,4- 

cyclohexanedicarboxylic acid (1,4-CHA), 9-anthracenecrboxylic acid (ACA) and 1-

pyrenecarboxylic acid (PCA) which supports the promising role of modified ACs in the realm of 

environmental cleanup and sustainability. 

4.2 Materials and Methods 

Petroleum coke, sourced from the oil sands by Suncor Energy Inc. in Calgary, Alberta, 

Canada, served as the raw material for the potassium hydroxide (KOH) activation process. The 

chemicals used in the study, including potassium hydroxide and the naphthenic acids: DPA, 

CHA, 1,4-CHA, SA, DHA, PCA, ACA, HA, and dioctylsodium sulfoccinate as an internal 

standard were acquired directly from Sigma Aldrich in Milwaukee, WI, USA, and utilized 

without further modification. Table 4.1 presents a comprehensive overview of the naphthenic 
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acid compounds discussed in this chapter, including details on their chemical structures, 

chemical formulas, and molecular weights.  

KOH petroleum coke activated carbon and Heat-cycled KOH petroleum coke activated 

carbon was prepared as described in chapter 2.3.1 and 2.3.2 respectively. 

Table 4.1. An overview of model NA compounds used in this study. 

Compound DPA DHA CHA 1,4-CHA SA HA PCA ACA 

Structure 

  
 

    
 

Chemical 

Formula 

C14H12O2 C14H24O2 C8H14O2 C8H12O4 C4H6O4 C7H14O2 C17H10O2 C15H10O2 

MW 212.0837 224.1776 142.0993 172.0735 118.0266 130.0993 246.0680 222.0680 

 

4.3 Results and Discussion 

4.3.1 Kinetics Study  

In our research, as detailed in our previous publication87, the effect of enlarging the pores on 

activated carbon and its impact on absorbing three types of naphthenic acids was explored. This 

investigation is crucial for the environmental safety of discharging water from oil sands 

operations into natural habitats. Our findings, illustrated in Figure 4.1, indicate that each 

naphthenic acid reached equilibrium, at approximately 24 hours after the adsorption experiment 

began. This observation is vital as it provides an estimate of the time required for the adsorption 

process to stabilize for these specific acids. 
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Upon analyzing the equilibrium state, we discovered little variance in the total amount of 

naphthenic acids adsorbed by the activated carbon, regardless of whether the carbon underwent 

one, two, or three cycles of pore enlargement. This suggests that increasing pore size does not 

significantly affect the total capacity of the activated carbon to bind with the acids over time. 

Although no significant differences in adsorption capacities on the pore-widened activated 

carbons were observed, the adsorption isotherms for these activated carbons were not fully 

explored, rendering this conclusion somewhat speculative. 

However, an intriguing finding from our study is the noticeable difference in the initial 

adsorption rate based on the number of pore enlargement treatments the activated carbon 

received. Despite reaching similar equilibrium states, the initial rate at which the acids were 

adsorbed varied. Generally, the quicker an activated carbon begins to adsorb the acids, the more 

efficient and effective the water cleaning process may be. This aspect of our research emphasizes 

the importance of pore size and structure in enhancing the early stages of the adsorption process, 

as demonstrated in Figure 4.1. 
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Figure 4.1. Adsorption kinetic plots for model naphthenic acids of a) diphenylacetic acid (DPA); b) cyclohexaneacetic acid 

(CHA); and c) heptanoic acid (HA) on three heat-cycled ACs with showing the initial up to 2h. Single, double and triple AC are 

activated carbons subjected to one, two and three cycles of heat treatments, respectively. 

            

When the adsorption kinetics presented in Figure 4.1 are normalized to the specific surface 

area of each respective heat cycled PWAC, more distinct differences are seen in how quickly 

each type of carbon starts adsorbing naphthenic acids, as presented in Figure 4.2. This 

normalization allows us to make a more direct comparison on a per surface area basis. Among 

the three types of naphthenic acids that were examined, adsorption process appeared to be the 

fastest on the triple-cycled AC This was closely followed by the performance of the double 

cycled, and then the single cycled PWAC. This pattern highlights how the process of adsorption 

begins differently across these variations of activated carbon. 
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The most notable distinction among these three types of activated carbons lies in their pore 

size distribution. Specifically, the single, double, and triple cycled PWACs exhibit varying levels 

of mesoporosity, recorded at 25.1±2.3%, 39.4±0.2%, and 63.5±2.1% respectively. Figure 4.2 

indicates a progressive increase in the amount of medium-sized pores across the series from 

single to triple cycled PWACs. 

This variance in mesoporosity aligns with the observed differences in the initial adsorption 

kinetics for the model naphthenic acids across the three versions of PWAC. As mesoporosity 

increases, so does the efficiency of the internal diffusion process, which allows the adsorbate to 

more easily penetrate the activated carbon and reach the adsorption sites nestled within the 

microporous structure. Essentially, the increase in pore width enhances the ability of the 

activated carbons to quickly hold onto the naphthenic acids, making the initial stages of 

adsorption notably faster, especially in the triple cycled PWAC. 
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Figure 4.2. Adsorption kinetics with adsorption capacity normalized to surface area of each activated carbon for a) 

diphenylacetic acid (DPA); b) cyclohexaneacetic acid (CHA); and c) heptanoic acid (HA). 

As described in chapter 3, the m-exp model was again used to calculate the half-life times 

(t1/2) of adsorption, enabling us to compare the rates of uptake among different samples. 

According to the data presented in Table 4.2, there's a noticeable trend where the adsorption half-

life times decrease as the activated carbons undergo more heat cycles. This trend aligns with the 

enhancements in mesoporosity detailed before, suggesting that more porous carbons adsorb 

naphthenic acids more quickly. 

An interesting observation was made regarding the adsorption of HA, where the transition 

from the double-cycled petroleum coke activated carbon to the triple-cycled version didn't follow 

the expected pattern of reduced adsorption half times as strictly as other comparisons did. 

Nonetheless, the shift from the single-cycled to double-cycled AC revealed a significant drop in 
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the adsorption half time for heptanoic acid, underscoring a substantial improvement in 

adsorption speed after the first cycle of heat treatment. 

It's important to highlight that despite these changes in adsorption rates and mesoporosity, the 

surface chemistry of the activated carbons appeared to remain stable across all heat treatments. 

X-ray photoelectron spectroscopy (XPS) analysis showed minimal variation in the carbon and 

oxygen components on the surface of these materials87. This observation suggests that the 

observed improvements in adsorption kinetics can be attributed primarily to the physical changes 

in the carbons' porosity rather than any chemical modifications. 

These findings demonstrate the significant impact that increasing mesoporosity through 

repeated heat cycles has on enhancing the kinetics of adsorption. By widening existing 

micropores, the activated carbons can more rapidly capture and hold onto naphthenic acids, 

showcasing the pivotal role of physical structure in the adsorption process. 

Ultimately, our study sheds light on the ways that modifying activated carbon, such as 

through pore enlargement, can enhance the removal of harmful naphthenic acids from 

wastewater. Understanding the equilibrium time and initial adsorption rates is essential for 

selecting and preparing the most suitable activated carbon for the purification of water from oil 

sands operations, ensuring the process is both safe and efficient. 

Table 4.2. Adsorption half times for three model naphthenic acids of DPA, CHA and HA on surface of het-cycled ACs 

DPA T1/2 (min) Adjusted R2 Reduced X2 

Single 20 0.9922 0.399 

Double 8.4 0.9959 0.122 

Single 6.6 0.9996 0.008 
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CHA T1/2 (min) Adjusted R2 Reduced X2 

Single 34.3 0.9761 0.292 

Double 18.5 0.9984 0.034 

Single 4.5 0.9946 0.108 

HA T1/2 (min) Adjusted R2 Reduced X2 

Single 51.4 0.9915 0.184 

Double 8.7 0.9941 0.116 

Single 12 0.9956 0.109 

 

4.3.2 Adsorption study of Model Compounds and Their Characterization by FT-ICR-MS  

In our research, a synthetic mixture comprising seven individual naphthenic acid (NA) 

compounds specifically CHA, 1,4-CHA, SA, DPA, DHA, PCA and ACA. Many of these 

compounds were previously examined in Chapter 3, with the addition of a new compounds 

introduced in this chapter to expand our study, . As previously described, samples were 

formulated by dissolving 10 ppm of each compound into a buffered solution, followed by a 

thorough mixing process that lasted 24 hours to ensure uniform distribution of the compounds. 

Subsequently, we introduced 0.1 grams of AC, both single-cycled and triple-cycled varieties, into 

100 milliliters of this NA mixture. The solution was then agitated on a shaker table for an 

additional 24 hours to facilitate the adsorption process, with each sample being prepared in 

triplicate to ensure the reliability of our results. 

To quantitatively assess the effectiveness of the adsorption process in reducing the 

concentration of these NA compounds in the solution, we employed FT-ICR-MS. This allowed 

us to precisely characterize the composition of the residual mixture post-adsorption. Through this 
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approach, the goal was to obtain a clear visual representation of the changes in NA 

concentrations, providing concrete evidence of the capability of AC, in both its single and triple-

cycled forms, to purify water solutions by adsorbing naphthenic acid compounds before 

undertaking more complex mixtures like OSPW which will be discussed in the next chapter.  

Figure 4.3 presents a comprehensive analysis of seven FT-ICR-MS mass spectra showcasing 

the effects of single and triple-cycled activated carbons on the adsorption of seven model 

naphthenic acids in a buffered synthesized solution. To facilitate accurate comparisons of 

adsorption efficiency across different activated carbons and among various compounds, the 

signal intensities were adjusted using an internal standard as a reference point. This 

normalization ensures that the observed reductions are directly attributable to the adsorptive 

actions of the activated carbons, highlighting their effectiveness in removing compounds 

from the solution.  

Across all spectra, a notable reduction in the relative response is observed, with single-cycled 

ACs followed by even greater decreases with triple-cycled ACs. This pattern highlights the 

efficacy of the AC treatment in reducing the presence of NAs in the solution. What stands out 

from our analysis is the consistency in the behavior of the NAs between this synthesized mixture 

and the individual adsorption results detailed in Chapters 3 and 4 which showcases that 

adsorption pattern of each NA on heat cycled ACs remain remarkably similar. Particularly, DPA 

and DHA, identified as the most hydrophobic NAs among those tested, exhibit significant signal 

reductions in the spectra. Figure 4.3(a) and (b) present the mass spectral analysis of DPA and 

DHA after treatment of OSPW with both single and triple-cycled activated carbons. The results 

indicate a significant adsorption efficiency, with DPA showing 86% removal using single-cycled 
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AC and a remarkable increase to 98% with triple-cycled AC This observation underscores their 

strong interaction with the ACs and their propensity to be efficiently adsorbed. 

Conversely, SA and 1,4-CHA demonstrate the lowest affinity towards the AC surfaces, 

mirroring findings from previous chapters. Figures 4.3(c) and (d) focus on SA and 1,4-CHA, 

both of which exhibit minimal adsorption below 10% for both types of ACs. This minimal 

adsorption underscores their low attraction to AC surfaces, likely due to their more water-

friendly (hydrophilic) characteristics, which hinders their ability to leave the aqueous phase and 

adhere to the hydrophobic surfaces of the ACs. Further analysis in Figures 4.3(e) and (f) 

showcase the adsorption rates for two polycyclic aromatic compounds, ACA and PCA and, with 

ACA achieving 81% adsorption with single-cycled AC and 98% with triple-cycled AC, and PCA 

showing 78% adsorption with single-cycled and a notable increase to 97% with triple-cycled AC. 

The high adsorption rates of these compounds can be attributed to their hydrophobic nature and 

structural aromaticity, which enhances their affinity for the similarly hydrophobic surfaces of 

AC. This observation highlights the critical role of hydrophobic interactions in the adsorption 

process, especially for compounds with polycyclic aromatic structures. 

Figure 4.3 not only validates the consistency of NA adsorption behaviors across different 

experimental setups but also emphasizes the role of molecular characteristics such as 

hydrophobicity in determining adsorption efficiency. By comparing these patterns to earlier 

findings (although kinetics study has not been done yet on these NAs and these findings are only 

based on adsorption experiments at equilibrium), this figure enriches our understanding of how 

specific NA properties and the type of AC treatment influence adsorption processes, promising 

insights into future works on optimizing the use of activated carbon in water 

treatment applications.  
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Figure 4.3. Mass spectral analysis of a) DPA, b) DHA, c) SA, d) 1,4-CHA, e) ACA, and f) PCA compounds treated with 

single and triple-cycled ACs. 
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4.4 Conclusion 

In summary, our investigation into the adsorption behavior of naphthenic acids on heat-

treated activated carbons has provided valuable insights for improving activated carbon's 

effectiveness in environmental cleanup. By using the m-exp model to evaluate adsorption half-

life times, a consistent pattern was identified where increased heat treatment enhances 

mesoporosity, thereby accelerating adsorption rates, particularly noted with heptanoic acid. 

Despite these structural changes, the surface chemistry of the carbons remained stable, 

suggesting that the faster adsorption is mainly due to physical rather than chemical alterations. 

This advancement underscores the potential of optimizing activated carbon through heat 

treatment to boost its performance in removing naphthenic acids from Oil Sands Processed Water 

(OSPW), marking a significant step forward in the development of more efficient water 

treatment solutions. These insights, in line with prior studies, validate our approach and provide 

valuable guidance for optimizing the use of AC in treating NA-contaminated water. 
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Chapter 5 - Removal of Naphthenic Acids from OSPW 

Using Pore-Widened Activated Carbons: An FT-ICR-MS 

Study 
 

The work in this chapter has been published as Elmira Nazari, Jacob L.A. Bothen, Greg 

F. Slater, Paul R. Pede, Andrew J. Vreugdenhil with the title of: “Removal of Naphthenic Acids from 

OSPW Using Pore-Widened Activated Carbons: An FT-ICR-MS Study”, in the journal of Energy and 

Fuels. 

 

5.1 Introduction 

In Canada, the oil sands resources represent one of the world’s largest crude oil reserves, 

located primarily in Alberta. The extraction of crude oil from oil sands generates substantial 

quantities of oil sands process water (OSPW) and tailings, which must be managed according to 

a zero-discharge policy. OSPW contains various organic and inorganic contaminants, with 

naphthenic acids being recognized as the primary organic environmental contaminants. These 

acids, along with other Naphthenic Acid Fraction Compounds (NAFCs), are challenging to 

degrade and can have toxic effects on aquatic organisms and infrastructure. 

Given the complexity of OSPW, various treatment methods have been explored to remove 

NAFCs, including adsorption techniques using activated carbons. This study specifically 

investigates the effectiveness of heat-cycled activated carbons in removing NAFCs from OSPW. 

The activated carbon was produced from petroleum coke, activated with KOH under inert 

conditions to enhance mesoporosity and adsorption capabilities. 

Recent advancements in analytical methodologies, such as ultrahigh-resolution mass 

spectrometry combined with electrospray ionization (ESI) and Fourier transform ion cyclotron 
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resonance mass spectrometry (FT-ICR-MS), have improved the characterization of NAFCs in 

OSPW. However, there is a lack of studies focusing on the FT-ICR-MS characterization of 

NAFC adsorption in activated carbon-treated OSPW. 

The primary objective of this research is to evaluate the efficacy of heat-cycled activated 

carbons in removing various classes of NAFCs from OSPW, using FT-ICR-MS to profile the 

polar organic substances that remain after treatment. This study aims to compare different 

activated carbon types and identify which characteristics are most effective for the 

remediation of OSPW. 

5.2 Material and Methods: 

5.2.1 Chemical and reagents 

     OSPW was received from Alberta’s oil sands Suncor Energy Pond.  HPLC grade 

methanol (99%, CAS number: 67-56-1), toluene (99%, CAS number: 108-88-3), 

dichloromethane (99%, CAS number: 75-09-2), 28% ammonium hydroxide solution (CAS 

number: 1336-21-6), hydrochloric acid (CAS number: 7647-01-0) and dioctylsodium 

sulfosuccinate as an internal standard (CAS number: 577-11-7) were purchased from Sigma-

Aldrich (St. Louis, MO).  

5.2.2 Activation of petroleum coke with KOH and subsequent cycling experiments 

    KOH petroleum coke activated carbon and Heat-cycled KOH petroleum coke activated 

carbon was prepared as described in chapter 2.3.1 and 2.3.2 respectively. The surface properties 

of single-cycled and triple-cycled PWAC are presented in Table 5.1. The most significant change 

being the increase of 29.6% in the percent mesoporosity of the triple-cycled AC relative to the 

single-cycled AC.  
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        Table 5.1. Surface properties of single and triple cycled PWACs  

AC Type Surface 

Area 

(m2/g) 

Total 

Pore Volume 

(cm3/g) 

Mesoporosity 

(%) 

Point of 

Zero Charge 

(PZC) 

Single-cycled  1382 ±49 0.557 26.4 ± 0.6 7.8 

Triple-cycled 1289 ± 28 0.593 56.0 ± 2.3 7.8 

 

5.2.3 Adsorption test: TOC 

     The adsorption study was carried out in plastic cups. 100 ml of the OSPW was contacted 

with 100 mg ± 0.5 mg of single or triple cycled PWAC for 24 hours. Samples were continuously 

agitated on a shaker table at 200 rpm and filtered into TOC sample vials using 0.45 𝜇𝑚 syringe 

filters to determine residual NA carbon content via a Shimadzu TOC VCPH analyzer using Non 

Purgeable Organic Content (NPOC) analysis.  

5.2.4 Liquid-Liquid Extraction of Naphthenic Acids 

     The NAFC extraction procedure from OSPW employed in this research is a minor 

modification of that described by Grewer et al 30. In summary, following the adsorption tests 

described in previous section, 20 mL of each water sample were filtered through disposable 0.45 

μm syringe filters. The pH of the solution was adjusted to 2 by incrementally adding 

concentrated HCl. Subsequently, the prepared samples were transferred to 250 mL separatory 

funnels for the liquid-liquid extraction procedure. The organic layer was allowed to settle for 5 

minutes, followed by subjecting the samples to four washes with 5 mL of dichloromethane each 

(4 x 5 mL). After collecting the organic phase and transferring it into 25 mL glass jars, these 

extracts underwent evaporation in a hot water bath under gentle blowing of N2 until dry. Finally, 

the dry samples were reconstituted in a 10 mL organic solution consisting of a 3:1 ratio of 
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methanol to toluene. After mixing the stock solvent solutions for 3 minutes, a 0.5 mL portion 

from the pre-treated OSPW stock solution was diluted to a final volume of 10 mL using the 3:1 

MeOH:Tol stock  to reduce the NA concentration. In contrast, extracts from post-treated OSPW 

with ACs were left undiluted. Trace contamination was mitigated using a rigorous glassware 

cleaning protocol which involved immersing all glassware in acidified water for 24 hours, 

rinsing them with organic solvents, and ultimately placing them in a muffle furnace at 500 °C for 

24 hours (Ruddy et al. 2018). Dioctylsodium sulfosuccinate was added to the samples as an 

internal standard 

prior to each run due to its chemical stability, noninterference with the analytes of interest, 

providing a well-defined peak in the mass spectrum and its ionization efficiency for normalizing 

and quantifying NAFCs in OSPW.  

5.2.5 Point of zero charge (PZC)  

     The method of pH drift was employed for measuring the PZC for every type of activated 

carbon77. In summary, this procedure entailed precise adjustments of consistent volumes of a 

0.01 M NaCl solution to achieve pH levels ranging from 2 to 12, using either diluted NaOH or 

HCl. Following this, activated carbon was introduced into the solution and allowed to mix for 24 

hours. The pH values were recorded both before and after the addition of activated carbon, 

enabling the estimation of the PZC. 

5.2.6 Characterization techniques  

5.2.6.1 Brunauer-Emmet-Teller (BET) surface area analysis 

     Surface area and pore size analysis were conducted using a Tristar II plus instrument. The 

samples underwent N2 adsorption at 77 K, with 104 data points recorded for adsorption within 
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the range of 0.0065 p/p0 to 0.995 p/p0, and 52 data points recorded for desorption within the 

range of 0.995 p/p0 to 0.104 p/p0. All reported surface areas were determined using the BET 

surface area analysis, and pore size distributions were determined using Density Functional 

Theory (DFT) with slit geometry modeling 2D-NLDFT for N2 adsorption in carbon finite pores 

87. 

5.2.6.2 Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR-MS) 

     Before analysis, 20 µL of concentrated ammonium hydroxide solution and 20 µL of an 

internal standard was added to each sample vial to enhance ionization and deprotonation. All 

sample were analysed using a 7T Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometer (SolariX XR, Bruker, Billerica, MA, USA). A 250 µL Hamilton syringe and the 

Apollo II ion funnel electrospray source were used for the whole instrument run at 180 µL per 

hour. The instrument was operated in negative-ion mode. ESI spray voltage was ± 4.5 kV with an 

end plate offset of -1 kV. The instrument was external calibrated at the beginning of each day 

using a 0.01 mg/L sodium trifluoroacetate (NaTFA) solution. Spectral size maximum was 8 

million with  mass resolutions of 450,000, 310,000, and 200,000 achieved at m/z values of 250, 

400, and 600, respectively. The m/z values (for singly charged ions) of 100-600 with relative 

abundance greater than six times the standard deviation of the baseline noise was exported to a 

spreadsheet. For samples a total of 200 scans were accumulated, while process blanks 

underwent 80 to100 scans. To ensure accurate and consistent measurements, the ion 

accumulation time within the linear hexapole was adjusted in the range of 0.04 to 0.08 seconds 

for NAFC samples in ESI negative mode, aiming to achieve an optimal total ion count (TIC) of 

1x109 ions. For blank samples, the ion accumulation time was set to 0.5 seconds. Typical 

conditions for negative ionization were a dry gas temperature set at 200 °C with a flow rate of 
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4.0 L/min, and nitrogen utilized as the nebulizer gas at a pressure of 1.00 bar. In order to clean 

the tubing between sample runs, a cleaning process was used as follows: cleaning the syringe 5 

times, flushing the tubing and the capillary with isopropyl alcohol, methanol and Type 1 ASTM 

water, and finally, the syringe was primed for the next solvent system with several rinses. All 

samples were run in triplicate and no significant difference was observed in the FT-ICR-MS data. 

5.2.6.3 Data Processing  

     After conducting ESI (-) FT-ICR-MS measurements, the mass spectra were subsequently 

transferred to Data Analysis Software (Bruker Daltonics version 5.0) for the purpose of 

processing and elemental formula assignment. The signal-to-noise (S/N) ratio was set at 6 or 

higher when establishing the working mass list for utilization in the SmartFormula™ molecular 

assignment function. The settings for running SmartFormula™ in ESI(-) mode were as follows: 

The number of formulae per m/z = 1, charge = -1, ppm error threshold = ±1 ppm, only molecular 

ions of [M -H]- were taken into consideration,  the number of carbons ranged from 0 to 100, the 

number of hydrogens ranged from 0 to 200, the number of oxygens ranged from 0 to 20, the 

number of nitrogen’s ranged from 0 to 1, and the number of sulfurs ranged from 0 to 3. During 

the analysis in ESI (-) mode, it became evident that SmartFormula™ failed to detect several 

peaks that met the criteria described earlier. Consequently, we concluded that a comprehensive 

and precise interpretation of the data required manual selection of chemical formulas using 

the same criteria. The manually processed data was exported and typically plotted in a Van 

Krevelen plot. The raw data was analyzed using separate Excel sheets and Python code, which 

allowed us to identify all classes and species of NAFCs present in OSPW. 
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5.3 Results and Discussion 

     The aim of this study was to provide a quantitative measure of the overall reduction in 

NAFC portion of OSPW using TOC analysis, with complementary results of ultrahigh-resolution 

negative-ion electrospray ionization FT-ICR-MS measurements for detailed analysis of the 

NAFC class specific adsorption. The following results assess the efficiency of single and triple 

thermal cycled ACs in sequestering NAFCs and a qualitative breakdown of which specific 

NAFC species and molecular moieties were removed. 

In their study, Headley et al. demonstrated that NAFCs in OSPW possess higher molecular 

weights compared to other sources such as technical mixtures (Fluka)53. Table 5.2 provides a 

summary of percentage of NAFC adsorption for each AC calculated with TOC analysis and the 

total number of species detected in OSPW before and after treatment with single and triple-

cycled AC. With an increase in activation cycles, there is a notable decline in both the number of 

unique molecular formula’s detected, as well as their total intensities as normalized to the signal 

of the internal standard. Despite a reduction in the surface area of the triple-cycled activated 

carbon (AC), as indicated in Table 1, this AC demonstrates effective removal of NAFCs (Table 

5.2). This underscores the diminished significance of surface area in the adsorption of NAFCs 

and highlights the importance of AC properties such as surface functionality and pore size 

distribution for the adsorption of naphthenic acids from OSPW using these thermally cycled 

ACs63,87. As is evident from the adsorption percentages observed for each AC in Table 5.2, the 

number of detected peaks and the total intensities, the triple-cycled AC, distinguished by higher 

mesoporosity and a more hydrophobic surface compared to the single-cycled AC, facilitates 

better adsorption of non-polar naphthenic acid compounds onto its surface. XPS analysis of 

samples subjected to single and triple-cycled revealed nearly identical oxygen and carbon speciation, with 
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only minor reductions in C–OH and C–O–C bonding. This indicates that the surface chemistry remained 

largely unchanged, suggesting that any variations in adsorption are likely due to changes in 

surface morphology. The overall oxygen peak shape remained unchanged with a decrease in atomic % 

oxygen over successive cycles. 

Table 5.2. Summary of NA concentration, # of assigned formulas, mass accuracy and total intensities in pre-treated OSPW 

and OSPW treated with single and triple cycled AC. 

Sample Adsorption 

using TOC (%) 
# of 

Formula’s 

Assigned 

Mass 

Accuracy  

(x10-5) 

Total relative 

Intensities of 

Assigned 

Formulas 

Pre-treated 

OSPW 
 1876 6.7 18367 

OSPW treated 

with Single-cycled 

AC 

33 ± 1.7 1254 7 526 

OSPW treated 

with triple-cycled 

AC 

71 ± 2.3 576 9 72 

 

   Figure 5.1 displays a typical plot demonstrating the mass accuracy and high resolution 

of the components obtained by FT-ICR-MS. All the species illustrated in Figure 5.1, each 

featuring ions at the nominal m/z of 299 for the pre-treated OSPW, lack classical 

monocarboxylic naphthenic acid characteristics as indicated by their elemental compositions 

which substantiates that OSPW encompasses various classes of NAFCs, aligning well with 

existing literature on the subject. This underscores the value of achieving high m/z resolution 

when determining the elemental compositions of the organic compounds linked to oil sands 

deposits and production90. Additionally, it is evident that four distinct peaks are separated with a 

resolution of 18 Da, revealing various components, including sulfur-containing and oxidized 

compounds, within the complex mixture. The elemental compositions for all species identified 

throughout this paper have been incorporated with a high degree of precision using FT-ICR-MS 

to generate the profiles depicted in the subsequent figures.  
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Figure 5.1. An illustration of ultrahigh resolving power is evident in the detection of four distinct peaks within a 018 Da 

range in a negative-ion ESI FT-ICR mass spectrum acquired for an acid-extracted OSPW sample. This data was obtained using 

magnitude mode. 

 

     For a more in-depth exploration of variations in the distribution of NA species between 

treated and untreated samples, three broad range FT-ICR mass spectra were acquired for 

compounds within the mass-to-charge ratio (m/z) range of 100 to 600 where n = 3 to 40 and Z = 

0 to -12 as illustrated in Figure 5.2. A vast majority of the NAFC compounds (more than 90%) 

are in the mass range of 180-350 m/z. These spectra were examined to identify and characterize 

the NAFCs present in the extracts of the OSPW, both before and after treatment with single or 

triple cycled ACs.  

As a demonstration of the capability of FT-ICR to track the fate of one species, C14H21O2, 

Figure 5.2 vividly illustrates the changes in the distribution of NA compounds as a result of 

employing AC for adsorption and more importantly the effect of thermal cycling on the efficacy 

of the PWAC adsorption. It also highlights the trend in the diminishing sum of relative peak 
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intensities as the PWAC activation cycle is increased. The range of NAFCs distribution and the 

range of species observed are in a good agreement with other works50,91. The ion with a nominal 

m/z of 237 (known as oxygenated NA with highly nonpolar characteristic) serves as one clear 

example of FT-ICR-MS capability and a confirmation of the effectiveness of AC in eliminating 

NA compounds, as it illustrates a reduction in peak relative intensity when OSPW is treated with 

PWAC. This specific compound was selected due to its high intensity within the spectra of the 

untreated sample and the fact that it is highly nonpolar. Single-cycled and triple-cycled AC 

treatments achieved nearly 80% and 99% removal of this compound respectively.  
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Figure 5.2. Broadband mass spectra for NA extracts of: a) non-treated OSPW; b) OSPW treated with single cycled AC; and 

c) OSPW treated with triple cycled AC acquired in negative mode by FT-ICR mass spectrometer.   

     Figure 5.3 shows that untreated OSPW contains diverse heteroatom-containing 

compounds, and that the classical naphthenic acids (i.e., O2) are just one of many classes 

encountered in OSPW91,92. Predominant compounds in OSPW NAFCs extracts are Ox and OxSy 

species (where x = 1 to 10 and y = 1 to 3), which could be acidic functional groups such as 

carboxylic acids in addition with other oxygen and sulfur functional groups. These acidic groups 

tend to be selectively ionized by ESI (-) and leads to the inhibition of the detection of nitrogen-

containing compounds with relatively weaker acidity. Additionally, it cannot be ruled out that 

nitrogen containing NAFCs might be present in substantially lower concentrations within the 

processed water samples employed in this research93. The classes of O2, O3, and O4 displayed the 

highest relative intensities, as determined based on the intensity relative to the intensity of the 

internal standard. Within the major NAFC classes in Figure 5.3, each class contained between 

100 to 200 individual compounds over a diverse range of C# and Double bond equivalence 

(DBE).  

As illustrated in Figure 5.3, all heteroatom classes showed a noticeable decrease in the sum 

of their normalized abundances, with almost a complete removal of O2S2, O3S2 and O2S for the 

sample treated with triple-cycled PWAC. Based on TOC values of overall 33% adsorption with 

single-cycled PWAC and 71% adsorption with triple-cycled PWAC, the O3 species which has the 

highest sum of normalized intensities among other classes, reduced by 19% using single-cycled 

and by 61% using triple-cycled PWAC. Likewise, O2, O4, O5, O3S compound classes were 

decreased by 19%, 17%, 12%, 20% with single-cycled PWAC and 53%, 60%, 54% and 62% 

with triple-cycled PWAC respectively. This clearly demonstrates the effectiveness of using pore 



 

87 
 

widened activated carbons obtained via thermal cycling for the removal of NAFCs from OSPW. 

Note that distinct sulfur-containing compounds, including O2S2, O3S2, and O2S, were extensively 

removed. The utilization of pore-widened activated carbons proved to be especially efficient in 

eliminating sulfur heteroatoms from NAFC extracts of OSPW. 

Certain NAFC components exhibit resistance to adsorption. Notably, this includes a few 

residual components of the O4 and O3 classes. As noted above, the N containing classes are 

challenging to detect either because of their reduced ionization or possibly because of their 

reduced abundance, however we can still identify NO3-NO5 (as well as O6-O10 species) which 

exhibited significant changes when exposed to activated carbon (AC), likely because of their 

higher polarity, preventing effective adsorption onto the hydrophobic surface of AC. Similarly, 

O2-O4 and SO2-SO4 compounds, being less oxygenated and less polar, make AC sorption more 

effective, establishing it as a beneficial treatment strategy for these substances.  
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Figure 5.3. Negative ion ESI-FT-ICR-MS heteroatom class distribution for OSPW, treated OSPW with single-cycled AC and 

triple-cycled AC. the relative standard deviation based on triplicate run of the same sample was less than 10% of the measured 

values. 

     Isoabundance plots, which display the distribution of double-bond equivalents (DBEs, 

representing the sum of rings and double bonds to carbon) with color-coded contours against 

carbon number, offer a quick and effective means to visually explore the compositional diversity 

within a specific heteroatom class 50,94. As shown in Figure 5.4, a plot of DBE vs. C number of 

O2, O3, O4, O2S and O3S classes are given for OSPW and treated OSPW with single or triple 

cycled PWAC. Panels a-e in Figure 5.4 illustrate a decrease in DBE values for both Ox and OxS 

species after being subjected to AC treatments. O2 compounds, as depicted in Figure 5.4(a) 

which are commonly referred to as classical NAFCs (CnH2n+zO2), exhibit a DBE range of 1-12 

and carbon numbers spanning from 10 to 40. In untreated samples, the most prominent peaks are 
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found within the DBE range of 2-7. It is important to note that the carbon number range remains 

consistent across all classes. By introducing a single cycled AC treatment, it becomes apparent 

that the majority of the NA compounds have extensively removed, and the most abundant 

intensities are concentrated within the range of 6-7 (Z= -10 and Z= -12). When treating OSPW 

with triple cycled AC, the DBE values narrow down even further, with a reduction to just 4 (Z= -

6). The utilization of a triple-cycled PWAC treatment proved to be highly efficient in eliminating 

more complex and larger NA compounds, resulting in a reduction of the carbon number range 

from 10-20 following the treatment.  

Figure 5.4(b) shows that in the untreated OSPW, O3 compounds exhibit a range of DBE 

values from 1 to 12, with the highest concentration observed at DBE values of 3 to 7. Following 

the treatment of OSPW with a single cycled AC, the DBE values decreased by approximately 1 

unit. Moreover, with the introduction of a triple cycled AC, the predominant compounds are now 

centered around a DBE value of 3 which primarily correspond to tricyclic compounds or other 

compounds with the same DBE value. As depicted in Figure 5.4(c), the DBE values for the O4 

class range from 2 to 12, and the carbon number range remains consistent at 10-40 across the 

sample set. In the untreated sample, the most prevalent compounds are found within a DBE 

range of 4-8 (with Z values ranging from -6 to -14). When a single cycle of AC treatment is 

applied, this range narrows down to DBE values of 6-7. The total number of NA compounds and 

their concentrations have noticeably decreased, but larger compounds still persist in the sample.  

For triple cycled AC treatment, Figure 5.4(c) shows that the most prominent compounds have 

a DBE value of between 2 and 4 (with Z values ranging from -2 to -6).  This is consistent with an 

adsorption by the triple AC of species with higher DBE values leaving relatively small 

concentrations of low-aromatic, dicarboxylic acids. These O4 compounds consist of two 
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carboxylic acids in their structure, making them highly polar. The triple cycle of AC treatment 

has demonstrated its ability to remove even polar compounds and adsorb them onto the 

surface of the AC.  

As shown in Figure 5.4(d), the concentration of a few O2S compounds decreased when 

exposed to the single-cycled PWAC and were extensively removed after exposure to the triple-

cycled PWAC. This is possibly due to their hydrophobicity and resulting high affinity for the AC 

surface particularly the triple cycled AC with its increase in pore size and hydrophobicity. Note 

that these species exhibited features consistent with those of thiophenic compounds91.  

In Figure 5.4(e), the presence of O3S compounds is observed, and these are recognized as 

petroleum sulfonates commonly utilized as emulsifiers in the bitumen recovery process95. 

Following a single cycle of AC treatment, some of the O3S species are removed from the 

untreated OSPW. While the range of DBE values for the most abundant compounds remains 

unchanged, the addition of a triple-cycled PWAC treatment leads to a significant reduction in 

their intensities and DBE values as demonstrated by absence of highly concentrated peaks within 

the carbon number range of 10- 40. The plots displaying DBE versus carbon number clearly 

indicate that the concentration of compounds in the untreated sample decreases when subjected 

to the single-cycled PWAC treatment. The triple-cycled PWAC treatment proves even more 

effective in removing the larger compounds present in the original sample likely due to a greater 

proportion of mesoporosity and increased surface hydrophobicity, resulting in the enhanced 

adsorption of nonpolar compounds onto the surface.  
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5.4 Conclusion 

     In summary, the efficacy of single- and triple-cycled activated carbons in eliminating 

naphthenic acid components from complex mixtures, such as oil sands process-affected water 

(OSPW) assessing with TOC analyzer was investigated to determine the overall adsorption 

extent of NAs and utilizing FT-ICR-MS for thorough characterization of residual naphthenic acid 

from OSPW. By comparing TOC reduction percentages with changes in the FT-ICR-MS spectra, 

the effectiveness and selectivity of ACs in adsorbing NAs from OSPW is determined. before and 

after treatment.  

Within the negative mode ionization, oxygenated NAFCs, specifically Ox and OxSy, 

dominated in terms of the sum of normalized intensities. DBE vs. C number plots displayed an 

enhanced removal of NAFCs over a large range of abundant DBE values following treatment 

with a single-cycled and triple-cycled PWAC. However, the greatest reduction of individual 

compounds was evident after employing a triple-cycled PWAC. This emphasizes the importance 

Figure 5.4. Comparison of OSPW treated with single and triple cycled ACs with non-treated OSPW for the 5 most abundant NAFC 

classes as follows: a) O2; b) O3; c) O4; d) O2S and e) O3S in Negative-ion ESI-FT-ICR-MS analysis.  
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of enlarging pore sizes for increased mesoporosity and highlights the role of surface functionality 

in activated carbons, even at the cost of lower specific surface areas. Furthermore, it is 

noteworthy that the O2S and O2S2 classes of NAFCs were eliminated from OSPW after 

undergoing treatment with triple-cycled AC. Using FT-ICR-MS analysis and normalizing 

intensities to the intensity of the internal standard, we were able to show the differences in 

relative abundances and characterization of NAFCs which is essential to identifying treatment 

strategies of recalcitrant oil sands contaminants.  
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Chapter 6 – Conclusion 

6.1 General Conclusion 

This thesis provides a comprehensive exploration of the adsorption behavior of naphthenic 

acids (NAs) on various activated carbons (ACs), with a focus on optimizing the removal of these 

persistent organic contaminants from oil sands process-affected water (OSPW). Through a series 

of systematic investigations, the study has elucidated key factors influencing adsorption 

efficiency, including the physicochemical properties of both the adsorbent and the adsorbate, the 

role of surface functionalities, and the effects of structural modifications on adsorption dynamics. 

The research highlights the diverse adsorption affinities of different naphthenic acid species 

to activated carbons, revealing critical insights for identifying NAs that are resistant to 

adsorption. The significance of physicochemical properties, particularly hydrophobicity, was 

found to be crucial in dictating adsorption efficiency, suggesting that physisorption is the 

dominant mechanism. The findings demonstrated that while hydrophobic surface interactions 

enhance adsorption, hydrogen bonding with surface oxygenated groups also plays a crucial role. 

This was particularly evident in the lower adsorption rates observed for NAs on heat-activated 

carbon (HAC) compared to other carbons, attributed to the presence of oxygenated species on 

the carbon surface. Future research should focus on enhancing surface functionalities to improve 

the adsorption of recalcitrant NA species, thereby optimizing ACs for environmental 

remediation. 

Further investigation into the impact of heat treatment on the adsorption behavior of 

naphthenic acids revealed that increased heat treatment enhances mesoporosity and accelerates 

adsorption rates, particularly for heptanoic acid. By employing the m-exp model to evaluate 

adsorption half-life times, a consistent pattern emerged, indicating that the improved adsorption 
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performance was primarily due to physical modifications rather than chemical alterations. 

Despite these structural changes, the surface chemistry of the carbons remained stable, 

underscoring the potential of optimizing activated carbons through heat treatment to enhance 

their efficiency in removing naphthenic acids from OSPW. This represents a significant 

advancement in the development of more effective water treatment solutions. 

The study also focuses on the efficacy of single and triple-cycled activated carbons in 

removing naphthenic acid components from complex mixtures such as OSPW. Utilizing total 

organic carbon (TOC) analysis and Fourier-transform ion cyclotron resonance mass spectrometry 

(FT-ICR-MS), the research assessed the overall adsorption extent and provided a detailed 

characterization of residual naphthenic acids. The results revealed that while both single-cycled 

and triple-cycled powdered activated carbons (PWACs) were effective in reducing TOC and 

removing NAFCs, the triple-cycled PWAC showed superior performance in eliminating a wider 

range of NAFCs, including the O2S and O2S2 classes. This enhanced removal was attributed to 

the increased mesoporosity and optimized pore sizes, which facilitated greater adsorption 

efficiency despite a reduction in specific surface area. The use of FT-ICR-MS analysis, 

normalized to the internal standard, allowed for precise quantification of changes in the relative 

abundances of NAFCs, providing critical insights into the development of targeted treatment 

strategies for persistent oil sands contaminants. 

Overall, this thesis demonstrates that the optimization of activated carbons for the removal of 

naphthenic acids from OSPW is a multifaceted challenge that requires a nuanced understanding 

of the interactions between adsorbent properties and adsorbate characteristics. The findings 

emphasize the importance of both structural and chemical modifications to activated carbons, 

suggesting that a combination of enhanced mesoporosity and tailored surface functionalities can 
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significantly improve adsorption performance. The research outcomes contribute valuable 

knowledge to the field of environmental remediation and offer practical guidance for developing 

more effective water treatment technologies to address the persistent issue of NA contamination 

in oil sands processed water. Future work should continue to explore novel approaches for 

enhancing the adsorption capabilities of ACs, particularly in targeting recalcitrant NA species, to 

further advance the sustainability and effectiveness of environmental cleanup efforts. 

6.2 Future Work 

• Explore Advanced Surface Modifications: Investigate the effects of different chemical 

treatments or functionalization techniques on the surface of activated carbons to enhance 

the adsorption of recalcitrant naphthenic acid species. 

• Optimize Pore Structure for Selective Adsorption: Conduct studies on optimizing the 

pore size distribution and surface area of activated carbons to target specific naphthenic 

acid compounds, particularly those that are resistant to adsorption. 

• Evaluate Regeneration and Reusability of Activated Carbons: Investigate the 

regeneration potential and reusability of single- and multi-cycled activated carbons to 

assess their long-term viability and cost-effectiveness for large-scale water treatment 

applications. 

• Study Adsorption Mechanisms in Realistic Environmental Conditions: Perform 

experiments under varying environmental conditions (i.e. different pH levels, 

temperatures, and salinity) to better understand the adsorption mechanisms of naphthenic 

acids in natural waters. 

• Integrate Adsorption with Other Treatment Methods: Research the integration of 

activated carbon adsorption with other water treatment technologies, such as advanced 
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oxidation processes or biological treatments, to enhance the overall removal efficiency of 

naphthenic acids and other contaminants. 

• Investigate Long-Term Environmental Impacts: Conduct long-term studies on the 

environmental impacts of using activated carbons for naphthenic acid removal, including 

potential secondary pollution and the fate of adsorbed contaminants. 

6.3 Contributions to Science  

6.3.1 Publications 

• A manuscript titled “Removal of Naphthenic Acids from OSPW Using Pore-Widened 

Activated Carbons: An FT-ICR-MS Study” has been published in the 

journal Energy & Fuels. 

• Together with Oliver Strong and Dr. Tyler Roy, we have published the article 

“Transforming Micropores to Mesopores by Heat Cycling KOH Activated Petcoke 

for Improved Kinetics of Adsorption of Naphthenic Acids” in the journal Heliyon. 

• In collaboration with Dr. Tyler Roy, another publication titled “The Effect of 

Adsorbent Textural and Functional Properties on Model Naphthenic Acid Adsorption” 

has been published in the journal of Environmental Sciences. 

6.3.2 Conferences 

• Presenting a poster at Inorganic Discussion Weekend at UOIT in November 2019. 

• Oral presentation (virtual) at the Trent Graduate Student Symposium (TGSS) online in 

August 2021. 

• Oral presentation (virtual) at Canadian Chemistry Conference and Exhibition (CCCE) in 

August 2021. 
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• Oral presentation at Conference of Metallurgists (COM2022) in August 2022. 

• Oral presentation at Canadian Chemistry Conference and Exhibition (CCCE) in June 

2023.  
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