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ABSTRACT      

Oil sands process water (OSPW) is generated in high quantities during the extraction of 

the bitumen from the oil sands. Naphthenic acids (NAs) are recalcitrant compounds, corresponding 

more than 50% of all organics in OSPW. The efficient management of OSPW is of importance to 

guarantee efficient water reuse or safe discharge of OSPW to compel with the aggressive timeline 

on OSPW reclamation. This thesis investigates the adsorption NAs from OSPW using two types 

of materials: (1) reclamation materials from the surface mining of oil sands and (2) biochars 

produced from sludge (municipal wastewater treatment plant) and peat (surface mining of oil 

sands).  

The reclamation materials peat-mineral mix (PT) and Pleistocene fluvial sands from 

different locations (PF-1 and PF-2) were investigated as adsorbents of decanoic acid (DA) and 5-

phenylvaleric acid (PVA) as model NA compounds. Equilibrium of DA and PVA was reached at 

2 days for PT, and 3 and 6 days for PF materials, respectively. Maximum adsorption capacities for 

DA and PVA were, respectively,  16.8 × 103 and 104 mg kg-1 for PT, 142.9 and 81.3 mg kg-1 for 

PF-1, and 600 and 476.2 mg kg-1 for PF-2. Hydrophobic interactions, hydrogen bonding, and π−π 

interaction were the main adsorption mechanisms. Desorption of model compounds from post-

adsorption materials was not observed for 14 days. Removal of NAs from real OSPW ranged from 

20 to 54%. PT is the most promising adsorbent of NAs from OSPW because it partially removed 

NAs with a wide range of molecular weights and structures at very low dosage. Adsorption of NAs 

was affected by the total organic carbon of the materials, emphasizing the hydrophobic interaction 

as an important adsorption mechanism.  

Pristine and zinc chloride (ZnCl2)-activated biochars produced from sludge were applied 

in the adsorption of NAs in real OSPW. By using ZnCl2-activated biochar instead of pristine 
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biochar, the adsorption capacity for total NAs (classical and oxidized species) increased from 2.3 

to 26.6 mg g-1, respectively. Abundance of mesopores and oxygen-containing surface groups made 

the ZnCl2-activated biochar an excellent adsorbent of NAs. The rate of adsorption of NAs from 

OSPW was fast, reaching equilibrium at 2 h. The adsorption followed pseudo-second order 

kinetics and Freundlich isotherm. The adsorption mechanisms were pore-filling, hydrogen 

bonding, and π-π interactions. ZnCl2-activated biochar has higher affinity for higher carbon and 

double bond equivalency (DBE) numbers, therefore, NAs with more hydrophobic, recalcitrant, 

and with higher cyclicity characteristics. The spent biochar can be regenerated through thermal 

regeneration and reused efficiently. Adsorption treatment with activated biochar decreased the 

concentration of magnesium (7%), calcium (21%), strontium (27%), barium (60%), dissolved 

organic carbon (63%), and chemical oxygen demand (66%). Reduction of 66% of the acute toxicity 

towards V. fischeri and 91% of bioavailability of organics was observed after activated biochar 

treatment. 

The effect of type of feedstock (sludge and peat) and the chemical activation (none, FeCl3- 

and FeCl3+ZnCl2-activated) on the changes in the characteristics of biochar was studied for 

adsorption of surrogate compounds of NAs and NAs from real OSPW. Higher inorganic fraction 

of sludge yielded in biochars with higher ash contents than peat-based biochars. After activation, 

the peat-based biochars presented higher porous properties and O/C ratios than sludge-based 

biochars. Chemical activation of biochar resulted in the enhancement of some functional groups, 

such as –OH stretching group and C=C of aromatic rings. The adsorption of NAs from real OSPW 

was impressive and better than surrogate compounds, in which the pristine biochars removed up 

to 23% of total NAs. Removal of classical and oxidized NAs surpassed 90% for FeCl3+ZnCl2-

activated biochars. The biochar properties were correlated with the adsorption capacities obtained 
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for surrogate compounds of NAs and NAs from OSPW, emphasizing the importance of the 

mesopore fraction of biochar and H/C ratio in the adsorption. 

The study of reclamation materials as adsorbents of NAs contributes to the understanding 

of the mobility potential of NAs from OSPW on reclamation materials used in oil sands 

reclamation landscapes. The research on biochars promotes circular economy by presenting 

efficient adsorbents for NAs in OSPW, reducing the environmental impact associated with waste 

disposal and allowing the efficient reclamation and reuse of OSPW. Further studies on biochar 

tailoring should focus on improving the mesopore volume and balancing the hydrophobicity and 

aromaticity of biochar. 
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Chapter 1 Introduction and Research Objectives 

1.1 Background and Motivation 

1.1.1 Oil Sands Process Water 

The fourth largest oil reserves in the world are located in Alberta as oil sands (Government 

of Alberta, 2022). The oil sands are composed of 10% bitumen, 5% water and 85% mineral solids 

(sand, clay and silt) (Zubot et al., 2012), and the bitumen extraction from the oil sands is performed 

through the Clark caustic hot water extraction process (Hao et al., 2005), requiring from 0.2 to 2.6 

barrels of fresh water per barrel of bitumen (Natural Resources Canada, 2020). This process 

generates high volumes of oil sands process water (OSPW) that is stored in on-site tailings ponds 

as a requirement of the Alberta’s zero discharge approach (Allen, 2008). The volume of fluid 

tailings in the Athabasca oil sands region has reached 1,360 Mm3 in 2020, presenting 

approximately a 26% increase in volume since 2015 (Alberta Energy Regulator, 2021). To shed a 

light in the water volume being withheld in the tailings ponds, the average daily residential use of 

potable water by the population of Alberta in 2019 was of 0.64 Mm3 (Statistics Canada, 2021).  

The OSPW can be reused in the extraction process, but the reuse might involve the decrease 

of process water quality that leads to issues in bitumen recovery, scaling and corrosion of 

extraction plant infrastructure (Allen, 2008). In terms of composition, the OSPW will vary 

according to the types of OSPW (Li et al., 2017), which include raw OSPW collected from active 

settling basins, seepage drainage water collected from draining systems surrounding the active 

settling basins, consolidated tailings released water obtained from the treatment of fine tailings, 

and aged OSPW or OSPW undergoing biological treatment from wetlands and reclamation ponds 

(Mahaffey & Dubé, 2017). The characteristics include high alkalinity, inorganic constituents 
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(metals, anions), suspended particles (Allen, 2008), and some concentrations of organic 

compounds with recalcitrant characteristics, such as naphthenic acids (NAs) (Pourrezaei et al., 

2014), polycyclic aromatic hydrocarbons, phenolic compounds, and xylenes (Lévesque, 2014). 

The presence of NAs is one of the most crucial contributors to the acute toxicity of OSPW (Li et 

al., 2017). 

 

1.1.2 Naphthenic acids 

NAs are molecules that originated in the petroleum deposits due to natural phenomena. 

They are amphiphilic compounds and saturated aliphatic and alicyclic carboxylic acids that are 

solubilized in the OSPW (alkaline mixture, pH ~ 8.5) during the extraction of bitumen from oil 

sands (Quinlan & Tam, 2015). The general chemical formula CnH2n+ZOx represents the NAs, where 

the carbon number is indicated by “n” (7 ≤ n ≤ 26), the hydrogen deficiency number resulting from 

a ring or double bond formation is represented by “Z” (0 ≤ –Z ≤ 24), and the oxygen number is 

indicated by “x”, in which classical NAs are characterized by x = 2 and oxidized NAs have x 

values ranging from 3 to 6 (Huang et al., 2015a; Meshref et al., 2017). Total NAs (classical and 

oxidized species) in the OSPW account for more than 50% of all organic compounds in OSPW 

(Grewer et al., 2010). As the total NAs are divided into classical and oxidized species, previous 

studies showed that the classical NAs are often the highest concentration of NAs in the total NAs. 

For example, the total NAs in the raw OSPW studied by Suara et al. (2022) had 55% of classical 

NAs, while the study of Huang et al. (2021) stated that classical NAs corresponded to 40% of total 

NAs in a raw OSPW, in which the remaining 60% was divided between oxidized NAs (3 to 6).  

NAs are a source of toxicity of OSPW and even though the NAs can be naturally degraded 

over time, the degradation time is long and not practical. In addition, high molecular weight NAs 
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can have recalcitrant characteristics (Allen, 2008). Although NAs can facilitate the bitumen 

extraction from oil sands due to their surface-active characteristics, their presence could cause 

corrosion issues in the plant infrastructure (Quinlan & Tam, 2015). As reviewed by Li et al. (2017), 

NAs in OSPW are an environmental concern due to the acute and chronic toxicity to living 

organisms.  

The quantification of NAs in OSPW can be performed using specific analytical techniques, 

such as ultraperformance liquid chromatography time-of-flight mass spectrometry (UPLC TOF-

MS), Fourier transform ion cyclotron resonance (FT-ICR) MS, and ion mobility spectrometry 

(IMS) (Sun et al., 2014). 

 

1.1.3 OSPW treatments 

The complexity of the OSPW might require the application of several treatment steps, such 

as coagulation-flocculation to remove suspended solids and ozonation to improve the 

biodegradability of OSPW (Wang et al., 2015; Xue et al., 2016). Other techniques that can help to 

remove the organic matter can follow. Such techniques include supported biofilters (Arslan & 

Gamal El-Din, 2021), advanced oxidation through catalytic ozonation (Messele et al., 2021), 

electro-oxidation (Abdalrhman et al., 2020), UV/H2O2 oxidation (Fang et al., 2019), photocatalysis 

(Liu et al., 2016), and adsorption (Benally et al., 2019). 

Adsorption is a simple procedure that is effective at low and high pollutant concentrations. 

The advantages included enhanced selectivity to target specific pollutants depending on the 

adsorbent characteristics (engineered adsorbents) and regeneration ability of spent adsorbents (De 

Gisi et al., 2016; Kumari et al., 2020; Pourrezaei et al., 2014). A few adsorbents were previously 

studied for the adsorption of NAs, including: (1) waste materials, such as petroleum coke (Niasar 
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et al., 2019; Pourrezaei et al., 2014), blast furnace dust and sludge from steel factory, sludge from 

textile industry, and retained shale from shale industry (Hendges et al., 2021), (2) soil (Janfada et 

al., 2006), (3) commercial adsorbents, such as granular activated carbon (Islam et al., 2018) and 

resins (Hendges et al., 2021), and (4) engineered adsorbents, such as carbon xerogel (Benally et 

al., 2019) and biochar (Bhuiyan et al., 2017; Singh et al., 2020). Efficient adsorbents that come 

from natural or waste materials can reduce the environmental impact associated with production 

or disposal. For instance, biochar is a carbon-based material derived from organic sources (natural 

or wastes) that can function very well as adsorbent due to its characteristics and it is comparable 

to activated carbon (AC). The difference is that the energy required to produce biochars is about 

15 times lower than required to produce AC (Alhashimi & Aktas, 2017). The feedstock used to 

produce activated biochars can yield different properties that may or may not benefit the adsorption 

of NAs (Bhuiyan et al., 2017). Sludge and peat have not yet been used as feedstock of engineered 

biochar to target NAs. The application of sludge as biochar might be an economical alternative 

(Tomczyk et al., 2020), since sludge has been associated with high toxicity for some aquatic 

microorganisms (da Silva Souza et al., 2020) and its disposal usually involves composting or 

incineration. Peat is obtained as a reclamation material at virtually no-cost. Additionally, the 

biochar production techniques can be optimized to improve functional groups, surface area and 

porous properties of the biochar surface to increase the adsorption capacity of organic compounds 

(Luo et al., 2018; Qu et al., 2021; Wang et al., 2017b).  

On the other hand, the surface mining techniques of oil sands demand the excavation of 

the layers located above the oil sands called muskeg (closer to surface) and overburden (between 

muskeg and oil sands): muskeg is characteristic of peatland, and the overburden is a layer mostly 

composed of sand and clay (Speight, 2013). After excavation, the muskeg and the overburden are 
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stored for use in land reclamation. The study of such reclamation materials from an oil sands 

extraction site as adsorbents of NAs from OSPW is important to provide data on the transport of 

NAs in oil sands reclamation landscape where these materials may be used. 

 

1.2 Research scope and objectives 

The high volume of OSPW generated by the oil sands industries must be treated to ensure 

efficient water reuse or safe discharge of OSPW to the environment to compel with the aggressive 

timeline on OSPW reclamation. Therefore, this project aimed at investigating the adsorption 

behavior of two types of adsorbents to target naphthenic acids in OSPW. The first part of this 

project focused on adsorption studies using different reclamation materials from oil sands surface 

mining. The second part of this project focused on development of biochars from sludge and peat 

and their use in adsorption studies. 

 

1.2.1 Study of reclamation materials from surface mining of oil sands 

The main objective of this portion of the project is to investigate the adsorptive 

characteristics of reclamation materials obtained from mining excavation of oil sands. The study 

of such reclamation materials from an oil sands extraction site as adsorbents of NAs from OSPW 

is important to provide data on the transport of NAs in an oil sands reclamation landscape where 

these materials may be used. Therefore, the purpose of this study was to investigate three 

reclamation materials from oil sands excavation sites (peat-mineral mix named PT and Pleistocene 

fluvial sands sourced from different locations named PF-1 and PF-2) as adsorbents of NAs to 

evaluate the adsorption characteristics. Since the reclamation materials have not yet been used in 

the adsorption of NAs, model NA compound solutions were used to eliminate the interferences 
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between the complex matrix of OSPW and complex matrix of reclamation materials and to gain 

an understanding of the adsorption mechanisms according to the type of NA compounds used. The 

research overview is depicted in Figure 1.1. The objectives of the adsorption study are to: 

(i) Determine the effect of adsorbent dosage and the equilibrium time required for 

adsorption of model NA compounds, 

(ii) Gain understanding of the adsorption kinetics and adsorption mechanisms for the 

adsorption of model NA compounds on reclamation materials, 

(iii) Evaluate the adsorption performance of the three reclamation materials for adsorption 

of three model NA compounds in terms of their distinct structures and characteristics,  

(iv) Assess the leaching potential of the reclamation materials post-adsorption through 

desorption studies,  

(v) Determine the adsorption capacity of reclamation materials to adsorb classical NAs 

from real OSPW, and  

(vi) Determine the relationship between the uptake of NAs and the properties of the 

reclamation materials. 
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Figure 1.1: Research overview for reclamation materials from surface mining of oil sands.  

 

1.2.2 Study on activated biochars from sludge and peat 

The main objective of this portion of the project is to develop activated biochars from 

biological sludge and peat to target the adsorption of NAs in OSPW. The biological sludge was 

sourced from an anaerobic digester of a municipal wastewater treatment plant and the peat was 

procured from an oil and gas field as a material from the surface mining of oil sands. The effect of 

feedstock type (biological sludge or peat), chemical activation agents, and temperature of pyrolysis 
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the adsorption of NAs. The advantages of studying biochars as adsorbents include the conversion 

of waste into valuable materials, and they can effectively target NAs in OSPW at low dosages. 

The biochar study is divided in two main sections (Figure 1.2) with their respective 

objectives: 

(1) The development of biochar from sludge using zinc chloride as the chemical activation 

agent for adsorption of NAs from OSPW, in which the specific objectives were to:  

(i) Evaluate the adsorption of classical and oxidized species of NAs from OSPW using 

pristine and activated biochars,  

(ii) Characterize the sludge, pristine and the best activated biochar to identify the properties 

enhanced with biochar activation,  

(iii) Gain an understanding of the adsorption kinetics and mechanisms for the adsorption of 

NAs from raw OSPW, 

(iv) Evaluate the adsorption selectivity of NAs by biochar considering the diverse NA 

composition within OSPW,  

(v) Study the potential leaching of metals from the produced biochar to the treated OSPW 

often associated with sludge-based biochars,  

(vi) Evaluate the regeneration and reuse ability of spent biochars for NAs adsorption to 

reduce the risk of secondary pollution, and  

(vii) Evaluate the effects of biochar adsorption on the acute toxicity and bioavailability of 

organics in OSPW after treatment.  
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(2) Study the effects of feedstock type (sludge or peat) and the chemical activation agents on 

the adsorption of NAs from OSPW, focusing on finding which biochar properties were the most 

important to target NAs. The specific objectives were to:  

(i) Prepare biochars from sludge and peat using chemical activation agents (no activation, 

ferric chloride, and a combination of zinc chloride and ferric chloride) at pyrolysis temperature of 

800°C, 

(ii) Determine which production technique of biochar provided the best adsorption of 

model compounds of NAs with different structures, 

(iii) Apply selected biochars in the adsorption of classical NAs from raw OSPW,  

(iv) Characterize the feedstocks and produced biochars,  

(v) Investigate the characteristics of activated biochars and their effects on the adsorption 

of NAs.   

 

 

Figure 1.2: Research overview for development of biochars as adsorbents of NAs.  
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1.3 Hypothesis 

Regarding the adsorption of NAs on the reclamation materials, it was hypothesized that 

high concentration of reclamation materials (>100 g L-1) would be effective in removing NAs and 

the adsorption equilibrium would be reached at longer contact times than usual (>24 h). The 

leaching capacity would depend on the adsorption mechanisms (either physical or chemical 

adsorption). Considering the nature of PT, PF-1 and PF-2 materials and the nature of OSPW, it 

was hypothesized that the hydrophobic interactions would drive the adsorption and the highest 

removal of NAs would be observed for the material with the highest total organic carbon (TOC) 

content. Some mobility of NAs on the materials would be expected should the reclamation 

materials come in contact with OSPW, which might occur in an oil sands reclamation landscape. 

Regarding the adsorption of NAs on biochars, it was hypothesized that the activated 

biochars produced with selected chemical activation agents will increase the biochar surface area, 

oxygen-containing functional groups, crystallinity and thermostability. Such improvement would 

lead to highly efficient biochars that could remove not only classical NAs, but oxidized NAs as 

well. It was hypothesized that hydrogen bonding and π–π interactions would be the possible 

adsorption mechanisms and the adsorption would occur very fast. The thermal regeneration of the 

engineered biochars will allow reuse of adsorbent. Additionally, the engineered biochars will be 

able to reduce the organic load (NAs and other organic compounds) and the concentration of some 

metals in OSPW. Additionally, it is hypothesized that the study of biochar efficiency in the 

adsorption of NAs using surrogate compounds (i.e. model compounds, single compound solution) 

is not a proper approach to evaluate biochars as adsorbents considering the diverse composition of 

NAs in the OSPW.  
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1.4 Thesis organization 

Chapter 1 provides a general introduction and background information on the oil sands and 

the OSPW generated in the extraction of bitumen, as well as the target contaminant (NAs) in the 

OSPW. The OSPW treatment techniques are briefly presented with the with motivation for the 

research, which includes the study of adsorption processes using reclamation materials from 

surface mining of oil sands and activated biochars from sludge and peat. The research objectives 

and the hypotheses for the studies are presented. And finally, the thesis organization is provided 

for the reader. 

Chapter 2 is the literature review for adsorption. The adsorption fundamentals are 

presented, focusing on the nature of adsorption, the critical parameters in adsorption processes, 

and the adsorption kinetics and isotherms. Then, the review on biochar production and properties 

for adsorption of organic compounds is presented. Lastly, the chapter concludes with the adsorbent 

materials used for adsorption of NAs in OSPW and the current research gaps on the field. 

Chapter 3 presents the results of the investigation of reclamation materials obtained from 

mining excavation of oil sands as adsorbents of model compounds of NAs and NAs in OSPW. For 

the model compounds of NAs, the results of the effect of adsorbent dosage, adsorption kinetics 

and equilibrium experiments, and desorption experiments are presented. Then, the adsorption 

capacity for classical NAs is studied. Lastly, the adsorption distribution coefficients and the 

relationship between the properties of the reclamation materials and the adsorption capacities are 

presented.  

Chapter 4 presents the results of the development of biochar from sludge using zinc chloride 

as the chemical activation agent for adsorption of NAs from OSPW. The results of the evaluation 

of the adsorption of classical and oxidized species of NAs from OSPW using pristine and activated 
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biochars and characterization of sludge, pristine and the best activated biochar are presented. For 

the classical NAs, the results of the adsorption kinetics, isotherms, adsorption mechanisms, and 

regeneration and reuse ability of spent biochars for the adsorption of NAs from raw OSPW are 

presented. Additionally, the chapter reports the study on the potential leaching of metals from 

biochar to the treated OSPW and the reduction of acute toxicity and bioavailability of organics of 

OSPW after adsorption treatment with biochar. 

Chapter 5 presents the results of the study on the effects of feedstock type and the chemical 

activation agents on the adsorption of NAs from OSPW. In detail, the chapter reports the 

preliminary assessment of biochar produced with different activation agents and their efficiency 

for the adsorption of four NA model compounds. Then, the results of the characterization of the 

best activated biochars and their respective pristine biochar are presented. Lastly, the chapter 

reports the results of the investigation of the characteristics of the activated biochars and their 

effects on the adsorption of NAs from raw OSPW.  

Chapter 6 provides a general overview of the thesis and summarizes the major conclusions 

from the previous chapters. The chapter concludes with the future recommendations for further 

research. 
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Chapter 2 Literature Review1 

2.1 Adsorption fundamentals   

2.1.1 Physical and chemical adsorption  

Adsorption is a mass transfer process where a substance of interest moves from the liquid 

phase to the surface of a solid phase through diffusion. The substance of interest and the solid 

phase are called adsorbate and adsorbent, respectively. The binding of the adsorbate to the 

adsorbent surface occurs by either physical adsorption or chemical adsorption (Crittenden, 2012). 

The physical or chemical nature of adsorption can be determined by the heat of adsorption, in 

which values between 5 and 50 kJ mol-1 indicate physical adsorption and 40 and 800 kJ mol-1 

indicate chemical adsorption (Banerjee et al., 1997). 

Physical adsorption is characterized by the weak intermolecular forces between the 

adsorbate and the adsorbent, such as van der Waals forces, and it is assumed the adsorption is non-

specific, meaning that the adsorbate is not attached to a specific site of the adsorbent and thus the 

surface of adsorbent might present a mono- or multi-layer of adsorbates. Additionally, since the 

heat of adsorption associated with physical adsorption is low, the physical adsorption is usually a 

reversible adsorption process (Ruthven, 1984).  

 

1 A version of this chapter has been published as: Medeiros, D. C. C. S., Chelme-Ayala, P., Benally, C., Al-Anzi, B. 

S., and Gamal El-Din, M. Review on carbon-based adsorbents from organic feedstocks for removal of organic 

contaminants from oil and gas industry process water: Production, adsorption performance and research gaps. Journal 

of Environmental Management, 320, 2022. https://doi.org/10.1016/j.jenvman.2022.115739 
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Chemical adsorption occurs when chemical bonds are formed between the adsorbate and 

the adsorbent (Ruthven, 1984). Such chemical bonds can be covalent or ionic bonds. It is assumed 

that chemical adsorption occurs in specific sites, in which monolayer adsorption is observed 

(Crittenden, 2012). Since the heat of adsorption is high, this process is defined as irreversible 

adsorption unless high energy is applied for regeneration (Kwon et al., 2011). 

Co-occurrence of physical and chemical adsorption processes in wastewater treatment 

technologies is not unusual because the adsorption itself might be a result of several different 

adsorption processes, and the dominant adsorption process will depend on the type of adsorbent 

and adsorbate, wastewater composition, and other factors (Hu & Xu, 2020). 

 

2.1.2 Critical parameters in adsorption  

The efficiency of an adsorption process depends on the proper selection of certain 

parameters, and they are distributed in two categories: (1) operational parameters, such as solution 

pH, temperature, initial concentration of pollutant, and adsorbent dosage; and (2) adsorbent 

characteristics, such as surface functional groups, surface area, and pore characteristics.  

The solution pH affects the solubility of adsorbate, the electrostatic and dispersive 

interactions between the adsorbent and adsorbate, the existing form of the organic compound in 

solution and the surface charge of adsorbent (Lv et al., 2020; Park et al., 2010; Shi et al., 2013). 

The effect of solution pH on adsorption capacity can vary depending mainly on the surface charge 

of adsorbent, usually stated by the pHpzc, and on the dissociated or undissociated form of the 

molecules of the organic compound. The organic compound molecules could ionize and become 

positively or negatively charged with H+ or OH− concentrations in solution – behavior that can 

also be estimated by the pKa value (Hairuddin et al., 2019; Kumar & Jena, 2016; Singh & 
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Balomajumder, 2016). In the case of NAs, NAs have pKa values between 5 and 6, and since the 

OSPW is an alkaline solution with pH around 8.5, the NAs will be in the deprotonated form 

(Quinlan & Tam, 2015). 

The adsorbent dosage is an important parameter to optimize because insufficient adsorbent 

dosages will result in inadequate pollutant removal rates and exceeding the adsorbent dosage may 

have negative effects on adsorption, such as adsorbent aggregation issues. Adsorbent aggregation 

issues can reduce the number of binding sites because some binding sites are not accessible for the 

pollutant molecules (Qiao et al., 2018; Rodrigues et al., 2011; Zhu & Kolar, 2014), and can also 

promote desorption (Rodrigues et al., 2011). The initial concentration of the pollutant in adsorption 

studies should fall within the range of the pollutant concentrations found in the real wastewater of 

interest. The concentration of NAs in OSPW has been reported to reach up to 80 mg L-1, as 

reviewed by Li et al. (2017).  

The adsorbent surface area and porous properties are considered the most important 

physical properties attained by the engineered biochar, and the adsorption capacity of an adsorbent 

is intrinsically related to those properties, since the interaction between the pollutant and the 

adsorbent results in adsorption of pollutant within the pore sites of the adsorbent material (Negara 

et al., 2019). The pore sizes are classified as micropores (<2 nm), mesopores (2–50 nm) and 

macropores (>50 nm) according to the IUPAC (Shabir et al., 2020). The adsorption capacity could 

be predicted by evaluating both adsorbate and adsorbent properties, which include the surface area, 

pore size and volume for the adsorbent and the molecule size of pollutant/adsorbate (Wu et al., 

2020). The increase in mesopore volume can lead to an increase in adsorption capacity because 

the presence of mesopores allows the pollutant to reach the micropores (Hsieh & Teng, 2000), and 
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also the adsorption of larger molecules, which could be impeded by smaller pores (Fan et al., 

2011). 

To evaluate any adsorption data, two equations are useful: the removal rate (Eq. 2.1) and 

the adsorption capacity (Eq. 2.2), in which 𝑞  is the adsorption capacity at time 𝑡 (mg g-1), 𝐶  is 

the pollutant concentration at time 0 (mg L-1), 𝐶  (mg L-1) is the pollutant concentration at time 𝑡 

(mg L-1), 𝑚 is the mass of adsorbent material (g), and 𝑉 is the volume of the aqueous phase 

(solution containing the pollutant) (L). The removal rate will determine how much of the pollutant 

was removed from the initial solution, i.e., the efficiency of adsorbent material to adsorb the 

pollutant. The adsorption capacity represents the amount of pollutant removed by the adsorbent.  

 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙	(%) =
( )

× 100%  (Eq. 2.1) 

 𝑞 =
( )

	𝑉 (Eq. 2.2) 

 

2.1.3 Adsorption kinetics  

The design of an adsorption process and the adsorbent viability in targeting specific 

pollutants in wastewater are evaluated by the adsorption kinetics, which is defined by the time 

progress of an adsorption process. The kinetic parameters behind the mass transfer of adsorbate 

from aqueous phase to solid phase of adsorbent are evaluated based on the concentration of the 

adsorbate at different times until equilibrium is reached (equilibrium time), which provides an 

insight into the rate-limiting mass transfer mechanism (Worch, 2012). According to Worch (2012), 

the mass transfer mechanism involved in adsorption is initialized with the adsorbate being 

transported from the liquid phase to the hydrodynamic boundary layer located around the 
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adsorbent particle, and then followed by the three important steps of adsorption kinetics, in which 

the step 1 or 2 are usually the rate-limiting step, as follows: 

(1) External diffusion: the adsorbate moves from the boundary layer to the external surface 

of the adsorbent; 

(2) Intraparticle diffusion: the adsorbate is transported from the external surface to the 

internal structure of the adsorbent by diffusion in the pore liquid and/or diffusion in the adsorbed 

state along the internal surface (surface diffusion); 

(3) Dynamic equilibrium: energetic interaction between the adsorbate molecules and the 

final occupation of the adsorption sites. 

The most common adsorption kinetic models (Table 2.1) applied to describe the adsorption 

kinetics of organic compounds related to oil and gas industries are the pseudo-first order (PFO), 

pseudo-second order (PSO), Elovich, and intraparticle diffusion (IPD) kinetic models. 

The PFO model was developed by Lagergren (1898) and considers that the rate of change 

of solute adsorbed with time is proportional to the difference in the adsorption equilibrium capacity 

and the amount adsorbed. On the other hand, the PSO kinetic model suggests that the limiting step 

of adsorption process is possibly chemisorption, which involves forces of sharing or exchange of 

electrons between the adsorbate and the adsorbent (Ho & McKay, 1999). The Elovich model, 

described by Turner (1975), is considered the most effective in defining the adsorption kinetics 

involving chemisorption. 

To gain an understanding of the adsorption mechanisms and to identify the rate-limiting 

step, the IPD kinetic model (Morris et al., 1966) is applied to the adsorption data. If one single plot 

is present and the plot passes through the origin, then it indicates that intraparticle diffusion is the 

rate-limiting step of the adsorption process (Fan et al., 2011). However, if more than one linear 
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plot is present, more than one mass transfer process instead of just intraparticle diffusion may be 

playing an important role in the adsorption process (Hao et al., 2018). Therefore, the three steps of 

adsorption (external diffusion, intraparticle diffusion and equilibrium steps) are presented as three 

linear plots (Ren et al., 2011). The evaluation of a suitability of a kinetic model for an experimental 

data is done based on the correlation coefficient (R2) provided by the fitting of linear plot to the 

data, in which the highest R2 is desired (Foo & Hameed, 2010).  

 

Table 2.1: Adsorption kinetic models.   

Model Equation   Model parameters 

PFO ln(𝑞 − 𝑞 ) = ln 𝑞 − 𝐾 𝑡  (Eq. 2.3) 𝑞 	(mg g-1): adsorption capacity at 

equilibrium; 

𝑞  (mg g-1): adsorption capacity at time 

𝑡; 

𝐾  (min-1): pseudo-first order rate 

constant. 

PSO   = +   (Eq. 2.4) 𝐾  (g mg-1 min-1): pseudo-second 

order rate constant. 

Elovich 𝑞 = ln(𝛼𝛽) + ln(𝑡)  (Eq. 2.5) 𝛼 (mg g-1 min-1): initial adsorption rate; 

𝛽 (g mg-1): constant related to the extent 

of surface coverage and activation 

energy for chemisorption. 

IPD 𝑞 	 =	𝑘 𝑡
. + 𝑐   (Eq. 2.6) 𝑘  (mg g-1 min-0.5): intraparticle 

diffusion constant; 

𝑐 : thickness of the boundary layer.  
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2.1.4 Adsorption isotherms  

The adsorption equilibrium is described by a dynamic equilibrium between the amount of 

adsorbate adsorbed in the solid phase (adsorbent) and the remaining concentration in the solution 

at specific conditions (temperature, pH, etc.). The modeling of adsorption equilibrium data through 

the equilibrium isotherms is one of the crucial steps to understand the adsorption mechanisms 

involved in an adsorption process under study, since surface properties of adsorbent, affinity 

between adsorbent and adsorbate, and an indication of adsorption capacity over time can be 

determined (Foo & Hameed, 2010; Wang & Guo, 2020). Therefore, the isotherm models are 

applied to the experimental data to identify the best fit and describe the adsorption process. 

There are several isotherm models available to access equilibrium data and they are 

classified as per the number of parameters that must be determined from the experimental data 

(Worch, 2012). The most common isotherm models applied for adsorption of organic compounds 

from a liquid phase to a solid phase were Langmuir and Freundlich isotherms, classified as two-

parameter models. These equations are presented in Table 2.2. 

The Langmuir model (Eq. 2.7) stipulates that the adsorption occurs only in specific sites, 

and is based on the following assumptions: (1) the adsorbent sites where the adsorption occurs are 

limited and homogeneous, (2) the adsorption occurs in monolayer adsorption, meaning that once 

an adsorbent site is occupied by the adsorbate, adsorption cannot overlap, (3) there is no interaction 

between the adsorbed molecules and the surrounding areas (Langmuir, 1918). On the other hand, 

the Freundlich model (Eq. 2.8) assumes that the adsorbent surface is heterogeneous, and adsorption 

can occur in multilayers, indicating several adsorption sites with distinguished energies 

(Freundlich, 1906).  
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Table 2.2: Adsorption isotherm models.   

Model Linearized   Isotherm parameters 

Langmuir 𝐶

𝑞
=

1

𝑏 	𝑞
+

1

𝑞
𝐶  

(Eq. 2.7) 𝑏 (L mg-1): Langmuir affinity 

constant; 

𝑞  (mg g-1): maximum adsorption 

capacity; 

𝐶  (mg L-1): concentration of pollutant 

at equilibrium; 

Freundlich   log 𝑞 = log𝐾 + 𝑛 log 𝐶   (Eq. 2.8) 𝐾  (mg1-n Ln g-1): Freundlich 

adsorption coefficient  

𝑛 : Freundlich heterogeneity 

parameter.  

 

2.2 Carbon-based adsorbents for adsorption of organic compounds 

2.2.1 Activated carbon and biochar definitions  

Activated carbon (AC) and biochar are carbon-based materials produced from the 

carbonization of carbon material (Crittenden, 2012; Hao et al., 2018). The transformation of 

biomasses into carbon-based adsorbent materials occurs during thermal processes such as 

hydrothermal methods (Li et al., 2020c; Prasannamedha et al., 2021), pyrolysis (Li et al., 2020c; 

Peng et al., 2016), gasification methods (Kumar et al., 2020), and torrefaction and microwave 

pyrolysis (Chen et al., 2020b). Further transformations can occur by the application of chemical 

modifications, like acidic, alkaline and impregnation techniques, to achieve even higher quality 

adsorbent material (Ahmed et al., 2016), or physical activation, such as steam activation and gas 

purging (Lawal et al., 2021; Lawal et al., 2020; Rajapaksha et al., 2015). 
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 The difference between AC and biochar is not always clear in the literature and definitions 

frequently overlap. However, AC can be produced from any material – non-renewable fossil fuel 

sources, waste, or renewable materials (Hagemann et al., 2018). For example, rubber tires (Gupta 

et al., 2014; Karmacharya et al., 2016), coal slime (Zhang et al., 2021) and bituminous coal 

(Acevedo et al., 2015) were used as precursor materials of AC. On the other hand, biochars are 

always produced using biomasses (Hagemann et al., 2018). There is a wide variety of biomasses 

used to produce both AC and biochar, such as coconut shell (Baharum et al., 2020; Mishra et al., 

2019), corn straw (Feng et al., 2020), industrial sludge (Islam et al., 2021; Liu et al., 2021), rice 

husk (Guo et al., 2018; Shen et al., 2020), sewage sludge (Godlewska et al., 2019; Sullivan et al., 

2019), and wood (Aghababaei et al., 2017; Wang et al., 2016; Yang et al., 2018).  

AC is one of the most popular adsorbents due to the large surface area and porous properties 

of those adsorbents (El-Naas et al., 2016), and it is available commercially as granular activated 

carbon (GAC) and powdered activated carbon (PAC). The surface area of GAC and PAC are high: 

950-1050 m2 g-1 for GAC and 1500-1800 m2 g-1 (Crittenden, 2012). However, with the advances 

in research, some engineered AC achieved even higher surface areas, as for the fox nutshell-based 

AC with 2869 m2 g-1 (Kumar & Jena, 2016) and sewage sludge-based AC with 2189 m2 g-1 

(Samara et al., 2017). 

Nowadays, biochars have been studied as an alternative material to AC because the energy 

required to produce biochars is reasonably lower than AC: 6.1 MJ kg-1 for biochar and 97 MJ kg-

1 for AC (Alhashimi & Aktas, 2017). Even though the surface area and pore volume of biochars 

are usually not as high as those obtained for AC, biochars have a fairly high surface area. As 

reviewed by Medeiros et al. (2022), surface area obtained for biochars produced to target organic 

compounds ranged from as low as 2.6 to 2183.8 m2 g-1. Surface area and abundance of functional 
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groups on the biochar surface are characteristics that influence the adsorption of organic 

compounds, and those characteristics depend on the feedstock type and activation and 

functionalization techniques (Medeiros et al., 2022).  

 

2.2.2 Production of carbon-based adsorbents from biomasses to enhance adsorption of 

organic compounds 

The types of feedstocks used to produce the desired carbon-based adsorbents can be either 

lignocellulosic (Mary et al., 2016) or non-lignocellulosic biomasses (Li & Jiang, 2017). 

Lignocellulosic biomasses are plant-based materials that are mainly composed of lignin, cellulose, 

and hemicellulose. Non-lignocellulosic materials are biomasses derived from animals and a 

portion of plants, and are primarily composed of protein, lipids, saccharides, inorganics and a 

portion of lignin and cellulose (Li & Jiang, 2017). Some lignocellulosic biomasses are agricultural 

wastes, and sugarcane bagasse (Mubarik et al., 2016), straw from corn (Qu et al., 2021), rice fruit 

wastes such as coconut parts (Bispo et al., 2018), and orange waste (de Jesus et al., 2017) were 

previously studied as precursors of biochar and activated carbon for the adsorption of organic 

compounds of interest. Sewage sludge (Regkouzas & Diamadopoulos, 2019), manure (Thang et 

al., 2019), and algae (Cheng et al., 2020a) are examples of non-lignocellulosic materials from 

which carbon-based materials were produced from.  

The transformation of biomasses into carbon-based adsorbent materials occurs during 

thermal processes, and the most common one is the pyrolysis because it is a straightforward 

technique with simple procedure and is already an established technique in the industry (Wang et 

al., 2019). Pyrolysis at temperatures between 300 and 700oC (or even higher temperatures) in the 

absence of oxygen is a very suitable method for the production of a high quality carbon-based 
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adsorbent (Chen et al., 2020b; Kumar et al., 2020). Pyrolysis conditions critically impact the 

quality of resulting adsorbent and must be carefully evaluated when designing a carbon-based 

adsorbent since it can directly affect the adsorption capacity, and previous studies showed that 

higher pyrolysis temperatures lead of better performance in sequestering hydrophobic organic 

contaminants. Mohammed et al. (2018) produced biochar from pine fruit shell for adsorption of 

phenol at different pyrolysis temperatures and higher quality biochar characteristics were observed 

with the increase in the temperature, which reflected on the adsorption capacity: 10.4, 16, and 26.7 

mg g-1 for biochar produced at 350, 450, and 550oC, respectively. This finding corroborates with 

other studies: Wang et al. (2016) evaluated biochars from different feedstocks produced at 

different pyrolysis temperature to target hydrophobic organic contaminants (PAHs) and found that 

higher pyrolysis temperatures are crucial to increase the adsorption capacity. 

 Many reactions are responsible for the transformation of biomass to carbon-based 

adsorbents, such as depolymerization, isomerization, dehydration, aromatization, decarboxylation, 

and charring. The reactions present in the transformation of biomass will depend mainly on the 

biomass composition (Kumar et al., 2020). Additionally, the pyrolysis purges the hydrophilic 

groups from the surface of the adsorbent, leading to an increase in surface hydrophobicity, which 

can be beneficial for adsorption of hydrophobic molecules (Ahmed et al., 2016). Volatile matters 

and impurities are also purged from the pores, developing more pores on the material’s surface 

(Danish & Ahmad, 2018). Finally, the heating process increases or decreases certain functional 

groups on the surface, with polarity and aromaticity depending on the temperature applied, all of 

which can exert influence on the pollutant uptake (Xing et al., 2021). 

In addition to single pyrolysis, chemical activation processes can be applied to result in 

higher quality carbonaceous materials: improvement of surface area, porous properties, and 
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functional groups of engineered adsorbents (Kazemi Shariat Panahi et al., 2020). The use of 

chemical activation agents can improve surface characteristics without the need to apply high 

temperatures (>1000oC) (Genuino et al., 2018), and can also promote better separation of the 

adsorbent from solution (Kazemi Shariat Panahi et al., 2020).  

Acid treatment of biochar with hydrochloric acid (HCl) was widely reported since it is 

useful to promote demineralization and cleaning of biochar surface by releasing the impurities 

from the pores (Cheng et al., 2020a; Kumar & Jena, 2016; Peng et al., 2016). Furthermore, HCl 

can act as an oxidant and modify functional groups on the surface of adsorbent (Ahmed et al., 

2016; Kazemi Shariat Panahi et al., 2020). The study of reed-based biochar with and without HCl 

treatment after pyrolysis for phenolic compounds removal determined that acid-treating biochar is 

a crucial step in biochar production to ensure great adsorption capacities (Peng et al., 2016).  

The most common chemical activation agents applied for adsorbent development that 

targeted the toxic organic compounds of interest for this review were zinc chloride (ZnCl2), 

potassium hydroxide (KOH), and phosphoric acid (H3PO4). ZnCl2-activation was associated with 

increasing the number of functional groups that will bind specifically to a certain organic 

contaminant and increasing the adsorption selectivity for organic constituents (Wang et al., 2017a). 

KOH-activation was reported to not only increase the number of functional groups of biochar 

surface (Luo et al., 2018) due to surface oxidation properties (Yakout, 2015), but also to increase 

the surface area from 114.4 (corn straw based-biochar with no activation) to 2184 m2 g-1 (KOH-

activated corn straw based-biochar), because the biochar structure shapes with crystal KOH 

particles (Qu et al., 2021). H3PO4-activation considerably increased the surface area by 125 times 

for pine sawdust biochar, which also benefited from increasing the hydrophobicity to remove 

organic compounds (Chu et al., 2018). ZnCl2, KOH and H3PO4 were advantageous chemical 
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activation agents used to produce carbon-based materials targeting adsorption of organic 

compounds of interest because they can increase the surface area, develop micropores, and 

increase the number of functional groups on the surface.  

Furthermore, carbon-based adsorbents can be produced by one-step or two-step activation 

when chemical activation agents are involved. One-step activation means that the feedstock will 

be subjected to pyrolysis only once, which could be before or after chemical activation. On the 

other hand, two-step activation means that feedstock will undergo pyrolysis, followed by chemical 

activation process, and then pyrolysis again for the second time. Even though two-step activation 

is less common than one-step, two-step activation can provide better yield of biochar, followed by 

further development of larger volume microporous structure in comparison with one-step 

processes (Qu et al., 2021). 

In conclusion, the selection of the chemical activation agent to produce the carbon-based 

material will depend on the nature of organic compound, considering that some compounds of 

interest are hydrophobic, such as polycyclic aromatic hydrocarbons, or amphipathic compounds, 

such as naphthenic acids. Therefore, some chemical activation agents might be preferred over 

others. Considering that the adsorption of hydrophilic compounds and amphipathic compounds 

through the hydrophilic regions can occur on the diverse polar functional groups on biochar, the 

increase in the polar oxygen-containing surface groups of adsorbent and certain decrease in 

adsorbent hydrophobicity might provide enough sites for the adsorption of such compounds. On 

the other hand, the adsorption of hydrophobic compounds and amphipathic compounds through 

the hydrophobic regions asks for increased hydrophobicity of adsorbent, which can be achieved 

through the increase in pyrolysis temperature for example. 
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2.2.3 Research gaps on carbon-based adsorbents for adsorption of organic compounds 

The literature review conducted for this thesis shows that there is a severe literature gap 

with respect to:  

(i) reuse and regeneration of carbon-based adsorbents from biomasses,  

(ii) leaching capacity of spent carbon-based materials, 

(iii) techno-economic analysis to evaluate the economic feasibility of the production of 

carbon-based adsorbents, and  

(iv) life cycle assessment and the impact of production technique of carbon-based 

material on the environment. 

The study of adsorbent performance after regeneration is imperative in assessing the 

feasibility of reusing such adsorbents. Only a few authors in the topic of adsorption of organics 

from aqueous solutions by carbon-based materials from organic sources examined the regeneration 

of the engineered adsorbent material. As an illustration, five cycles of regeneration studies were 

performed on chicken manure-based biochar using ethanol as the eluent and applied the 

regenerated biochar for phenol removal, and the regenerated adsorbent obtained high adsorption 

capacity during the first three cycles, and then decreased 20% after five cycles (Thang et al., 2019). 

Similarly, a decrease of 4% in phenol adsorption capacity after two regeneration cycles and a 60% 

decrease after the fifth cycle in the regeneration studies of AC from black wattle bark waste using 

pyrolysis as desorption technique (Lütke et al., 2019). No loss in adsorption capacity was observed 

after the second regeneration cycle of coconut shell biochar, but an increase in adsorption capacity 

by 70%, after the third regeneration cycle was noticed, likely because the organic regeneration 

solvent used (hexane) might have cleaned the biochar surface (de Jesus et al., 2017). After the first 

regeneration cycle of walnut shells-based AC for phenanthrene using ethanol as eluent solution, 
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the adsorption capacity only reached 80% of original adsorption capacity (Zheng et al., 2018). 

Bioregeneration is another technique to promote regeneration of spent adsorbent, in which 

microorganisms can degrade the organic contaminants in the adsorbent. However, process waters 

are often hypersaline and might inhibit biological processes (Roccaro et al., 2015). The study of 

Roccaro et al. (2015) was able to promote bioregeneration of spent granular activated carbon in 

the adsorption of benzene and toluene of produced water from petroleum extraction. Therefore, 

the regeneration of spent adsorbent must always take into consideration the characteristics of the 

process water. 

Studies on the effects of long-term usage of carbon-based adsorbents in terms of the natural 

release of pollutants were not reported for the carbon-based materials from biomasses for 

adsorption of organic compounds. The investigation of desorption and leaching capacities of 

adsorbents post-adsorption using water or wastewater instead of eluents can simulate the exposure 

of spent adsorbent to rainfall and wastewater at longer times. This kind of study can anticipate the 

potential of secondary pollution associated with the release of the adsorbed pollutant or released 

of other pollutants already in the carbon-based material. For example, biochars from sewage sludge 

have been reported to leach PAHs depending on the pyrolysis temperature, as well as metals 

(aluminum, barium, and calcium) (Chen et al., 2019c).  

The economic feasibility of production and modification of adsorbents, the life cycle 

assessment, and the impact that their choice of carbon-based adsorbent production technique can 

have on the environment were not yet evaluated. In terms of a geographical perspective, the 

location and climatic factors will likely play a crucial role in the operating conditions, the feedstock 

source and availability for carbon-based material production, and suitability of regeneration 

technique. For example, sludge is one of the most studied precursor materials of carbon-based 
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adsorbents and that might be because it is available worldwide in any wastewater treatment plant. 

The study of carbon-based adsorbents from biomasses allows the dissemination of knowledge 

around the world that can lead to applicability in diverse settings. The environmental policy 

pertinent to the location of oil and gas operations also affects the outcome of process water 

treatment depending on the regulations, and legislation governs all water use processes (Radelyuk 

et al., 2019). 

2.3 Adsorbent materials for removal of naphthenic acids from OSPW  

NAs have been reported to be successfully removed from OSPW using natural adsorbents 

with minimal processing, such as soils and engineered adsorbents, for example AC, biochar, 

biopolymers, carbon xerogel, and petroleum coke. Comparison of adsorption conditions and 

performance for removal of NAs is illustrated in Table 2.3.  

NAs are large organic molecules that are difficult to adsorb from OSPW. As presented in 

Table 2.3, the adsorption capacity for NAs from OSPW is much lower than the adsorption 

capacities obtained for model NA compounds, which is expected since OSPW is a complex 

wastewater. Therefore, the study of novel, efficient and low-cost adsorbents to target these 

compounds in real process waters are imperative in the design of fixed-bed columns, biofilm 

support material or passive treatment technologies, such as pit lakes and wetlands (Benally et al., 

2019; Rashed et al., 2020). Some authors reported the application of adsorbents for removal of 

organic matter and/or NAs from real OSPW. Such adsorbents were petroleum coke, carbon 

xerogel, commercial AC, biopolymer, and soil.  

Commercial AC was reported for the adsorption of NAs in OSPW, attaining the highest 

adsorption capacity observed in the adsorption using OSPW (Table 2.3). One of the main 

characteristics of AC is the high surface area (>900 m2 g-1). 
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Petroleum coke (PC) is a carbon-based waste material obtained from the oil refining 

process, in which about 20 kg of this by-product is resulted from the production of one barrel of 

synthetic crude oil (Pourrezaei et al., 2014; Zubot et al., 2012). PC can be applied as an in-situ 

adsorbent to treat OSPW, which could reduce the operational costs because it is readily available 

and free of charge and transportation costs (Pourrezaei et al., 2014). Even though the adsorption 

capacity attained by the PC using OSPW was low (1 mg g-1), the PC has the advantage of being a 

waste material that required minimal processing.  

In contrast with the PC and the AC, carbon xerogel studied by Benally et al. (2019) was 

designed for the adsorption of organic matter and NAs from OSPW. Their carbon-based material 

had abundance of mesopores and large surface area (573 m2 g-1) responsible to greatly remove the 

acid extractable fraction and the classical NAs from OSPW. The carbon xerogel had adsorption 

capacity for NAs of 7.8 mg g-1.  

In terms of the development of biochars for adsorption of NAs from real OSPW, it was 

noticed very few studies on the topic. Most studies focused on model compounds of NAs (Frankel 

et al., 2016; Iranmanesh et al., 2014; Singh et al., 2020) instead of real process water. Only one 

study used real OSPW for the evaluation of biochar as adsorbent of organic matter (Bhuiyan et al., 

2017). The adsorption capacity of the acid-extractable fraction was 0.59 mg g-1 (Bhuiyan et al., 

2017). In contrast, the carbon xerogel presented adsorption capacity of the acid-extractable fraction  

of 15 mg g-1 (Benally et al., 2019). The research gaps on biochars designed for NAs adsorption 

from OSPW include the studies on (i) application of biochars for adsorption of NAs using real 

process water, (ii) adsorption selectivity of NAs in OSPW by biochar considering the diverse NA 

composition on OSPW, (iii) adsorption of classical and oxidized species of NAs from OSPW, (iv) 

biochar modifications to have enhanced adsorption of NAs from real OSPW, (v) regeneration and 
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reuse ability of spent biochars for NAs adsorption to reduce the risk of secondary pollution, and 

vi) leaching of metals from biochar to the OSPW.  

The study of adsorption performance of natural soils and reclamation materials as 

adsorbent can have two main goals: provide an alternative low-cost adsorbent or determine 

environmental aspects associated with the leaching capacity, groundwater contamination potential, 

and environmental fate of pollutants (Qisse et al., 2020; Rao et al., 2020; Smaranda et al., 2017; 

Zhou et al., 2019). Soil and reclamation materials are often heterogeneous materials with distinct 

soil properties that might benefit or not the adsorption of organic compounds. To date, three studies 

have reported the use of natural adsorbents with minimal processing (soil) in the adsorption of 

NAs from OSPW (Janfada et al., 2006; Peng et al., 2002; Rezanezhad et al., 2012). However, the 

studies mainly focused on organic rich soils and did not evaluate the relationship between the 

properties of the materials and the adsorption capacity to try to narrow down the characteristics of 

soil that might be better for land applications. 
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Table 2.3: Adsorption conditions and capacity for removal of naphthenic acids by different types of adsorbents.  

Adsorbent Source of NAs Adsorption conditions qt (mg g-1) Reference 

AC (granular) Raw OSPW Dosage: 0.4 g L-1 
Contact time: 24 h 

60 (Islam et al., 2018) 
 Ozonated OSPW 37 

Commercial AC Solution of mixture of model NA 
compounds at pH 8 

Dosage: 0.4 g L-1 
C0: 40 mg L-1 
Contact time: 48 h 

40 – 255 (Niasar et al., 2016) 

Biochar Acid-extractable organics from 
OSPW 

Dosage: 20 g L-1 

Contact time: 24 h 
0.59 (Bhuiyan et al., 2017) 

Model NA compounds Column study: 
Dosage: 0.1 g 
C0: 100 mg L-1 

0.46 – 7.97 (Singh et al., 2020) 

Biopolymer OSPW Dosage: 10 g L-1 

C0: 20.3 – 101.8 mg L-1 
Contact time: 24 h 

– (Arshad et al., 2016) 

Carbon xerogel Classical NAs from OSPW Dosage: 3 g L-1 
C0: 26.3 mg L-1 
Contact time: 24 h 

7.8 (Benally et al., 2019) 

Petroleum coke Solution of mixture of model NA 
compounds at pH 8 

Dosage: 0.4 g L-1 
C0: 40 mg L-1 
Contact time: 48 h 

63 – 330 (Niasar et al., 2016) 

OSPW Dosage: 200 g L-1 
C0: 60.3 mg L-1 
Contact time: 16 h 

1 (Pourrezaei et al., 2014) 

Soil and reclamation 
material 

OSPW Dosage: 200 g L-1 
Contact time: 48 h 

– (Janfada et al., 2006) 
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Chapter 3 Investigation of Reclamation Materials from Surface 

Mining of Oil Sands for Adorption of Naphthenic Acids2 

3.1 Introduction 

The water consumption and production of process water in oil and gas industries mainly 

occur during the extraction and oil processing (Jafarinejad, 2017). One of the extraction techniques 

is the Clark caustic hot water extraction process (Clark & Pasternack, 1932), which is largely 

applied in the the extraction of bitumen by the Alberta oil sand industries. A high volume of oil 

sands process water (OSPW) is generated (Zubot et al., 2012) because 0.2 to 2.6 barrels of fresh 

water are required per barrel of bitumen (Natural Resources Canada, 2020). In terms of 

composition, OSPW is characterized by high alkalinity and contains some organic contaminants 

with recalcitrant characteristics that include naphthenic acids (NAs) (Pourrezaei et al., 2014), 

polycyclic aromatic hydrocarbons (PAHs), phenolic compounds, and xylenes (Lévesque, 2014). 

In fact, NAs account for more than 50% of all organic compounds in OSPW (Grewer et al., 2010).  

NAs are amphiphilic compounds and saturated aliphatic and alicyclic carboxylic acids  

with recalcitrant characteristics that are solubilized in the OSPW during the extraction of bitumen 

from oil sands using the caustic hot water (Quinlan & Tam, 2015). The classical NAs are classified 

based on the carbon number (n; 7 ≤ n ≤ 26), the hydrogen deficiency number (Z; 0 ≤ –Z ≤ 24) 

resulted from ring or double bond formation, and the oxygen number (x) through the chemical 

 

2 A version of this chapter was published as: Medeiros, D. C. C. S., Chelme-Ayala, P., and Gamal El-Din, M. Sorption 

and desorption of naphthenic acids on reclamation materials: Mechanisms and selectivity of naphthenic acids from oil 

sands process water. Chemosphere, 2023. https://doi.org/10.1016/j.chemosphere.2023.138462 
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formula CnH2n+ZOx. Classical NAs are represented by x = 2 and oxidized NAs by x number from 

3 to 6 (Huang et al., 2015a). There are several structures of NAs in the OSPW (Huang et al., 2018), 

and more branched and complex structures of NAs increase the difficulty of degradation (Wu et 

al., 2019). It was previously suggested that NAs are the primary source of OSPW toxicity (Hughes 

et al., 2017) and might cause environmental concerns due to the acute and chronic toxicity to living 

organisms (Li et al., 2017), such as mammals (Rogers et al., 2002), zebrafish (Scarlett et al., 2013), 

marine bacteria (Frank et al., 2008), and fathead minnow embryos (Marentette et al., 2015). 

Several processes have been used to remove or degrade NAs including supported biofilters 

(Arslan & Gamal El-Din, 2021), adsorption (Benally et al., 2019), and advanced oxidation through 

catalytic ozonation (Messele et al., 2021), electro-oxidation (Abdalrhman et al., 2020), UV/H2O2 

oxidation (Fang et al., 2019), and photocatalysis (Liu et al., 2016). Adsorption is an important 

process in the fate and impact of organic contaminants in the environment and includes the 

adsorption process (Schwarzenbach et al., 2005), which has already proven effective in 

removing/isolating NAs from OSPW (Benally et al., 2019; Niasar et al., 2019; Pourrezaei et al., 

2014). To date, three studies have reported the use of natural adsorbents with minimal processing 

(soil) in the adsorption of NAs (Janfada et al., 2006; Peng et al., 2002; Rezanezhad et al., 2012).  

The oil sands are located below the layers called muskeg (top layer characteristic of 

peatland) and overburden (layer below muskeg and predominantly constituted of sand and clay). 

The surface mining of oil sands requires the excavation of such layers to reach the oil sands 

(Speight, 2013), and after excavation, the muskeg and the overburden are stored for use in land 

reclamation. The study of such reclamation materials from an oil sands extraction site as 

adsorbents of NAs from OSPW can provide data on the transport of NAs in oil sands reclamation 

landscape where these materials may be used.  
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Therefore, the purpose of this study was to investigate three reclamation materials from oil 

sands excavation sites (peat-mineral mix and Pleistocene fluvial sands sourced from different 

locations) as adsorbents of NAs to evaluate the adsorption characteristics. The specific objectives 

were to (1) evaluate the adsorption and desorption behavior of two model compounds of NAs on 

three reclamation materials and determine the possible adsorption mechanisms, (2) apply the 

reclamation materials in the adsorption of classical NAs from real OSPW, and (3) determine the 

relationship between the uptake of NAs and the properties of reclamation materials. 

 

3.2 Methodology 

3.2.1 Chemicals  

Model NA compounds decanoic acid ≥ 98% (DA) and 5-phenylvaleric acid 99% (PVA) 

were purchased from Sigma Aldrich (Germany) and their characteristics are presented in Table 

3.1. Solutions were prepared in 5 mM analytical grade sodium bicarbonate (NaHCO3) buffer to 

maintain pH 8.5 to mimic the pH of real OSPW. 

Raw OSPW (pH = 8.5; classical NAs concentration = 46.3 mg L-1) was collected from an 

oil sands tailings pond in Fort McMurray, Alberta, Canada and stored in a cold room at 4°C. 
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Table 3.1: Characteristics of selected model compounds of naphthenic acids.  

Compound DA PVA 

Formula C10H20O2 C11H14O2 

Structure 
 

 

Molecular weight (g mol-1) 172.3 178.2 

DBE1 1 5 

– Z2 0 8 

Solubility3,4 (g L-1) 563 779 

pKa3 4.8 4.7 

Log P3 3.8 3.0 

Log D3,4 0.65 -0.12 
1Double bond equivalency. 

2Hydrogen deficiency.  

3Data source: SciFinder Scholar, Calculated using Advanced Chemistry Development(ACD/Labs) Software V11.02 

(© 1994–2022 ACD/Labs). Parameters determined at 25°C. 

4Solubility and log D at pH 8. 

 

3.2.2 Preparation and characterization of reclamation materials  

Three reclamation materials were received from an oil and gas industry located in Alberta, 

Canada (Figure 3.1). The materials were peat-mineral mix material (PT) and Pleistocene fluvial 

sands collected from different mines (PF-1 and PF-2). Samples were stored in a cold room at 4°C 

prior to preparation. Preparation involved air-drying the samples at room temperature (20°C) until 

the mass was constant (7 to 14 days), followed by crushing using a mortar and pester, sieving to 

pass through a 2 mm mesh, and storing the prepared samples in sealed glass containers. 

Characterization techniques were applied to understand the surface characteristics of the 

materials and their relationship with NAs. pH and electrical conductivity (EC) were measured 
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according to Rayment and Lyons (2011) using a pH/EC meter (Accumet™ Research AR20, Fisher 

Scientific, USA). Point of zero charge (pHpzc) was determined based on the salt addition method 

previously described in detail by Bakatula et al. (2018). The cation exchange capacity (CEC) of 

the materials was established based on BaCl2 method in Carter and Gregorich (2007) and the 

cations (Ca, Mg, K, Na, Al, Fe, and Mn) were measured using an inductively coupled plasma 

optical emission spectrometry (ICP-OES, Thermo iCAP6300 Duo, Thermo Scientific, United 

Kingdom). The determination of aluminum (Al), calcium (Ca), iron (Fe), magnesium (Mg), and 

silicon (Si) was performed through EPA 3051a digestion method followed by quantification using 

ICP-OES. The total organic carbon (TOC) was determined by adding 1 M HCl to remove inorganic 

carbon to a weighted amount of sample, followed by drying at 70°C overnight and analysis by 

combustion elemental analysis (Thermo Flash 2000, Thermo Fisher Scientific, Germany). The 

clay, silt and sand composition were determined by a laser particle analyzer (LS 13320, Beckman 

Coulter, USA). Surface area was determined by evaluation of N2 adsorption using a surface area 

analyzer (Autosorb-1MP Quanthachrome, USA) and the Brunauer-Emmett-Teller (BET) method 

was applied to determine the surface area. Samples were outgassed at room temperature for 20 h 

before N2 adsorption. The surface was scanned for functional groups between 400 and 4000 cm-1 

at 4 cm-1 resolution using Fourier transform infrared (FTIR) spectroscopy (Nicolet™ 8700 FT-IR 

Spectrometer, Thermo Scientific, USA). Prior to FTIR analysis, samples were pressed into KBr 

pellets. Surface morphology was studied using scanning electron microscopy equipped with 

energy dispersive X-ray spectrometer (SEM-EDX, EVO M10, Zeiss, Germany) at accelerating 

voltage of 20 kV in high vacuum mode at magnification from 500 to 5,000 times. Prior to surface 

morphology analysis, samples were sputtered with 16 nm layer of gold to improve image quality 

(Gold Sputter Unit, Denton Vacuum, USA). The crystal structure properties were evaluated by 
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means of an X-ray diffractometer (XRD Ultima IV, Rigaku, Japan) at scanning rate of 3° min-1 

between 10 and 90° 2θ angles using Cobalt tube at 38 kV and 38 mA.  

 

 

Figure 3.1: Air-dried, crushed, and sieved (a) PEAT-1, (b) PF-1 and (c) PF-2 reclamation 

materials received from an oil and gas industry located in Alberta.  

 

3.2.3 Instrumentation of adsorption and desorption experiments 

An analytical balance (APX-200, Denver Instrument, USA) was used to measure the mass 

of adsorbents. Adsorption and desorption experiments were performed in a platform shaker (New 

Brunswick™ Innova® 2100 platform shaker, Eppendorf Inc., USA) at agitation speed of 200 rpm 

and 20°C. The flasks used for the adsorption and desorption experiments were covered with 

parafilm. After contact time, samples were centrifuged at 7000 rpm for 10 min (Centrifuge 5810R, 

Eppendorf Inc., USA). 0.45 μm filters (Basix™ Nylon Syringe Filters, Fisher Scientific, USA) 

were applied to separate the adsorbent material from solution and samples were stored at 4°C until 

analysis. The analytical methods for the measurement of the concentration of model compounds 

of NAs and NAs in OSPW are presented in the Supporting Information (Appendix).  

 

 

(a) (b) (c)
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3.2.4 Adsorption and desorption of model compounds of NAs 

3.2.4.1 Effect of adsorbent dosage experiments  

Previous studies using similar adsorbents for adsorption of organic compounds indicated 

that adsorbent concentrations above 250 g L-1 might be needed to achieve better adsorption 

efficiency rates (Li et al., 2019; Rao et al., 2020). On the other hand, very high adsorbent 

concentrations can impact on the mixing homogeneity due to the formation of a heavy slurry 

difficult to mix. Therefore, the effect of dosage of the reclamation materials consisted of evaluating 

the proper adsorbent dosage to perform the adsorption experiments, aiming at the concentration at 

which the mixing occurred properly and without difficulty. Sorbent dosage experiments using DA 

and PVA were performed to determine the concentration at which the removal of model 

compounds of NAs was maximize and the mixing was not compromised due to the high adsorbent 

dosage concentration. 

The effect of adsorbent dosage was studied by varying the amount of reclamation material 

added to a specific volume of model NA compound solution at 48 h of adsorption contact time. 

The adsorbent dosages evaluated were as follows: 1 to 5 g L-1, 100 to 500 g L-1, and 20 to 100 g 

L-1 for PT, PF-1, and PF-2 samples, respectively. Experiments were conducted in duplicate. Batch 

adsorption experiments were performed for each model NA compound solution at 25 mg L-1. 

Blank samples (reclamation materials, 5 mM NaHCO3 buffer solution with no model NAs) passed 

through the same adsorption process to assess background contamination of reclamation materials, 

if any.  
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3.2.4.2 Kinetic and equilibrium experiments  

Adsorption kinetics experiments were performed at different contact times from 30 min to 

14 days, or until equilibrium was reached. Every single contact time required a single experiment. 

Experiments were performed using 25 mg L-1 NA solution using 500 and 100 g L-1 PF-1 and PF-

2, respectively. For PT, dosage of 3 and 5 g L-1 were used for DA and PVA, respectively. After 

the equilibrium time was determined by kinetics study, adsorption equilibrium experiments were 

performed at the equilibrium time using different initial concentration of model NA compound 

between 20 and 100 mg L-1. Experiments were performed in duplicate. After contact time, the 

contents of the flasks were centrifuged, filtered, and stored until analysis.  

 

3.2.4.3 Desorption experiments  

Adsorption equilibrium experiments were performed at the equilibrium time found based 

on the adsorption kinetic experiments. The initial concentration of model NA compound ranged 

from 20 to 100 mg L-1.  

Erlenmeyer flasks containing the calculated amount of reclamation material at specific 

concentration (determined as the best adsorbent dosage) and 30 mL single NA solution in 5 mM 

NaHCO3 buffer (pH 8.5) at concentrations ranging from 20 to 100 mg L-1 were covered and placed 

in platform shaker for the contact time defined as the equilibrium time. Experiments were 

performed in duplicate. After contact time, the contents of the flasks were centrifuged, filtered, 

and stored at 4°C until analysis by LC-MS. 

Post-adsorption adsorbents were collected from experiments performed at equilibrium time 

using 25 mg L-1 NA solution by separating the supernatant from the adsorbent by centrifugation. 

The post-adsorption material was air-dried at 20°C until completely dry. The surface functional 
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groups, surface elemental composition, and crystal structure properties on the surface of materials 

obtained post-adsorption of DA and PVA were assessed by means of Fourier transform infrared 

(FTIR) spectra, SEM images, and X-ray diffractograms. 

The objective of the desorption study was to evaluate the leaching capacity of model NA 

compounds from materials post-adsorption in natural settings. Three types of desorption solution 

were used:  

(i) buffer solution without model compounds (5 mM NaHCO3 buffer, pH 8.5),  

(ii) 0.01 M CaCl2 solution, and  

(iii) simulated soil solution, obtained by adding 50 g reclamation material in 1 L ultrapure 

water, shaking for 24 h at 200 rpm and 20°C, followed by centrifugation at 5000 rpm, according 

to procedure presented by Chen et al. (2021, pp. author-year). Each post-adsorption material was 

subjected to desorption experiments using its equivalent simulated soil solution. 

The post-adsorption material was added to Erlenmeyer flasks containing the 30 mL of 

desorption solution. The dosage of post-adsorption material followed the best adsorbent dosage 

determined in the preliminary assessment according to the model compound (i.e., 500 g L-1 PF-1 

and 100 g L-1 PF-2 for both DA and PVA, and 3 and 5 g L-1 PT for DA and PVA, respectively). 

Flasks were covered and placed in the platform shaker for contact times between 30 min and 14 

days. Every single contact time required a single batch experiment. Experiments were performed 

in duplicate. After contact time, the samples were centrifuged, filtered, and stored until analysis.  

 

3.2.5 Adsorption of classical NAs from raw OSPW  

Each reclamation material at concentration of 5, 500 and 100 g L-1 for PT, PF-1, and PF-2 

respectively, were added to flasks containing real OSPW. These concentrations were selected 
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based on the performance of reclamation materials for adsorption of model NA compounds from 

single solution. Flasks were covered and placed in the platform shaker for 2 days for PT material 

and 6 days for PF-1 and PF-2 materials. After contact time, the contents of flasks were centrifuged, 

filtered, and stored until analysis.  

 

3.2.6 Data analysis 

The removal rate (Eq. 2.1) and the adsorption capacity (Eq. 2.2) were applied to evaluate 

any adsorption data. For the kinetic study, the kinetic models PFO (Eq. 2.3), PSO (Eq. 2.4), and 

Elovich (Eq. 2.5) were used to understand the experimental data of kinetic study. The evaluation 

of a suitability of a kinetic model for an experimental data was done based on the correlation 

coefficient (R2) provided by the fitting of linear plot to the data and the comparison between the 

adsorption capacity calculated by the model (𝑞 , ) and the adsorption capacity obtained 

experimentally (𝑞 , ) (Foo & Hameed, 2010). The experimental data of equilibrium study was 

evaluated based on the Langmuir (Eq. 2.7) and Freundlich (Eq. 2.8) isotherms. 

From the fitting of the Langmuir isotherm to the experimental data, the dimensionless 

adsorption intensity (𝑅 ) was determined based on the following equation (Lei et al., 2013; Xiang 

et al., 2018):  

 

𝑅 =
	

   (Eq. 3.1) 

 

The thermodynamic parameter Gibbs free energy (ΔGo, kJ mol-1) was calculated from the 

Langmuir affinity constant (KL, L mg-1) based on Eq. 3.2 and 3.3, where R is the Universal gas 
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constant (8.314 · 10-3 kJ mol-1 K-1), T is the temperature (298 K), and MW is the molecular weight 

of the model NA compound (Tran et al., 2021; Zhou, 2020; Zhou & Zhou, 2014): 

 

∆𝐺 = −𝑅	𝑇 ln𝐾    (Eq. 3.2) 

𝐾 = 10 𝐾 	𝑀𝑊	   (Eq. 3.3) 

 

The adsorption distribution coefficient (Kd, Eq. 3.4) is very important to evaluate the 

distribution of NA molecules in the materials (Shaheen et al., 2013). The Kd can be normalized in 

terms of the total organic carbon (Koc, Eq. 3.5) (Qisse et al., 2020; Rao et al., 2020).  

 

𝐾 =    (Eq. 3.4) 

𝐾 =
(%)

100%	   (Eq. 3.5) 

 

The Pearson correlation (r) was applied to disclose the relationship between the main 

characteristics of reclamation materials and their adsorption properties (Kd, KOC, qmax, qt) 

(Boskovic et al., 2020). Microsoft Excel software was used to calculate the Pearson correlation 

values (r) using the functions =PEARSON and =TDIST. 

 

3.3 Results and discussion 

3.3.1 Characterization of reclamation materials 

Based on the physico-chemical properties of reclamation materials (Table 3.2), the 

electrical conductivity (EC), cation exchange capacity (CEC), and total organic carbon (TOC) 
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values were in the order of PT > PF-1 > PF-2 and about 5, 17, and 24 times higher in PT than PF-

1 and PF-2, respectively. The CEC origins from the organic matter and clay minerals and can 

suggest the adsorption capacity of cations via ionic interactions since higher CEC values indicate 

more electronegative sites (Liu et al., 2022). In terms of soil texture, PT has a silty characteristic 

(48.5%) while sand is the majority of PF-1 and PF-2 materials, which was expected for PF-1 and 

PF-2 materials, since they are Pleistocene fluvial sands. Clay accounts for the lowest portion of all 

materials. pH of materials was neutral for PT, and alkaline for PF-1 and PF-2. The pHpzc range is 

around 6.5 for PT and PF-2 and 9.6 for PF-1. Considering that the OSPW pH is around 8.5, the 

surface of materials will be negatively charged (pH > pHpzc) for PT and PF-2 and positively 

charged (pH < pHpzc) for PF-1 (Peng et al., 2016). Since the pKa of studied model NA compounds 

is 4.9 (Table S1), repulsion forces might occur between the materials and the NAs. The surface 

area of all materials was small and in the range of 2.30 to 5.97 m2 g-1. The concentration of 

aluminum (Al) and silicon (Si) were in the order of PF-1 > PF-2 > PT. Ca and Fe contents were 

much higher for PT and were in the order of PT > PF-1 > PF-2. Mg content was in the order PF-1 

> PT > PF-2.  

Diversified particle shapes and sizes were observed in the SEM images of the materials 

before and after adsorption (Figure S1-3). Smaller particles are attached to larger particles, which 

is characteristic of soil materials (Chen et al., 2021) and might indicate different structural phases 

(Otieno et al., 2021). At magnification of 5000 times, the surface of PT was more homogeneous 

and smoother than PF-1 and PF-2. After the adsorption process, the PT surface (Figure S1a) 

changed from a smooth surface to a surface with irregular deposition for adsorption of DA and 

regular deposition for PVA. For PF-1 (Figure S2a) and PF-2 (Figure S3a) the surface became 

smoother and without less particle aggregation for adsorption of PVA, which was also observed 



 

 62 

for adsorption of DA on PF-2. The EDX spectra obtained for the materials (Figure S1-3) indicated 

that PT was mainly composed of carbon (C) and oxygen (O), with 58 and 35.1%, respectively. 

Small amounts of Ca  (2.3%), Fe (2.2%), and Si (1.5%) were found in PT material. The PF 

materials were again differentiated by their elemental composition. Both PF-1 and PF-2 materials 

were dominated by O (52.8 and 54%), C (22.8 and 20.1%), Si (17 and 20.1%), and small amounts 

of Al and Fe were observed for both. However, PF-1 presented small amounts of Ca (2.4%). 

Minimal changes were observed in the elemental composition detected by EDX in the materials 

after adsorption with DA and PVA. 

The mineralogical analysis of the materials was performed by means of X-ray 

diffractograms to identify the mineral fractions present in these materials (Figure S4). The overall 

intensity of peaks for PT was much lower than PF-1 and PF-2. Quartz was the dominant peak for 

all materials, which agrees with the fact that the oil sands are enriched with quartz minerals 

(Entezari et al., 2017). Much lower intensity peaks indicated the presence of calcite and dolomite 

in PT and PF-1. Kaolinite was present in PF-1 and PF-2, while dolomite and albite were part of 

the mineral fraction of PF-1 and PF-2 only, respectively. 

The FTIR readings of the materials before adsorption are presented in Figure 3.2. Similar 

spectra for PF-1 and PF-2 materials were observed, which was expected because they are both 

Pleistocene fluvial sands. For PF-1 (Figure 3.2b) and PF-2 (Figure 3.2c), the bands 3697 and 3620 

cm-1 were weak bands associated with the mineral presence of kaolinite with the OH-vibrations of 

AlOH (Li et al., 2020b; Madejová et al., 2017; Russell & Fraser, 1994), confirmed by the presence 

of kaolinite in the XRD diffractograms (Figure S4b,c). The materials have some bands in common: 

strong band around 3400 cm-1 (Figure 3.2a) is characteristic of O-H stretching and indicates 

intermolecular hydrogen bonds formed by water molecules (Deng et al., 2022; Xing et al., 2019) 
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and the bands between 2960 and 2850 cm-1 indicate the presence of organic contaminants (Russell 

& Fraser, 1994). The FTIR spectra can signal the hydrophobic and hydrophilic characteristic of 

organic matter at 3000-2800 and 1800-1600 cm-1, respectively (Xing et al., 2019), in which C-H 

stretching of aliphatic is linked to peaks in the hydrophobic region and C=C stretching of aromatic 

rings and C=O vibrations of carboxylic acids/anions and amides are linked to the peaks at 1630 

cm-1 (Fernandes et al., 2010; Wei et al., 2017; Xing et al., 2019). PT has strong peaks for both 

regions, highlighting the presence of hydrophobic and hydrophilic functional groups that might be 

desirable for adsorption of naphthenic acids. PF-1 and PF-2 also have peaks in those regions, but 

with much lower intensity. Additionally, bands around 1800-1600 cm-1 are closely related to CEC 

(Xing et al., 2019). Considering that PT has much higher CEC than PF-1 and PF-2 materials, that 

can explain why the peak around 1630 cm-1 is more intense for PT. The peak at 1439 cm-1 in PF-

1 spectra is linked to the presence of carbonates (Xing et al., 2019). The strong peak obtained at 

1089 cm-1 for PF-1 and PF-2 is indicative of O-H stretching of quartz band and Si-O stretching 

vibrations, such as Si-O-Si (Belkassa et al., 2021; Madejová et al., 2017; Volkov et al., 2021), 

agreeing with the XRD diffractograms in which quartz was the mineral with the strongest signal 

in the spectra (Figure S4). The peak at 1105 cm-1 for PT is likely related to the C-O stretching, O-

H deformation of polysaccharides, and silicate impurities (Grube et al., 2006). 

The band around 900 cm-1 in PT spectra is due to calcite mineral (Russell & Fraser, 1994), 

also confirmed by the XRD diffractograms. Another indicative of kaolinite bands is the weak 

bands between 800-750 cm-1 (Russell & Fraser, 1994), and Si-O-Al bending vibrations are 

represented by bands in the region of 700 cm-1 (Madejová et al., 2017), both observed in PF-1 and 

PF-2 spectra. Iron oxide bands could be associated with the peaks observed at 512 cm-1 for PF-1 

(Kiskira et al., 2019) and at 540 cm-1 for PT (Wei et al., 2017). The peaks observed at 462 and 475 
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cm-1 are related to Si-O-Si bending vibrations and quartz, respectively (Chapman et al., 2001; 

Madejová et al., 2017). The albite characteristic was linked to sharp features around 400 cm-1 as 

observed for PF-1 and PF-2 (Russell & Fraser, 1994).  

The changes observed in the FTIR spectra for the materials obtained after adsorption is 

discussed in the Section 3.3.4 (Adsorption mechanisms).  

 

Table 3.2: Properties of studied reclamation materials. 

  Reclamation material 

Parameter PT PF-1 PF-2 

pH 7.02 8.94 8.16 

EC (μS cm-1) 326.05 68.05 44.15 

CEC (cmol(+) kg-1) 157.41 9.30 7.83 

pHpzc 6.52 9.64 6.56 

TOC (%) 35.81 1.46 0.91 

Texture Clay (%) 12.34 23.60 15.34 

Silt (%) 48.54 22.90 16.93 

Sand (%) 39.12 53.50 67.73 

Surface area (m2 g-1) 2.30 5.97 4.91 

Al (g kg-1) 1.28 5.61 5.52 

Ca (g kg-1) 33.62 20.4 1.84 

Fe (g kg-1) 24.01 7.13 6.78 

Mg (g kg-1) 3.91 7.42 1.16 

Si (g kg-1) 0.88 2.90 2.20 
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Figure 3.2: FTIR spectra of (a) PT, (b) PF-1, and (c) PF-2 materials before and after adsorption 

of model compounds of NAs. 

 

3.3.2 Effect of adsorbent dosage on adsorption of model compounds of NAs 

The effect of adsorbent dosage is a preliminary study to assess an unknown material as a 

potential adsorbent. When designing the appropriate amount of adsorbent dosage, the following 

were considered: the literature review of adsorbent dosages used for similar adsorbents (i.e., soils 

and sediments), the ratio between mass of adsorbent and volume of solution to ensure proper 
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mixing, and the percentage of pollutant removal. Based on that, 1 to 5, 100 to 500, and 20 to 100 

g L-1 were the range of adsorbent dosage evaluated for PT, PF-1, and PF-2, respectively. The 

results of the effect of adsorbent dosage on adsorption of DA and PVA (Figure 3.3) indicate that 

the application of higher adsorbent dosage ensured high rates of adsorption of DA and PVA, since 

the amount of model NA compounds adsorbed increased as the adsorbent dosage increased. 

Overall, the adsorption of DA was higher than PVA for all materials, indicating that compounds 

with lower –Z  might be removed easily. However, the removal of NAs with higher –Z is desired, 

since higher –Z values in NAs infer more recalcitrant characteristic to the NAs (Islam et al., 2016). 

3 g L-1 PT for DA and 5 g L-1 PT for PVA removed 100% of model compounds. The best 

adsorbent dosage for PF-1 and PF-2 were the highest evaluated concentration (500 and 100 g L-1, 

respectively), in which PF-1 removed 91 and 47% of DA and PVA, respectively and PF-2 removed 

88 and 54% of DA and PVA, respectively.  

Studies of adsorption of large organic compounds on soil also applied similar range of 

adsorbent dosages. For example, soil containing peat was used at 3 g L-1 in the adsorption of 

naphthenic acids (Janfada et al., 2006; Peng et al., 2002) and 5 g L-1 peat was used in the adsorption 

of a phenolic compound (Pei et al., 2007). The adsorption of perfluorinated acids and herbicides 

were achieved at 250 and 500 g L-1 by Li et al. (2019) and Rao et al. (2020), respectively.  

Based on the preliminary evaluation of adsorbent dosage for adsorption of model NA 

compounds, the optimal adsorbent dosage to be applied in the experiments that followed (kinetic, 

equilibrium and desorption experiments) were 3 and 5 g L-1 PT for DA and PVA, respectively, 

and 500 g L-1 PF-1 and 100 g L-1 PF-2 for both DA and PVA. 
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Figure 3.3: Effect of adsorbent dosage for adsorption of model NA compounds on (a) PT, (b) PF-

1, and (c) PF-2 materials. Conditions: 25 mg L-1 initial model NA compound concentration at pH 

8.5; 48 h of contact time. 
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3.3.3 Adsorption kinetics 

The kinetics study was performed between contact times 30 min and 14 days (Figure 3.4–

3.6) and it was observed that there was no removal of model NA compounds in the first 8 h of 

contact time. For PT, 24 and 18 h was needed to obtain 7.6 and 9.4% removal of DA and PVA, 

respectively, while 16 and 8 h was needed to obtain approximately 6.5% removal for PF-1 for both 

compounds and 0.9 and 7.3% removal of DA and PVA for PF-2, respectively. Then, the adsorption 

advanced until 100% of DA and PVA were removed from solution, which occurred at 2 days using 

PT and 3 and 6 days for DA and PVA, respectively, using PF-1 and PF-2. Longer times to reach 

equilibrium is common in the adsorption of organic compounds in soil-like materials. For example, 

equilibrium was reached at 4 days for the adsorption of benzene and toluene on peat (Gharedaghloo 

& Price, 2021). 

The kinetics models pseudo-first order (PFO), pseudo-second order (PSO), and Elovich 

models were applied to the experimental kinetics data to evaluate the adsorption of DA and PVA 

on PT (Figure 3.4), PF-1 (Figure 3.5), and PF-2 (Figure 3.6). The kinetics parameters obtained 

with the fitting are shown in Table 3.3. The higher values of R2 (0.90 – 0.95) and values of qe 

predicted by the model closer to the experimental qe suggest that the Elovich kinetics model 

described the adsorption of DA on all materials and the adsorption of PVA on PT. The adsorption 

of PVA on PF-1 and PF-2 was best described by the PFO kinetics model. The PSO kinetics model 

did not describe any of the adsorption processes. 

The Elovich kinetics model indicates the predominance of chemical adsorption processes 

controlling the adsorption of DA on materials (Li et al., 2016; Tseng et al., 2003; Turner, 1975). 

The Elovich parameters can suggest important interactions between the pollutant and the 

adsorbent. The initial adsorption rate (α) can express the affinity between the pollutant and the 
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adsorbent (Rodríguez-Liébana & Peña, 2020). Among the three studied materials, PT was the one 

with the highest α, implying that it has more affinity with DA, which was expected since the 

adsorption capacity of DA on PT was 165 and 33 times higher than PF-1 and PF-2, respectively, 

and the equilibrium time was reached earlier for PT. In comparison between the adsorption of DA 

and PVA on PT, there is higher affinity of PT with DA rather than PVA – the adsorption capacity 

is higher probably due to the less complex structure of DA. In terms of the adsorption of PVA on 

PF-1 and PF-2, the PFO kinetics model best described the process, indicating that the adsorption 

of NAs on materials is not a single-step phenomenon, but rather a multi-step mass transfer of 

pollutants that is affected by several factors such as physicochemical characteristics of adsorbent 

and nature of pollutant (Bian et al., 2022). 
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Figure 3.4: (a) Adsorption capacity of PT and the fittings of (b) PFO, (c) PSO, and (d) Elovich 

kinetic models for adsorption of model NA compounds from 30 min to 14 days of contact time 

using 3 and 5 g L-1 PT for DA and PVA, respectively. 
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Figure 3.5: (a) Adsorption capacity of PF-1 and the fittings of (b) PFO, (c) PSO, and (d) Elovich 

kinetic models for adsorption of model NA compounds from 30 min to 14 days of contact time 

using 500 g L-1 PF-1. 
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Figure 3.6: (a) Adsorption capacity of PF-2 and the fittings of (b) PFO, (c) PSO, and (d) Elovich 

kinetic models for adsorption of model NA compounds from 30 min to 14 days of contact time 

using 100 g L-1 PF-2.  
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Table 3.3: Summary of modeling kinetics parameters obtained for adsorption of model NA 

compounds on reclamation materials. 

 PT  PF-1  PF-2  

Kinetics models and 

parameters 

DA PVA DA PVA DA PVA 

qe.exp
a

 (mg kg-1) 7.2 × 103 4.7 × 103 43.4 47.0 216.7 234.5 

PFO qe.PFO (mg kg-1) 122 × 103 30 × 103 429.9 55.2 1,091.2 378.53 

KPFO (h-1)  0.11 0.10 0.09 0.02 0.06 0.03 

R2 0.83 0.96 0.85 0.92 0.72 0.95 

PSO qe.PSO (mg kg-1) 111 × 103 5 × 103 63.7 74.07 303 344.83 

KPSO (kg mg-1 h-1) 7 × 10-7 4 × 10-6 1.4 × 10-4 10-4 4 × 10-5 3 × 10-5 

R2 0.37 0.71 0.61 0.80 0.39 0.81 

Elovich qe.Elovich (mg kg-1) 7.1 × 103 4.8 × 103 47.6 25.4 220.8 193.5 

α (mg kg-1 h-1) 428.3 274.1 1.82 1.37 8.48 8.35 

β (kg mg-1) 10-4 2 × 10-4 0.02 0.08 0.01 0.01 

R2
 0.95 0.97 0.90 0.78 0.90 0.88 

 

3.3.4 Adsorption equilibrium modelling 

The equilibrium study was performed at equilibrium time found in the kinetics study using 

initial concentrations of DA and PVA ranging from 20 to 100 mg L-1 (Figure 3.7). The equilibrium 

adsorption capacity and the removal of DA and PVA increased with the increase in the initial 

concentration of pollutant. 

The isotherm models Langmuir and Freundlich were applied to the experimental 

equilibrium data obtained at different initial concentrations to evaluate the adsorption of DA and 

PVA on materials (Figure 3.7 and S5) and the equilibrium parameters obtained with the fitting are 

shown in Table 3.4. The R2 values obtained for the fitting of Langmuir isotherm to the adsorption 
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of NAs on materials were higher (R2 = 0.99) than the ones obtained for Freundlich isotherm, 

indicating that the adsorption processes follow the Langmuir model. The Langmuir isotherm 

assumes a monolayer adsorption on specific sites with homogeneously energies (Langmuir, 1918). 

Therefore, the adsorption of model NA compounds on materials might be of monolayer 

characteristic. Even though the adsorption of organic compounds usually fit the Freundlich 

isotherm due to the heterogenous characteristic of soils, Langmuir model has also described the 

adsorption of organic compounds on soils (Xiang et al., 2018). However, the adsorption of model 

compounds of NAs on soils by Peng et al. (2002) was best described by the linear isotherm instead 

of Langmuir or Freundlich isotherms.  

The maximum adsorption capacity estimated by the Langmuir isotherm ranged from 81.3 

to 16,800 mg kg-1 (Table 3.4) and was in the order of PT > PF-2 > PF-1 for DA and PVA 

adsorption, and the qmax was in the order of DA > PVA for all materials probably because of its 

lower double bond equivalency (DBE) and lower molecular weight (Rashed et al., 2020). PT is by 

far the best adsorbent of NAs probably because of its characteristics: high TOC content, CEC, and 

EC values. 

The adsorption intensity parameter RL was calculated for the experimental data. The RL 

indicates if the adsorption is favorable (0 < RL < 1), irreversible (RL = 0), linear  (RL = 1), or 

unfavorable (RL > 1) (Lei et al., 2013; Xiang et al., 2018). For the adsorption of NAs on materials, 

the RL parameter for ranged from 0.003 to 0.16 for initial pollutant concentrations ranging from 

20 to 100 mg L-1, in which the highest RL values were observed for the lowest initial concentration. 

These results indicated that the adsorption of NAs on the studied materials was favorable. 

Nonetheless, all RL values were all lower than 0.05 except for adsorption of DA on PT (0.16). The 

proximity with 0 might suggest a high degree of irreversibility (Vimonses et al., 2009). This fact 
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agrees with the previously findings: the best fitting to the Langmuir model for all adsorption 

processes and the fitting to the Elovich kinetics model for the adsorption of DA on all materials 

and PVA on PT, both of which could suggest chemisorption (Swenson & Stadie, 2019; Turner, 

1975). 

Additionally, the thermodynamic parameter Gibbs free energy (ΔGo) can help distinguish 

an adsorption process from physisorption and chemisorption. Physisorption if  -20 < ΔGo < 0 kJ 

mol-1, chemisorption ΔGo < -40 kJ mol-1, and a combination of  both processes if  -40 < ΔGo < -

20 kJ mol-1 (Boskovic et al., 2020). For the adsorption of DA and PVA on materials, the ΔGo was 

within the range that characterizes the presence of physisorption and chemisorption. Also, based 

on the range, the adsorption mechanism could include H-bonding (-16 < ΔGo < -4 kJ mol-1) and 

ligand exchange (ΔGo < -20 kJ mol-1) (Boskovic et al., 2020). 
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Figure 3.7: Adsorption of model NA compounds at initial concentrations from 30 to 100 mg L-1 

and its respective fitting of Langmuir isotherm for the adsorbents (a,b) PT, (c,d) PF-1, and (e,f) 

PF-2. 
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Table 3.4: Summary of modeling equilibrium parameters obtained for adsorption of model NA 

compounds on reclamation materials. 

 PT  PF-1  PF-2  

Isotherms and parameters DA PVA DA PVA DA PVA 

Langmuir qmax (mg kg-1) 16.8 × 103 104 142.86 81.30 500 476.19 

KL (L mg-1)  0.30 1 7 1.71 0.67 3.50 

R2 0.99 0.99 0.99 0.99 0.99 0.99 

RL,20
a 0.16 0.05 0.008 0.03 0.08 0.01 

RL,100
b 0.03 0.01 0.001 0.006 0.01 0.003 

ΔGo (kJ mol-1) -26.9 -29.9 -34.7 -31.3 -28.9 -33.0 

Freundlich Kf  

(mg1-n Ln kg-1) 

8 × 103 6.4 × 103 114.29 70.81 306.90 450.71 

1/n 0.16 0.11 0.06 0.03 0.10 0.02 

R2 0.79 0.46 0.89 0.32 0.91 0.18 
a RL,20 obtained at the lowest initial concentration (20 mg L-1).  

b RL,100 obtained at the highest initial concentration (100 mg L-1).  

 

3.3.5 Adsorption mechanisms 

The nature of adsorption mechanisms can be further elucidated using FTIR spectra (Figure 

3.2) for materials before and after adsorption of model NA compounds with the assistance of the 

EDX (Figure S1–S3) and XRD (Figure S4) spectra of materials after adsorption.  

Compared with the spectra obtained before adsorption, the wavenumber of some peaks of 

materials after adsorption of model NA compounds shifted (Figure 3.2), indicating that more than 

one adsorption mechanism is responsible for the adsorption of model NA compounds on the 

materials. Considering that the peaks at the region of 3400 cm-1 shifted, hydrogen bonding is one 

of the adsorption mechanisms of DA and PVA on materials, indicating that the –OH containing 
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groups on adsorbent surface likely formed hydrogen bonds with the model NA compounds (Chen 

et al., 2019b). It was noticed that the peaks in the hydrophobic and hydrophilic groups shifted after 

adsorption, which could indicate that hydrophobic interactions are also a adsorption mechanism 

involved in the adsorption process (Xing et al., 2019). Another evidence of adsorption of DA and 

PVA (hydrophobic molecules) on hydrophobic sites is given by the shift in the siloxane (Si-O-Si) 

peaks (1089-1105 and 462-475 cm-1) (Belkassa et al., 2021; Li et al., 2020b). The diffractograms 

obtained for the materials post-adsorption (Figure S4) supported the involvement of Si-O-Si 

groups in the adsorption since a slight modification in the intensity of quartz peaks was observed 

for PF-1 (2θ = 24.3°, 53.7°, 58.9°, 81.2°) and PF-2 (2θ = 24.3°, 31°, 81.2°, 81.4°), suggesting that 

the mineral phase (quartz) was involved in the adsorption (Cheng et al., 2020b), and Si content in 

the EDX spectra (Figure S2) was also modified after adsorption. Additionally, π−π interaction 

could be evidenced by the shifts in peaks around 1630 cm-1 (Tang et al., 2022).   

 

3.3.6 Desorption of model compounds of NAs from post-adsorption reclamation materials  

No desorption of DA and PVA from the three studied materials was observed from contact 

times from 30 min to 14 days for all three desorption solutions (buffer at pH 8.5, 0.1 M CaCl2, 

simulated soil solution). The lack of desorption indicates that the molecules of NAs are tightly 

bound to the materials (Xu & Li, 2010) and that might be in the form of chemical bonds (Liang et 

al., 2022). Due to complexity of NAs, the adsorption of NAs on materials is likely irreversible, as 

suggested previously by the RL constant calculated from the Langmuir affinity constant. 

Additionally, the low solubility of DA and PVA (Table 3.1) contributes to the low mobility of 

these compounds in the reclamation material and stronger adsorption affinity (Mutavdžić Pavlović 
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et al., 2014). Therefore, the leaching capacity of these model NA compounds from materials is 

considered low under the tested conditions.   

3.3.7 Adsorption performance of classical NAs from raw OSPW by reclamation materials: 

Effect of structure of NAs on adsorption  

The reclamation materials were used independently as adsorbents of NAs from raw OSPW. 

The OSPW after application of PT, PF-1, or PF-2 materials and the concentration of classical NAs 

was determined. Samples of raw OSPW and OSPW after adsorption were analyzed to obtain 

classical NA concentration and the findings are presented in Figure 3.8. The adsorption capacity 

for classical NAs (Table 3.5) was much lower than the ones observed for the adsorption of 

representative compounds of NAs in buffered solution (DA and PVA). That was expected because 

the OSPW is a complex matrix containing thousand structures of NAs and other constituents that 

might affect adsorption (Wu et al., 2019). PT at dosage of 5 g L-1 presented the highest adsorption 

capacity, followed by PF-2 and PF-1 materials, and this trend was also in accordance with the 

experiments with model compounds.  

The classical NA concentration profiles in raw and post-adsorption OSPW as a function of 

carbon and –Z numbers (Figure 3.8) show that the classical NAs in the OSPW were in the range 

of carbon number 9–22 and –Z number 0–18. In terms of carbon number, the majority of NAs 

were found in the range of 12–19 and the highest peak was at 14, represented by 17.9% of all 

classical NAs in this particular OSPW, followed by carbon numbers 13 and 15 with 16 and 14.9% 

of all classical NAs. The most abundant NA species are the ones with −Z values as 4, 6, and 12, 

representing 35.4, 20.6, and 10.4% of NAs. The −Z values indicate that most of classical NAs in 

this raw OSPW were bicyclic, tricyclic, and hexacyclic. This trend was also observed by Benally 

et al. (2019). Additionally, −Z > 12 represents 18.3% of classical NAs in the raw OSPW. 
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In general, removal was better achieved by PF-1, followed by PF-2 and PT, in which about 

39, 27 and 20% removal classical NAs from real OSPW were observed, respectively. Even though 

PT had the lowest removal, PT remains the best adsorbent for classical NAs due to the low dosage 

required to achieve such removal (5 g L-1), inferring higher adsorption capacities. In addition, PT 

dosage can be increased to more realistic values for real application, considering that better 

removal at higher adsorbent dosages concentrations is expected for real process water and this kind 

of natural adsorbent.  

With respect to the −Z numbers, all −Z (0–18) were partially removed by all reclamation 

materials. This finding indicates the potential of these reclamation materials as natural adsorbents, 

since reduction of NAs with higher −Z numbers is desirable because of they have more recalcitrant 

characteristics and difficult degradation (Islam et al., 2016). PF-1 provided superior removal for 

−Z = 0, 4 ≥ −Z ≥ 8, and 14 ≥ −Z ≥ 18. PF-2 had higher removal of −Z values 2, 10, and 12.  

The removal of NAs from OSPW in terms of carbon numbers are also evaluated. Overall, 

following the trend presented by the −Z numbers, all the carbon numbers were partially removed 

by the materials. As expected, PF-1 material provided best removal for all except for carbon 

numbers 10–13 that were best removed by PF-2. As the carbon number increased further than 11, 

the removal also increased, indicated that adsorption was favorable due to the higher 

hydrophobicity of NAs (Zubot et al., 2012). 

From the results presented in this section, one can conclude that the materials are a feasible 

option in the adsorption of NAs from OSPW, since it was able to remove NAs with diverse 

molecular weight (carbon numbers between 8 and 23) and ring structures (−Z from 0 to 18). 

Special attention is given to the PT material, which performed greatly at a very low concentration 

(5 g L-1) in comparison with PF-1 and PF-2 materials that applied 500 and 100 g L-1, respectively. 
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That illustrates the potential of PT as adsorbent of NAs from real OSPW. To illustrate this, 50 g 

L-1 PT was applied to the adsorption of classical NAs from OSPW, and results are also presented 

in Figure 3.8. The total concentration of classical NAs using PT at 50 g L-1 decreased by 54.4% 

and the final concentration reached 21.2 mg L-1. The removal of all carbon numbers increased 

significantly from the application of 5 g L-1 PT and removals surpassed the ones observed for PF-

1. The carbon numbers with highest concentration in OSPW (13–15) presented removal from 30.3 

to 63.9% and the removal rate increased with carbon number > 15. By using 50 g L-1 PT, the 

removal increased as the −Z values increased from 2 and 18 (37.8 to 87%), and the removals 

observed for each −Z value were higher than the ones obtained using 5 g L-1 PT, 500 g L-1 PF-1, 

and 100 g L-1 PF-2 materials. This finding also indicates the adsorption was favorable due to the 

higher hydrophobicity of NAs (Zubot et al., 2012), which is desirable since complex NAs are more 

difficult to degrade as they are more recalcitrant. 

Even though the materials were able to adsorb NAs from a wide range of carbon numbers 

and structures (–Z), there is adsorption competitivity, which can be evaluated based on the 

adsorption capacity (Table S1). The two highest adsorption capacities were observed for carbon 

numbers 13 and 16 for PT, 15 and 16 for PF-1, and 16 and 15 PF-2 and –Z numbers 4 and 6. Lower 

carbon numbers (< 12) and lower –Z numbers (< 4) were the least adsorbed NAs. The study of 

Janfada et al. (2006) for adsorption of NAs on soil determined their studied soil had preference for 

–Z = 2 at carbon number ranging from 13 to 17. 
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Table 3.5: Results of adsorption of classical NAs from real OSPW.  

Material Adsorption capacity (mg kg-1) Removal (%) 

PT at 5 g L-1 1.9 · 103 20.3 

PF-1 at 500 g L-1 36.2 39.2 

PF-2 at 100 g L-1 127.2 27.5 

 

 

 

Figure 3.8: Concentration profile of NAs depicted by (a) carbon and (b) –Z numbers in the raw 

OSPW and OSPW after adsorption for the contact time of 2 days for PT and 6 days for PF 

materials. 
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3.3.8 Evaluation of adsorption distribution coefficients 

The adsorption distribution coefficients (Kd) and adsorption distribution coefficients 

normalized for organic carbon (KOC) were calculated for DA and PVA at 50 and 100 mg L-1, and 

classical NAs from real OSPW (Table 3.6). These coefficients Kd and KOC are important to 

evaluate the affinity and distribution of organic compounds in the reclamation materials. Higher 

affinity is expected with higher Kd values (Qisse et al., 2020), and the coefficients were much 

lower for classical NAs from real OSPW in comparison with the ones obtained for adsorption of 

DA and PVA in buffered solution, indicating that the materials have more affinity with the model 

compounds than the NAs from real wastewater, most likely because of OSPW composition. In 

comparison with the study of Janfada et al. (2006), which found Kd of 3.7 and 17.8 L kg-1 for 

adsorption of NAs on soil with 1.6 and 2.7% TOC, respectively, PT had a more affinity for 

classical NAs from real OSPW with Kd = 50.5 L kg-1. PT had 35.8% TOC content, and its higher 

affinity with NAs might be associated with higher organic fraction (Janfada et al., 2006). 
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Table 3.6: Adsorption distribution coefficients (Kd) and adsorption distribution coefficients 

normalized for organic carbon (KOC) of DA, PVA and classical NAs on reclamation materials.   

 Adsorption distribution coefficients (L kg-1) 

 Kd,50
a Kd,100

a Kd
b KOC,50

c KOC,100
c KOC

b 

RM* DA PVA DA PVA O2-

NAs 

DA PVA DA PVA O2-

NAs 

PTd 668.3 760.6 253.2 204.5 50.5 1866.2 2123.9 707.0 571.0 141.1 

PF-1e 1007. 5.1 3.7 1.5 1.3 69016.5 346.5 251.7 99.6 88.2 

PF-2e 36.7 182.7 7.8 10.0 3.8 4032.7 20076.0 855.2 1093.1 416.5 

*Reclamation materials 

a Kd,50 and Kd,100 are the adsorption distribution coefficients of model NA compounds at 50 and 100 mg L-1, 

respectively. 

b Kd and KOC of classical NAs obtained from adsorption of real OSPW at 2 days for PT and 6 days for PF-1 and PF-

2. 

c KOC,50 and KOC,100 are the adsorption distribution coefficients of model NA compounds at 50 and 100 mg L-1, 

respectively. 

d PT was applied at 3 g L-1 for adsorption of DA and 5 g L-1 for adsorption of PVA and classical NAs from real OSPW. 

e PF-1 and PF-2 were applied at 500 and 100 g L-1, respectively, for adsorption of DA, PVA, and classical NAs from 

real OSPW. 

 

3.3.9 Effect of the properties of reclamation materials on adsorption of NAs 

The adsorption of organic compounds on soil materials is often impacted depending on the 

material characteristics, such as TOC, CEC, and clay content (Conde-Cid et al., 2020; Liu et al., 

2022; Xiang et al., 2018). The Pearson correlation can be applied to determine the correlation 

coefficient (r) between the effect of the properties of materials (Table 1) and the adsorption 

properties obtained experimentally for the adsorption of representative compounds of NAs (DA 

and PVA) in buffered solution and classical NAs from real OSPW. The adsorption properties were 

Kd and KOC determined for DA and PVA at 50 and 100 mg L-1 (Kd,50 and Kd,100) and classical NAs 
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from real OSPW (Table 3.6), qmax determined by the fitting of Langmuir isotherm (Table 3.4), and 

qt determined for classical NAs adsorption from real OSPW at 2 days for PT and 6 days for PF-1 

and PF-2 materials (Table 3.5). Based on the Pearson correlation coefficients (Table S2), the 

adsorption properties Kd,100 for DA and PVA, Kd for classical NAs, qmax, and qt presented a perfect 

positive correlation (r =1) with CEC, TOC, and Fe content (p-value < 0.05) and perfect negative 

correlation (r = -1) with Al content (p-value < 0.05). This finding shows that model compounds 

can be used to predict effects of adsorbent properties on adsorption, which is a more affordable 

choice regarding quantification (LC-MS for model compounds versus UPLC-TOF-MS for NAs in 

OSPW).  

The Kd values were normalized in terms of the TOC (KOC) because KOC is the standard 

parameter to convey adsorption of organic pollutants on soil materials and KOC can be used to 

correlate the adsorption and adsorbent properties to remove the masking effect of TOC (Boskovic 

et al., 2020). Then, the KOC was correlated with the adsorbent properties and none of the 

characteristics significantly affected the adsorption (p-value > 0.05), indicating that the TOC might 

be the most important characteristic in the adsorption of NAs. This confirms that hydrophobic 

interaction was the main adsorption mechanism of NAs on reclamation materials, which was 

previously established by the evaluation of FTIR spectra of materials prior- and post-adsorption. 

Similar results were found for adsorption of other organic compounds on soils (Xiang et al., 2019; 

Xiang et al., 2018). Janfada et al. (2006) also determined that soils with higher organic fraction 

adsorbed more NAs. 
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3.4 Conclusions 

This study investigated the potential application of reclamation materials (PT, PF-1, and 

PF-2) obtained from the mining excavation of oil sands as adsorbents of organic compounds such 

as NAs from OSPW. The materials were characterized, and it was noticed that PT have much 

higher TOC and CEC values, and silt is its major component. PF-1 and PF-2 differ in terms of 

pHpzc, sand and clay contents. Representative compounds of NAs (DA and PVA) were used to 

determine adsorption kinetics and equilibrium, desorption capacity, and adsorption mechanisms. 

Desorption of DA and PVA from post-adsorption materials was not observed for up to 14 days of 

contact time with the evaluated desorption solutions. The adsorption mechanisms were assessed 

using FTIR, which concluded that hydrophobic interactions, hydrogen bonding, and π−π 

interaction might be involved in the adsorption of NAs. The materials were applied in the 

adsorption of classical NAs from real OSPW, achieving removal of 39, 27 and 20% by PF-1, PF-

2, and PT, respectively. All −Z numbers (0–18) and carbon numbers (8–23) were partially removed 

by the reclamation materials. PT was applied at 5 g L-1, which is a very low dosage for this kind 

of adsorbent. By applying dosage of 50 g L-1 PT, the removal increased to 54.4% and increased 

with the –Z number, which is desirable since complex NAs are more recalcitrant. The 

physicochemical properties of materials and adsorption properties (Kd, KOC, qt, qmax) obtained for 

both representative compounds and classical NAs were correlated with TOC affecting adsorption 

of NAs the most; and that also highlights the hydrophobic interaction as an important adsorption 

mechanism of NAs on reclamation materials. Therefore, the reclamation materials obtained from 

the surface mining of oil sands have the ability to adsorb part of NAs from OSPW, allowing the 

materials to be applied on-site as part of reclamation approaches.  
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Chapter 4 Sludge-Based Activated Biochar for Adsorption Treatment 

of Oil Sands Process Water3 

4.1 Introduction 

The oil sands process water (OSPW) is generated in the bitumen extraction from the oil 

sands using the process using the Clark caustic hot water extraction process (Hao et al., 2005). The 

OSPW must be stored in on-site tailings ponds as a requirement of the Alberta’s zero discharge 

approach (Allen, 2008), resulting in large volume of fluid in the Athabasca oil sands region in the 

number of 1,360 million m3
 in 2020 (Alberta Energy Regulator, 2021). The OSPW is characterized 

by its high alkalinity and some concentration of organic contaminants with recalcitrant 

characteristics (Lévesque, 2014), in which the naphthenic acids (NAs) are one of the main concerns 

of OSPW because they account for more than 50% of all organic compounds in OSPW (Grewer 

et al., 2010) and are associated with acute and chronic toxicity to living organisms (Frank et al., 

2008; Rogers et al., 2002; Scarlett et al., 2013). Additionally, the reuse of OSPW on-site might be 

limited by the presence of NAs as they are related to corrosion issues in the plant infrastructure 

(Quinlan & Tam, 2015).  

There are several structures of NAs in the OSPW (Huang et al., 2018), and they are 

represented by the general chemical formula CnH2n+ZOx. “n” is the carbon number (7 ≤ n ≤ 26), 

“Z” is the hydrogen deficiency number resulted from ring or double bond formation (0 ≤ –Z ≤ 24) 

 

3 A version of this chapter was published as: Medeiros, D. C. C. S., Chelme-Ayala, P., and Gamal El-Din, M. Sludge-

based activated biochar for adsorption treatment of real oil sands process water: Selectivity of naphthenic acids, 

reusability of spent biochar, leaching potential, and acute toxicity removal. Chemical Engineering Journal, 493, 2023. 

https://doi.org/10.1016/j.cej.2023.142329 
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and also described in terms of the double bond equivalency (DBE) where DBE = 1 – Z/2, and “x” 

is the oxygen number (2 ≤ x ≤ 6)  (Cancelli & Gobas, 2022; Huang et al., 2015a; Meshref et al., 

2017). NAs with x = 2 are named classical NAs, while NAs with x from 3 and 6 are named oxidized 

NAs (Huang et al., 2015a). 

In the literature, there are some technologies reported for the treatment of OSPW in terms 

of NAs concentrations. Advanced oxidation was applied in the degradation of organics through 

ozonation and photocatalysis, while membrane nanofiltration and micellar-enhanced ultrafiltration 

were effective in decreasing the concentration of NAs in OSPW, as reviewed previously by Wu et 

al. (2019). Adsorption is one of the techniques to target NAs in OSPW. Carbon xerogel (Benally 

et al., 2019), biochar from agricultural wastes, energy crop residue, and woody biomass (Bhuiyan 

et al., 2017; Singh et al., 2020), granular activated carbon (Islam et al., 2018), and petroleum coke 

(Niasar et al., 2019; Pourrezaei et al., 2014) were reported as effective adsorbents of NAs. The 

advantages of adsorption include (1) straightforward procedure, (2) improved selectivity for 

specific pollutants depending on the adsorbent characteristics (engineered adsorbents), and (3) 

regeneration ability of spent adsorbents (De Gisi et al., 2016; Kumari et al., 2020; Pourrezaei et 

al., 2014).  

Biochar is a promising adsorbent as it is a carbon-based material resulted from the pyrolysis 

of biomass under no oxygen conditions, and such feedstocks can be waste materials, also assisting 

in the waste management (Lehmann & Joseph, 2015). For instance, biological sludge from 

municipal wastewater treatment plants has been associated with high toxicity for some aquatic 

microorganisms (da Silva Souza et al., 2020) and the disposal of the sludge usually involves 

composting or incineration. However, the application of sludge as biochar might be an economical 



 

 99 

alternative to those options, since even the application of sludge as composting material has led to 

soil contamination (Tomczyk et al., 2020).  

There are two main categories of biochar: pristine biochar and activated biochar. Even 

though pristine biochar is resulted from the carbonization of biomass without further modifications 

and thus not requiring addition of chemicals, the pristine biochar can have limited adsorptive sites 

that can reduce the adsorption capacity, as highlighted by Qu et al. (2022). On the other hand, 

activated biochars can be designed through activation techniques, such as chemical activation (dos 

Reis et al., 2022) and steam activation (Chakraborty et al., 2018), to improve biochar properties, 

such as surface area, pore volume, and surface functional groups. The improvement of such 

properties leads to better adsorption performance to target one or more pollutants. For example, 

Qu et al. (Qu et al., 2023, pp. author-year) successfully prepared a magnetic bone-based biochar 

able to target a potentially toxic element and an antibiotic. Zinc chloride (ZnCl2) has been 

previously studied as chemical activation agent for biochar production, considering its role in 

improving the functional groups of biochar surface and increasing the adsorption capacity for 

organic constituents (Cheng et al., 2020a; Kong et al., 2014; Ma et al., 2020). Additionally, the 

ZnCl2 activation can significantly develop the pores in the biochar, yielding biochar with high 

fraction of mesopores (60 – 90% respective of mesopores) (Ding et al., 2021; Li et al., 2020d) that 

might be crucial in the adsorption of large organic compounds. 

Very few studies have centered on the development of biochars for the adsorption of NAs 

from real OSPW. Most studies focused on model compounds of NAs (Frankel et al., 2016; Singh 

et al., 2020) instead of real process water, and to the date, only one study reported the use of 

biochar as adsorbent of the organic matter in real OSPW (Bhuiyan et al., 2017), in which the 

adsorption capacity of the acid-extractable fraction was low (0.56 mg g-1) in comparison with other 
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designed carbon-based materials, such as carbon xerogel (15 mg g-1) (Benally et al., 2019). The 

research gaps on biochars designed for NAs adsorption from OSPW include the studies on: (i) 

application of biochars for adsorption of NAs using real process water, (ii) adsorption selectivity 

of NAs by biochar considering the diverse NA composition on OSPW, (iii) adsorption of classical 

and oxidized species of NAs from OSPW, (iv) biochar modifications to have enhanced adsorption 

of NAs from real OSPW, (v) regeneration and reuse ability of spent biochars for NAs adsorption 

to reduce the risk of secondary pollution, and (vi) leaching of metals from biochar to the OSPW 

often associated with sludge-based biochars.  

Therefore, this study reports, for the first time, a pristine and a ZnCl2-activated biochar 

produced from sludge sourced from a municipal wastewater treatment plant in the adsorption of 

classical and oxidized species of NAs in real OSPW. As the NAs have hydrophilic and 

hydrophobic areas, it was imperative to create a biochar with amphiphilic surfaces where the 

adsorption of NAs could take place under different mechanisms. All the research gaps mentioned 

previously are addressed to fully describe the quality of the biochar, and the adsorption capacity 

and mechanisms were determined. Additionally, implications of biochar treatment of OSPW on 

toxicity by means Microtox® bioassay and bioavailability of organics were also evaluated. This 

study promotes circular economy as it focuses on the development of efficient adsorbents for NAs 

in OSPW by using sludge to reduce the environmental impact associated with the sludge disposal. 

 

4.2 Methodology 

4.2.1 OSPW, biological sludge, and chemicals 

Raw OSPW was collected from oil sands tailing pond in Fort McMurray, Alberta, Canada 

by an oil and gas industry and stored in a cold room at 4°C. The raw OSPW properties are described 
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in Table 4.1. Prior to usage, the raw OSPW was mixed using a mechanical stirrer to homogenize 

the OSPW. The biological sludge used in this study is a mixture of primary and secondary sludge 

collected from the anaerobic digester of biosolids received from a municipal wastewater treatment 

plant (Edmonton, Alberta, Canada) and its pH, chemical oxygen demand (COD), and metal content 

are reported in Table S3. The sludge was stored at 4°C prior to preparation. For the biochar 

production, ZnCl2 anhydrous >98% (Thermo Scientific™, USA) was purchased from Fisher 

Scientific (Canada). Ultra-pure water (Synergy UV, MilliporeSigma, USA) was used in the 

biochar production. 
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Table 4.1: Characteristics of raw OSPW.  

Parameter Value 

pH  8.5 

Dissolved organic carbon (mg L-1) 89.8 

Chemical oxygen demand (mg L-1) 355.5 

Total NAs (mg L-1)  61.8 

Classical NAs O2-NAs (mg L-1) 40.4 

Oxidized NAs O3-NAs (mg L-1) 11.5 

O4-NAs (mg L-1) 8.2 

O5-NAs (mg L-1) 1.3 

O6-NAs (mg L-1) 0.4 

Extractable petroleum 

hydrocarbons (mg L-1) 

F2 (C10-C16 HC) 0.71 

F3 (C16-C34 HC) 0.51 

F4 (C34-C50 HC) <LOD 

Polycyclic aromatic 

hydrocarbons (μg L-1) 

Acridine 0.071 

Other PAHs <LOD 

Volatile compounds  

(μg L-1) 

Benzene <LOD 

Toluene <LOD 

Ethylbenzene <LOD 

Xylenes <LOD 

F1 (C6-C10) <LOD 

LOD: limit of detection 

 

4.2.2 Biochar synthesis and characterization 

Prior to biochar synthesis, the biological sludge was dried in an oven (Fisherbrand™ 

Isotemp™, Fisher Scientific, USA) at 105°C for 48 h. Dried sludge samples were crushed using a 

ball milling process at 30 s-1 frequency for 50 s operation time (MM400, Retsch, Germany) to 

obtain a homogeneous powder and then stored in air-tight glass containers. 
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The pristine biochar SB-600, i.e., biochar without any activation, was produced at 600°C 

from sludge through pyrolysis in a closed system using a muffle furnace (Lindberg Blue M, 

Thermo Scientific™, USA) at the following conditions: 10°C min-1 of heating rate, heating and 

cooling down under oxygen-free conditions achieved supplying 99% pure N2 at 2 L min-1, and 2 

h of retention time at 600°C.  

The ZnCl2-activated biochar SB-Zn was produced by mixing the sludge with the chemical 

activation agent (0.5 M ZnCl2) in the ratio of 1 g dried biological sludge per 20 mL 0.5 M ZnCl2 

for 24 h using a magnetic stirring platform (Cimarec i, Thermo Scientific™, USA). The mass ratio 

of ZnCl2 to sludge was 1.36, which was determined based on preliminary experiments. The typical 

mass ratio of feedstock to ZnCl2 reported in the literature was 1 to 3 to produce biochar with high 

mesopore content (Guo et al., 2021; Kong et al., 2014; Li et al., 2020d; Nguyen et al., 2022; Uçar 

et al., 2009; Wang et al., 2021). The contents were further dried at 105°C for 24 h. Pyrolysis was 

done in a closed system using a muffle furnace at conditions listed previously at 600°C. After 

cooling time, the biochar was washed three times using ultra-pure water using a vacuum filtration 

system equipped with hydrophilic polycarbonate membrane of 8.0 µm pore size (TETP04700, 

Isopore™, Millipore, Germany), then dried in the oven at 105°C for 24 h. An agate mortar and 

pester (Fisherbrand™, Fisher Scientific, USA) was be used to finally crush the activated biochar.  

 

4.2.3 Biochar characterization 

Characterization techniques were applied to understand the textural and surface 

characteristics of the feedstock and its respective pristine and activated biochars. Point of zero 

charge (pHpzc) was determined based on the method described in detail by Jang et al. (2018). 

Surface area and porous properties were determined by evaluating N2 adsorption using a surface 
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area analyzer (Autosorb-iQ,  Quanthachrome, USA). Prior to N2 adsorption, the samples were 

outgassed at 120°C for 4 h. The Brunauer–Emmett–Teller (BET) method was used to calculate the 

surface area (SBET) and the total pore volume (VTOT) of the samples (Brunauer et al., 1938). The 

micropore surface area (SMICRO), mesopore surface area (SMESO), and the micropore volume 

(VMICRO) were evaluated using the t-plot method (de Boer et al., 1966). The surface functional 

groups were determined between 400 and 4000 cm-1 at 4 cm-1 resolution using Fourier transform 

infrared (FTIR) spectroscopy (Nicolet™ 8700 FT-IR Spectrometer, Thermo Scientific, USA). 

Prior to FTIR analysis, samples were pressed into KBr pellets. The crystallographic properties 

were evaluated by means of X-ray diffractometer (XRD, Ultima IV, Rigaku, Japan) at scanning 

rate of 3° min-1 between 10 and 90° 2θ angles using Cobalt tube at 38 kV and 38 mA. The surface 

chemical composition and chemical states were characterized by X-ray photoelectron 

spectroscopy (XPS, Kratos AXIS 165, Kratos Analytical, UK). Proximate analysis was performed 

according to method presented by Crombie et al. (2013) to determine moisture, volatile matter, 

ash, and fixed carbon content by weight loss using a thermogravimetric analyzer (Discovery TGA, 

TA Instruments, USA) equipped with platinum pan. The thermogravimetric analyzer was also used 

to determine the thermostability of samples between 105 and 900°C at heating rate of 20°C min-1. 

The elemental composition in terms of carbon (C), nitrogen (N), hydrogen (H), and sulphur (S) 

concentrations was determined using an elemental analyzer (2400 Series II CHNOS analyzer, 

PerkinElmer, USA) in which the elemental oxygen content was estimated by difference (100 – 

C(%) – H(%) – N(%) – S(%) – Ash(%)) on a dry-mass basis.  

Post-adsorption SB-Zn collected from experiments performed at equilibrium time using 

raw OSPW was dried at 50°C for 24 h and then characterized in terms of surface functional groups 

and surface chemical and electronic states of elements to identify the adsorption mechanisms. 
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4.2.4 Adsorption experiments 

The adsorption experiments consisted of adding covered flasks containing the biochar and 

the raw OSPW on a platform shaker (New Brunswick™ Innova® 2100 platform shaker, 

Eppendorf Inc., USA) at agitation speed of 200 rpm and temperature of 20°C for a certain period. 

0.45 μm syringe filters (Basix™ Nylon Syringe Filters, Fisher Scientific, USA) were used to 

separate the biochar from OSPW after the adsorption process and samples were stored at 4°C until 

analysis. All experiments were performed in duplicates. Control experiments (no biochar on raw 

OSPW) were performed at same conditions to check if the adsorption of NAs on experimental 

apparatus (filter membranes, Erlenmeyer flasks and polypropylene tubes) or loss of NAs through 

the experiments were negligible (Li et al., 2020a; Wu et al., 2018). The analytical methods for the 

measurement of the concentration of classical and oxidized NAs in OSPW are presented in the 

Supporting Information (Appendix). 

 

4.2.4.1 Performance assessment of pristine and activated biochars 

Initially, pristine (SB-600) and activated (SB-Zn) biochars were evaluated as adsorbents of 

NAs from raw OSPW by performing adsorption experiments at biochar dosage of 2 g L-1 and 

contact time of 24 h. Then, the initial and final concentration of classical and oxidized NAs were 

measured, and the removal rate and the adsorption capacity were calculated using Equations 2.1 

and 2.2, respectively.  

 

4.2.4.2 Adsorption kinetics and equilibrium 

Adsorption kinetics experiments were performed using 2 g L-1 SB-Zn and raw OSPW at 

different contact times from 5 min to 24 h to determine the equilibrium time and evaluate the 
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adsorption capacity for classical NAs over time. Every single contact time required a single batch 

experiment. The kinetics models PFO (Eq. 2.3), PSO (Eq. 2.4), and IPD (Eq. 2.6) were used to 

assess the experimental data of kinetics study, in which suitability of a certain model was 

determined based on the correlation coefficient (R2) provided by the fitting of linear plot to the 

data and the comparison between the adsorption capacity calculated by the model (𝑞 , ) and 

the adsorption capacity obtained experimentally (𝑞 , ) (Foo & Hameed, 2010).  

After determination of the equilibrium time, adsorption equilibrium experiments were 

performed at 24 h of contact time using SB-Zn and raw OSPW, in which the biochar dosage ranged 

from 0.25 to 2.5 g L-1. The experimental data of equilibrium study was evaluated based on the 

Langmuir (Eq. 2.7) and Freundlich (Eq. 2.8) isotherms. 

 

4.2.5 Regeneration and reuse of spent biochar 

The spent biochar was obtained after the adsorption experiment using 2 g L-1 SB-Zn and 

raw OSPW for contact time of 24 h. The spent biochar was dried at 50°C for 24 h prior to 

regeneration. The study of biochar reuse involved two distinguished steps that were called one 

cycle:  

(i) regeneration of spent biochar through thermal regeneration (pyrolysis at 600°C) and 

(ii) adsorption of NAs from real OSPW using the regenerated biochar.  

The regeneration step for spent biochar was achieved by pyrolysis at 600°C under the 

conditions of 10°C min-1 of heating rate, heating and cooling down under oxygen-free conditions 

achieved supplying 99% pure N2 at 2 L min-1, and 2 h of retention time at 600°C. After pyrolysis 

of spent biochar, cool crucibles were taken out of the muffle furnace. The regenerated biochar was 

crushed using the mortar and pester and stored in closed glass vials. The regenerated biochar was 
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applied in the adsorption of NAs from real OSPW at dosage of 2 g L-1 and contact time of 24 h. 

All experiments were performed in duplicate. One cycle was respective of one spent biochar 

regeneration and one adsorption experiment using regenerated biochar. A total of five cycles was 

applied to determine the efficiency of biochar reuse.  

 

4.2.6 Leaching study 

The leaching of metals from sludge-based biochars might present a concern in the 

application of such materials in water treatment. Therefore, a leaching study was conducted to 

identify the possible release of metals from the biochar into the raw OSPW during treatment. For 

that, adsorption experiments were performed using 2 g L-1 SB-Zn and raw OSPW at the contact 

times 2 h and 30 days, and the concentrations of metals in raw and treated OSPW were determined 

by inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo iCAP6300 Duo, 

Thermo Scientific, UK). 

 

4.2.7 Study of acute toxicity and bioavailability of organics 

The acute toxicity of raw and SB-Zn-treated OSPW towards Vibrio fischeri, a luminescent 

marine bacterium, was determined using a modified Microtox® protocol based on the Microtox® 

81.9% screening test. The suspension of V. fischeri was exposed to raw and treated OSPW at 15°C 

for 15 min and the luminescence intensity was determined using BioTek Synergy H1 microplate 

reader. The intensity was measured at time 0, 5 and 15 min for the control (diluent) and the OSPW 

to determine the percent of inhibition. 

The biomimetic extraction by solid phase microextraction (BE-SPME) was used to 

determine the bioavailability of dissolved hydrocarbons for both neutral and ionizable organics 
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including acid extractable organics (AEO) in raw and treated OSPW. The method was previously 

described and discussed by Redman et al. (2018). Briefly, the samples were acidified with 50 μL 

of phosphoric acid to pH 2.0 to 2.4, transferred to 20 mL glass vials with no headspace, and sealed 

with Teflon caps. The vials were placed in the SPME autosampler. The samples were equilibrated 

by adding 30 μm polydimethylsiloxane (PDMS) fiber and agitating with orbital agitator (250 rpm) 

for 100 min at 30°C. Upon completion of equilibration time, the fiber was withdrawn and injected 

in the injection port at 280°C of the gas chromatograph equipped with a flame ionization detector 

(GC-FID). The fiber was thermally desorbed in the injection port for three minutes to fully desorb 

the organic components that partitioned into the PDMS. The results were normalized in terms of 

2,3-dimethylnaphthalene (2,3-DMN) derived from liquid solvent injection of a series of aromatic 

hydrocarbon standards in dichloromethane.  

 

4.3 Results and discussion 

4.3.1 Properties of sludge and sludge-based biochars 

Table 4.2 provides the properties for the sludge (precursor material of biochars), pristine 

biochar SB-600 (biochar produced from sludge at 600°C without any activation) and activated 

biochar SB-Zn (biochar produced from sludge using ZnCl2 activation at 600°C). Of the two types 

of biochars produced, SB-Zn had surface area of 513.2 m2 g-1 and pore volume of 0.55 cm3 g-1, 

which were 63 and 14 times higher than those of SB-600. About 76% of the surface area and 89% 

of the pore volume of the SB-Zn were respective of mesopores. The superior porous properties of 

SB-Zn are an indicative that the engineered biochar would perform better as adsorbent material of 

NAs from raw OSPW. The yield and the surface area of the biochar increased when the ZnCl2 was 

used as chemical activation agent, and that is because the ZnCl2 leads to superior decomposition 
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of carbonaceous material (Kumar & Mohan Jena, 2015) associated with the polymerization 

reactions (Mohanty et al., 2005). 

The pHpzc of biochar decreased when chemical activation was used. As the pH of OSPW 

is around 8.5, the engineered biochar will have negative charge (pH > pHpzc) (Peng et al., 2016) 

and the NAs in the OSPW will be mostly in the deprotonated form (Huang et al., 2017). Therefore, 

electrostatic repulsion might occur between the engineered biochar and NAs. However, the metal 

ions present in the raw OSPW could neutralize the negative charge and decrease the repulsion 

between the biochar and NAs in OSPW (Pourrezaei et al., 2014). 

The content of C, H, N, O, and S decreased after the pyrolysis of sludge because of the 

thermo- and chemical- degradation of its organic constituents. One of the most important 

conclusions depicted from the elemental content is the associated ratios (H/C, O/C, (N+O)/C). The 

H/C is inversely proportional to the degree of aromaticity of biochar, while the O/C and (N+O)/C 

are proportional to the hydrophilicity and polarity (Chen et al., 2016; Nzediegwu et al., 2022). The 

comparison of atomic ratios of sludge and biochars showed that all atomic ratios decreased, 

indicating that the thermo- and chemical-decomposition of sludge resulted in higher aromaticity 

and hydrophobicity. On the other hand, the ZnCl2-activation of biochar resulted in higher atomic 

ratios (H/C, O/C, (N+O)/C) than the respective pristine biochar, indicating that the activated 

biochar had lower aromaticity and higher affinity for water-soluble compounds than SB-600. 

Higher O/C ratio also relates to the abundance of oxygen-containing surface groups, which is due 

to the use of ZnCl2 as chemical activation agent. The ZnCl2 contributes to the retention of oxygen 

during pyrolysis, and that is why the O/C ratio in SB-Zn was 5 times higher than that of SB-600 

(Yusuff et al., 2022). The ash content of the pristine and activated biochars is higher than that of 

the feedstock and might suggest high inorganic residue such as minerals (Yusuff et al., 2022). High 
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ash content in biochars produced from sludge is a common feature due to the nature of sludge (Fan 

et al., 2020; Zielińska et al., 2015).  

 

Table 4.2: Properties of biological sludge, pristine biochar (SB-600), and activated biochar (SB-

Zn).  

Properties  Sludge SB-600 SB-Zn 

Yield (%)  – 58.3 64.3 

pHpzc  – 8.40 6.65 

Surface area (m2 g-1) SBET 1.4 7.87 513.2 

SMESO 1.4 7.87 390.1 

SMICRO – – 123.1 

Pore volume (cm3 g-1) VTOT 0.016 0.04 0.550 

VMESO 0.016 0.04 0.492 

VMICRO – – 0.058 

Proximate analysis (%) Moisture 3.4 2.7 5.3 

Volatile matter 53.3 10.6 15.7 

Ash 35.6 64.9 53.9 

Fixed carbon 7.7 21.8 24.1 

Elemental composition (%) C 32.9 27.8 28.3 

H 4.9 1.0 1.6 

N 5.3 3.9 2.3 

O 20.7 2.5 13.7 

S 0.6 0.0 0.3 

Atomic ratio H/C 1.78 0.42 0.66 

O/C 0.47 0.07 0.36 

(N+O)/C 0.61 0.19 0.43 
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The FTIR of feedstock, pristine and activated biochar (Figure 4.1a) indicates that the 

surface functional groups in the biological sludge changed after activation. The most noticeable 

change was observed in the peaks around 3400 and 1600 cm-1, which are characteristics of oxygen-

containing functional groups. The pyrolysis temperature of sludge contributed to the degradation 

of oxygen-containing groups (Cybulak et al., 2019). The sludge also presented bands in the 2960 

– 2850 cm-1 region, which are associated with symmetric stretching of C–H vibrations (Chen et 

al., 2019a) and could indicate the presence of organic contaminants (Russell & Fraser, 1994). Since 

these peaks disappeared after pyrolysis, the compounds were degraded from sludge, as suggested 

by the first derivative of thermogravimetric (DTG) curves (Figure 4.3a). 

The FTIR of SB-Zn biochar presented bands representative of oxygen-containing surface 

groups, such as –OH stretching (3200 cm-1), C=O (2884 cm-1), and C–O stretching vibration and 

–OH bending of carboxylic groups (1026 cm-1) (Chen et al., 2015; Lin et al., 2019; Ma et al., 

2021). The decrease in intensity of band around 1026 cm-1 and absence of the other two bands of 

oxygen-containing groups in the SB-600 indicates that the thermo-degradation of sludge resulted 

in the release of such groups. This is in accordance with the elemental analysis (Table 4.2), 

considering that the atomic ratio O/C was much lower for SB-600 in comparison with SB-Zn. The 

band at 1567 cm-1 is characteristic of aromatic C=C stretching vibrations (Vaughn et al., 2015). 

These results suggest that the activation with ZnCl2 led to aromatization of the carbon due to the 

dehydration trait of ZnCl2 (Liou, 2010) and allowed the abundance of oxygen-containing surface 

groups.  

The changes in the chemical states and surface functional groups of biochar due to 

pyrolysis and activation can be investigated by means of the XPS survey spectra (Figure 4.1b) and 

the deconvoluted C1s (Figure 4.2) and O1s (Figure 4.3) XPS spectra. Based on the survey spectra, 
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it is possible to confirm that the Zn of ZnCl2-activation was successfully impregnated in the SB-

Zn biochar. The deconvoluted C1s XPS spectra showed peaks for sludge, pristine, and activated 

biochar at 284.2 – 284.5 eV, 285.0 – 285.4 eV, and 287.8 – 288.0 eV that are assigned to C=O, C–

OH, and C=O, respectively (dos Reis et al., 2022; Jieying et al., 2014). Sludge presented an 

additional the peak at 286.0 eV assigned to C–O/C–H (Cao et al., 2022). The deconvoluted O1s 

XPS spectra presented peaks at 531.8 – 532.1 eV assigned to either C–O or –OH for sludge, 

pristine and activated biochars (Cho et al., 2021) and the 534.3 eV peak of C–OH only for activated 

biochar (dos Reis et al., 2022). Additionally, the peak at 530.8 eV observed only for sludge and 

pristine biochar is due to C=O (Cao et al., 2022; Ullah et al., 2022). It is noticed that C=O peak 

decreased after pyrolysis for the pristine biochar, while the C–O/C–H peak disappeared for both 

pristine and activated biochar, and this occurrence can be associated with the loss of oxygen and 

hydrogen containing surface groups due to pyrolysis. On the other hand, the activated biochar 

presented increases in the C=O and C–OH groups, indicating that the ZnCl2 activation was crucial 

to introduce oxygen-containing surface groups to the biochar that later on would participate in the 

adsorption of NAs.  The discussion of the changes in the FTIR and XPS spectra after adsorption 

is presented in the section 4.3.5 Adsorption mechanisms. 

The thermostability of feedstock and biochars was evaluated and the results (Figure 4.4b) 

indicated that the thermostability of biochars greatly increased after pyrolysis. In fact, the weight 

loss was 55, 10 and 17% for sludge, SB-600 and SB-Zn. The DTG curves of sludge showed major 

degradation step between 250 and 550°C, which indicates the degradation of volatile and organic 

compounds (Jerez et al., 2021; Xia et al., 2016). After biochar production, such compounds were 

released, and no major degradation steps were noticed for the biochars.  
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The XRD spectra of sludge and sludge-based biochars are presented in Figure 4.4c. The 

highest peak was due to graphite (peak at 2θ of 31°), and the intensity of the peak was proportional 

to the carbon content (Li et al., 2020d) as presented in Table 4.2. The graphitic structure of biochars 

might assist the π-π interaction between biochar surface and aromatic rings of pollutants (Ma et 

al., 2021). Quartz was also found in the sludge (peaks at 2θ of 24.3°, 42.1°, 46.1°, 58.9°, 70.9°, 

80.6°, 81.1°). After biochar production, some quartz peaks persisted in the pristine and activated 

biochars (peaks at 2θ of 24.3°, 58.9°, 70.9°, 80.6°, 81.1°). The presence of quartz was also detected 

in the FTIR spectra with the presence of the band around 450 cm-1 (Zhu et al., 2014). It was 

evidenced from the XRD spectra that the pyrolysis of sludge increased the crystallinity of biochar 

and the increase of mineralogical phases, which was expected considering that the biochars from 

sludge had high ash content, i.e., high inorganic residue such as minerals (Yusuff et al., 2022). For 

the activated biochar, it was noticed the addition of peaks associated with Zn, indicating that the 

sludge was restructured after pyrolysis, the crystallinity improved because of ZnCl2 activation, and 

the Zn was successfully impregnated in the biochar.  
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Figure 4.1: (a) FTIR spectra and (b) XPS survey spectra of biological sludge feedstock, pristine 

biochar (SB-600), activated biochar (SB-Zn), and SB-Zn collected after adsorption. 
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Figure 4.2: Deconvoluted C1s XPS spectra for (a) sludge, (b) SB-600, (c) SB-Zn, and (d) SB-Zn 

collected after adsorption. 
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Figure 4.3: Deconvoluted O1s XPS spectra for (a) sludge, (b) SB-600, (c) SB-Zn, and (d) SB-Zn 

collected after adsorption. 
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Figure 4.4: (a) Thermogravimetric (TGA) and the first derivative of thermogravimetric (DTG) 

curves and (b) XRD diffractograms of sludge, SB-600, and ZB-Zn. 
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mg L-1, from which 40.4 mg L-1 was respective of classical NAs (O2-NAs). 7 and 86% of total 

NAs were adsorbed by the SB-600 and SB-Zn, respectively. In terms of adsorption capacity, SB-

600 and SB-Zn presented total NAs adsorption capacity of 2.3 and 26.6 mg g-1, respectively. 

Specifically for classical NAs (O2-NAs), the adsorption capacity was 1.4 and 17.1 mg g-1 for SB-

Zn, respectively. The low removal by SB-600 can be associated directly to the biochar properties. 

The high surface area, the total pore volume, and the improvement of surface groups due to the 

ZnCl2 activation already suggested that the removal of NAs would be better achieved by SB-Zn 

biochar. Due to the low removal of NAs by the pristine biochar, it was concluded that SB-600 was 

not an efficient adsorbent for the treatment of OSPW. All further adsorption studies were 

conducted using only SB-Zn. 

 

 

Figure 4.5: Final concentration of NAs in OSPW after adsorption on pristine (SB-600) and 

activated (SB-Zn) biochars. 
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4.3.3 Adsorption kinetics of classical NAs from raw OSPW on activated biochar: Selectivity 

of NAs as a function of time 

The kinetics study was performed between contact times 5 min and 24 h using 2 g L-1 SB-

Zn (Figure 4.6). In terms of removal of classical NAs in OSPW, the concentration in the OSPW 

decreased from 40.4 to 18 mg L-1 (55% removal) by 5 min of contact time, and equilibrium was 

reached at 2 h with 86% removal of classical NAs from OSPW. The adsorption capacity at 

equilibrium was 17.1 mg classical NAs per g biochar. In comparison with a few other studies on 

the adsorption of O2-NAs from real process water, the adsorption capacity of SB-Zn was higher 

than that of carbon xerogel (7.8 mg g-1) (Benally et al., 2019) and lower than that of commercial 

granular activated carbon (GAC) (24 mg g-1) (Islam et al., 2018). There is only one study that 

reported biochar for adsorption of organics in real OSPW and the adsorption capacity of the acid 

extractable organics was 0.56 mg/g (Bhuiyan et al., 2017). For clarification, the acid extractable 

organics (AEO) in the OSPW are composed of naphthenic acids and other structurally similar 

organic compounds of unknown nature (Alberts et al., 2019; Frank et al., 2016), and the adsorption 

capacity of AEO is higher than the NAs, as presented in the work of Benally et al. (Benally et al., 

2019). 

The concentration profile of classical NAs as a function of carbon and DBE numbers in 

raw OSPW and OSPW treated with activated biochar at different adsorption times (Figure 4.6) 

shows that the classical NAs in the raw OSPW profile were in the range of carbon number 9–20 

and DBE number 1–10. Most of NAs were found in the range of 12–19 (93% all classical NAs) 

and the highest peak was at carbon number 14 (7.2 mg L-1) represented by 17.9% of all classical 

NAs in the raw OSPW, followed by carbon numbers 13, 15, and 16. The concentration as function 

of DBE numbers indicated that the highest concentrations were obtained values of 3, 4, and 7, 
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representing 35, 21, and 11% of NAs, and most of classical NAs in this raw OSPW were bicyclic, 

tricyclic, and hexacyclic (Benally et al., 2019).  

The removal of classical NAs increased up to 2 h, where equilibrium was reached. By 2 h 

of adsorption time, it was noticed that the removal increased with carbon number, in which there 

was removal of 46 to 74% from carbon numbers 10 to 13. Then, the removal increased from 83% 

(carbon number 14) to 100% (carbon numbers 20–22). In terms of DBE number, the removal 

increased as the DBE number increased (34 to 99% removal from 1 to 10). For the NAs remaining 

in the OSPW after adsorption, the peak concentrations occurred for carbon numbers 13, 12, and 

14 with 1.7, 1.6, and 0.9 mg L-1 and DBE numbers 3 and 4 with 2.9 and 1.5 mg L-1 in the OSPW. 

These results suggest that the biochar has higher affinity for higher carbon and DBE numbers, 

therefore, more hydrophobic, recalcitrant, and with higher cyclicity (Islam et al., 2016; Zubot et 

al., 2012). Other carbon-based adsorbents also presented this trend, such as petroleum coke, carbon 

xerogel, and GAC (Benally et al., 2019; Islam et al., 2018; Pourrezaei et al., 2014). 

Adsorption kinetics data were analyzed using the pseudo-first order (PFO) and pseudo-

second order (PSO) kinetics models and the intraparticle diffusion (IPD) model. The concentration 

profile of classical NAs in the treated OSPW allows the evaluation of the kinetics for classical 

NAs as a total, and with specific carbon and DBE numbers. The adsorption capacity of SB-Zn 

over time was calculated for each carbon and DBE numbers (Figure S6). Four carbon numbers 

were evaluated (12, 14, 16, 18) aiming at different initial concentrations and adsorption capacities 

for analysis. Three DBE numbers with the peak concentrations (3, 4, 7) were selected for analysis. 

The fittings of PFO, PSO, and IPD models for classical NAs and specific NAs are presented in 

Figure 4.7 and Figure S7. The kinetics parameters are shown in Table 4.3. The PFO model had 

correlation coefficients (R2) between 0.77 and 0.93, while the PSO model had R2 of 0.99–1.00 for 
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the modelling of classical NAs and NAs with specific carbon and DBE numbers. Additionally, the 

qe estimated by the PFO model (6.4 mg g-1) was far from the qe determined experimentally for 

classical NAs (17.1 mg g-1), which deems the model unfit for the experimental data. Therefore, 

the adsorption of classical NAs from raw OSPW on SB-Zn followed the PSO model as the 

correlation coefficient was 1 and the qe estimated by the PSO model was 17.6 mg g-1. These 

findings are in accordance with other studies of carbon-based materials for NAs adsorption from 

raw OSPW (Benally et al., 2019; Islam et al., 2018).  

The adsorption rate of classical NAs on SB-Zn was 0.80 g mg-1 h-1, which was higher than 

that of other carbon-based materials for adsorption of classical NAs from raw OSPW, such as 

carbon xerogel (0.418 g mg-1 h-1) and GAC (0.01 g mg-1 h-1). When the PSO adsorption rate (KPSO) 

is evaluated for the different carbon and DBE numbers, it is noticed that the KPSO for classical NAs 

with n=14 is 14.9 g mg-1 h-1, which is the highest among the carbon numbers 12, 14, and 16, and 

much higher than the KPSO for total classical NAs (0.80 g mg-1 h-1). In terms of the DBE numbers, 

the KPSO increased from 1.75 to 10 g mg-1 h-1 when the DBE number increased from 3 to 7, and it 

seems to increase with the DBE number and/or initial concentration of NAs. From the data (Table 

4.3), it seems like the KPSO increased as carbon number increased or decreased away from carbon 

number 14 and that the KPSO might be inversely proportional to the initial concentration as function 

of carbon numbers, while the KPSO could be proportional to the initial concentration as function of 

DBE numbers.  

To clarify whether the adsorption rates are related to the carbon and DBE numbers and/or 

initial concentration of NAs, the KPSO was calculated for carbon numbers 12, 17, and 18, and DBE 

numbers 6 and 9 (Table S4). The initial NA concentration was 3.4, 3.7, and 3.5 mg L-1 for carbon 

numbers 12, 17, and 18, respectively, so the effect of initial NA concentration on KPSO was 
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minimized and the effect of carbon number could be assessed. The rate of adsorption was 2.5 times 

higher for carbon number 18 in comparison with carbon number 12. On the other hand, when the 

carbon number increased from 13 to 14, the initial concentration increased, as well as the KPSO. In 

terms of DBE numbers, DBE numbers 6 and 9 had the same initial concentration (2.6 mg L-1), but 

the KPSO was 1.3 times higher for DBE = 9. These results indicate that KPSO was directly 

proportional to both carbon and DBE numbers, and inversely proportional to initial NA 

concentration. This behavior was also noticed previously by Benally et al. (2019). Therefore, the 

SB-Zn biochar has higher affinity for higher carbon and DBE numbers, therefore, NAs with more 

hydrophobic, recalcitrant, and with higher cyclicity characteristics (Islam et al., 2016; Zubot et al., 

2012). 

The IPD model is the diffusion model used to understand the rate-limiting steps involved 

in the adsorption of NAs from OSPW on SB-Zn (Figure 4.5d, Figure S7e,f). As the plot of qe 

versus t0.5 did not pass through the origin and there is more than one linear plot, then intraparticle 

diffusion is not the rate-limiting step of the adsorption process. Instead, more than one mass 

transfer process plays an important role in the adsorption process (Fan et al., 2011; Hao et al., 

2018). Two linear regions respective of film and pore diffusions were identified (Figure 4.5d), 

meaning that the adsorption of classical NAs on SB-Zn was governed by both film and pore 

diffusion. The film diffusion rate (KIPD, film) was much higher than the pore diffusion rate (KIPD, 

pore). Therefore, the film diffusion was significant in the adsorption process, but the rate-limiting 

step seems to be the pore diffusion for classical NAs adsorption. This adsorption behaviour was 

also observed by Islam et al. (2018), which studied the adsorption of NAs from raw OSPW on 

GAC. Both film and pore diffusion rates tend to increase with the increase in initial concentration. 

However, when the effect of initial concentration is minimized (carbon numbers 12, 17, and 18 
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with slightly different initial concentrations), it was observed that lower pore diffusion rate was 

obtained for lower for carbon number, which indicates the preference of biochar for larger 

molecules (i.e., higher carbon numbers). 

 

 

Figure 4.6: Concentration of classical NAs in raw OSPW and OSPW treated with 2 g L-1 of SB-

Zn for different times partitioned by (a) different carbon numbers and (b) different DBE numbers. 

Total classical NAs in the raw OSPW: 40.4 mg L-1. 

 

0

2

4

6

8

11 12 13 14 15 16 17 18 19 20

C
oc

ne
nt

ra
ti

on
 o

f 
N

A
s 

(m
g 

L
-1

)

Carbon number

Raw OS

5 min

15 min

30 min

1 h

2 h

24 h

(a)

0

3

6

9

12

15

1 2 3 4 5 6 7 8 9 10

C
oc

ne
nt

ra
ti

on
 o

f 
N

A
s 

(m
g 

L
-1

)

DBE number

Raw OSPW

5 min

15 min

30 min

1 h

2 h

24 h

(b)



 

 124 

  

  

Figure 4.7: (a) Adsorption capacity of classical NAs from raw OSPW treated with 2 g L-1 of SB-

Zn for different times, and fittings of (b) intraparticle diffusion model, (c) pseudo-first order and 

(d) pseudo-second order kinetics models. 
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Table 4.3: Modeling kinetic parameters obtained for the adsorption of classical NAs from raw 

OSPW on SB-Zn. 

  Carbon number DBE number 

Kinetics models and parameters O2-NAs 12 14 16 18 3 4 7 

Initial concentration (mg L-1) 40.4 3.4 7.2 5.0 3.5 14.1 8.5 4.3 

qe.exp (mg g-1)  17.1 1.0 3.0 2.2 1.7 5.6 3.4 2.1 

PFO qe.PFO (mg g-1) 6.4 0.7 1.4 0.6 0.3 2.8 1.6 0.6 

KPFO (h-1)  2.18 2.87 2.42 1.61 1.58 2.36 2.40 2.18 

R2 0.95 0.85 0.93 0.86 0.77 0.92 0.91 0.92 

PSO qe.PSO (mg g-1) 17.6 1.0 3.1 2.2 1.7 5.8 3.6 2.1 

KPSO (g mg-1 h-1) 0.80 5.79 3.58 7.71 14.6 1.75 3.15 10.0 

R2 1.00 0.99 1.00 1.00 1.00 1.00 1.82 1.00 

IDP 

 

KIPD, film (mg g-1 h-0.5) 8.56 0.79 1.69 0.79 0.50 3.12 1.82 0.86 

ci, film 8.94 0.19 1.34 1.38 1.16 2.42 1.61 1.26 

R2 0.97 0.93 0.97 0.93 0.84 0.96 0.96 0.93 

KIPD, pore (mg g-1 h-0.5) 1.82 0.09 0.31 0.26 0.18 0.61 0.34 0.17 

ci, pore 14.5 0.84 2.56 1.80 1.39 4.70 2.94 1.82 

R2 0.97 0.91 0.98 0.98 0.99 0.98 0.97 0.95 

 

4.3.1 Equilibrium modelling of classical NAs from raw OSPW on activated biochar 

The adsorption process was evaluated at different biochar dosages for contact time of 24 

h. The biochar dosages ranged from 0.25 to 2.5 g L-1 and the removal is presented in Figure 4.8a. 

The removal of classical NAs increased with the increase in biochar dosage, reaching 89% with 

dosage of 2.5 g L-1. The Langmuir and Freundlich isotherms were applied to the experimental data 

to model the adsorption equilibrium (Figure 4.8b,c) and the fitted parameters of isotherms are 

presented in Table 4.4. The correlation coefficient for the Freundlich isotherm was 1, indicating 
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that this isotherm was the best one to describe the adsorption of NAs from raw OSPW on SB-Zn 

biochar. The Freundlich isotherm describes non-ideal reversible adsorption and assumes a multi-

layer adsorption with different affinities at different adsorption sites (heterogeneous surface of 

adsorbent) (García-Zubiri et al., 2009). This result was expected because two carbon-based 

materials used as adsorbents of NAs also were represented by Freundlich isotherm (carbon xerogel 

and GAC) (Benally et al., 2019; Islam et al., 2018). From the fitted parameters of Freundlich 

isotherm, the Kf is indicative of the affinity between the adsorbents and the NAs and are important 

to compare adsorbents for the same purpose, considering that higher Kf values are desired. 

Comparing the adsorption of classical NAs on carbon-based materials, the SB-Zn biochar had Kf 

= 6.7 mg0.5 L0.5 g-1, while GAC had Kf = 7.35 mg0.3 L0.7 g-1 (Islam et al., 2018). Considering that 

the GAC is a commercial activated carbon with almost double the surface area of SB-Zn, the 

Freundlich parameters were adequate. Additionally, the Freundlich heterogeneity parameter given 

by the parameter n indicates the heterogeneity of SB-Zn: as close as it is of zero, the greater the 

heterogeneity of biochar (Martins et al., 2015; Zeng & Kan, 2021). As the n for SB-Zn was 0.5, 

the biochar can be characterized as having a heterogeneous surface.  
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Figure 4.8: (a) Adsorption capacity of SB-Zn for adsorption of NAs from raw OSPW, and fittings 

of (b) Langmuir and (c) Freundlich isotherms. 
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Table 4.4: Modeling isotherm parameters obtained for the adsorption of classical NAs from raw 

OSPW on SB-Zn. 

Isotherms and parameters Value  

Langmuir qmax (mg g-1) 54.9 

KL (L mg-1)  0.07 

R2 0.97 

Freundlich Kf (mg1-n Ln g-1) 6.7 

n 0.5 

R2 1.0 

 

4.3.2 Adsorption mechanisms  

The adsorption mechanisms were identified by comparing the FTIR and XPS spectra of 

SB-Zn before and after adsorption. For the FTIR spectra (Figure 4.1a), after the application of SB-

Zn in the adsorption of NAs from OSPW, there was a shift in the peaks at 3202, 1567 and 1026 

cm-1, which are associated with H bending vibrations (hydrogen bonding) and π–π interactions 

(Chen et al., 2020a; Tran et al., 2017). For the deconvoluted C1s and O1s XPS spectra (Figure 

4.2), it was noticed a shift of the peak respective to C=O after adsorption from 287.7 to 287.4 eV 

and 534.3 to 533.2 eV, and both are often associated with hydrogen bonding (Jing et al., 2014; Wu 

et al., 2022a). The enhancement of carboxyl group from 16.6 to 18.1% after adsorption might be 

related to the presence of the carboxyl groups from the pollutant on the surface of biochar (Li et 

al., 2022). This is expected, considering the carboxylic acid fraction of NAs.  

Hydrogen bonding is considered the main mechanism of polar organic compound 

adsorption on biochar (Qiu et al., 2022). The SB-Zn has abundance of polar surface groups 

(hydroxyl, carboxyl). Considering that the NAs are amphipathic compounds, the interaction 
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between the polar functional groups of biochar and the hydrophilic region of NAs (carboxylic acid) 

led to the predominance of hydrogen bonding. On the other hand, π–π interactions are 

characteristic of hydrophobic interactions between the aromatic groups of biochar and the aromatic 

side of NAs.  

Pore filling might be one of the most important adsorption mechanisms for the adsorption 

of NAs on SB-Zn biochar considering that the biochar had large surface area (was composed of 

513.2 m2 g-1) and 89% of total pore volume was respective of mesopores. The high porosity of 

biochar provides appropriate transport paths for the NAs (Cheng et al., 2021), leading to fast 

adsorption with high initial removal rates characteristic of pore-filling (Regkouzas & 

Diamadopoulos, 2019). This is in accordance with the conclusions of kinetics study, which 

indicated that by 5 min of contact time, 55% of classical NAs were already removed from the 

OSPW by the biochar. In addition, the study of GAC as adsorbent of classical NAs from OSPW 

could also clarify this, considering that the adsorption capacity was 24 mg g-1, but its surface area 

was 976 m2 g-1, in which 86% of surface area was respective to micropores (Islam et al., 2018). 

Even though the surface area of GAC is almost double the SB-Zn biochar, the adsorption capacity 

was still closer to SB-Zn biochar (17.1 mg g-1), and this could suggest that the lack of mesopores 

in the GAC limited the adsorption of classical NAs. 

The summary of the adsorption mechanisms observed for the adsorption of NAs on SB-Zn 

is illustrated in Figure 4.9. 
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Figure 4.9: Adsorption of NAs from raw OSPW on activated biochar from sludge (SB-Zn). 

 

4.3.3 Regeneration and reuse ability of spent biochar 

The regeneration of spent biochar had the purpose of breaking the bonds between the NAs 

and the biochar to allow reuse and reduce the risk of secondary pollution. The thermal regeneration 

is a straightforward technique to allow biochar reuse because (1) it can thermo-reactivate the 

surface of biochar for adsorption, (2) it does not produce contaminated wastewater because it does 

not use solvents or chemicals to promote desorption and regeneration, and (3) it can reduce the 

costs associated with the production of fresh biochar. In the thermal regeneration, the biochar is 

subjected to pyrolysis to be decomposed, and the pollutant molecules are either volatilized or 

released from the pores due to the shrinking effect.  

The spent SB-Zn collected after reaching equilibrium was thermo-regenerated at 600°C 

and reused for adsorption of classical NAs from raw OSPW. Five cycles were performed, and the 

Bulk diffusion

Film diffusion

NA molecules

Biochar

Pores

Intraparticle

diffusion

Monolayer

Multilayer

Molecules that 

reached the 

adsorption site

Pore filling

π-π interactions

HO

COO

Hydrogen 

bonding
H



 

 131 

results are presented in Figure 6a. The adsorption capacity of fresh SB-Zn was 17.1 mg g-1. After 

the first regeneration and reuse, the adsorption capacity decreased to 14.9 mg g-1 (13% decrease) 

and kept steadily decreasing to 12 mg g-1 in the fourth cycle (30% decrease). Then, further decrease 

in the adsorption capacity was observed in the fifth cycle, reaching 7.1 mg g-1. The possible reason 

for the decrease in the adsorption capacity after successive thermal regenerations includes the 

modification of chemical and pore structure of adsorbent during the regeneration through 

pyrolysis, as reported by Ledesma et al. (Ledesma et al., 2014). Nonetheless, the adsorption 

capacity obtained in the fifth cycle of regeneration was still 5 times higher than the one obtained 

for pristine biochar (1.4 mg g-1), highlighting the SB-Zn potential to be reused efficiently.  

The recovery, regeneration and reuse of spent biochar is important to reduce the secondary 

pollution often associated with the adsorption process. After the spent biochar is regenerated 

several times and the reuse is not possible, the spent biochar still needs to be disposed of properly. 

It is suggested that futures studies should evaluate: 

(1) The application of spent biochar on soil and introduce plants to promote the 

biodegradation of spent biochar and its adsorbed contaminants. Then, the plants can be 

used as feedstocks of new biochars.  

(2) The applicability of spent biochar as supporting media of degrading bacteria to promote 

biodegradation of organic contaminants.  
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Figure 4.10: Adsorption efficiency of regenerated and reused SB-Zn for the removal of NAs from 

raw OSPW. Adsorption conditions: 2 g L-1 biochar dosage; 24 h of contact time; raw OSPW.  
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S, and Si were detected in the raw feedstock (dried sludge) as follows: 0.014, 28.5, 9.5, and 2.1 g 

kg-1. Remarkably, the leaching of P was the only one that considerably increased when the contact 

time increased from 2 h to 30 days, and that can be associated with the high content of P in the raw 

feedstock. As P is considered an important nutrient, its release over time might be interesting from 

a fertilizing point of view (Yuan et al., 2016). The metals that are more concerning, such as Cd, 

Cr, and Pb did not leach from the SB-Zn biochar.  

The leaching is often associated with the thermal-decomposition in the biochar production, 

which might lead to the formation of soluble metal compounds or metal compounds that can 

slightly dissolute in waters with higher pH, such as silica-containing mineral (quartz, muscovite) 

(Bagheri et al., 2022; Lammers et al., 2017). The XRD spectra of biochar might help in the 

identification of such compounds, leading to preventative steps to avoid the leaching, such as water 

and acid washing of biochar. In the case of SB-Zn biochar, the XRD spectra presented quartz and 

muscovite fractions, as well as the soluble zinc sulfate hexahydrate respective of bianchite (Figure 

1b). The increase in pyrolysis temperature has been proven to minimize the leaching of metals 

from the biochar (Chen et al., 2019c; Zhang et al., 2020). Therefore, the minimal to no leaching of 

metals observed in the OSPW after treatment with SB-Zn biochar is probably due to the pyrolysis 

temperature used in this study (600°C). 

Additionally, the treatment of OSPW with SB-Zn biochar for 2 h of contact time was able 

to remove some metals from the raw OSPW in the order of: Mg (7%), Ca (21%), Sr (27%), and 

Ba (60%). The concentrations further decreased when 30 days of contact time was applied. These 

results indicate that the SB-Zn biochar also has potential to decrease the concentration of some 

metals.  

  



 

 134 

Table 4.5: Concentration of metals in the raw and SB-Zn-treated OSPW.  

   OSPW treated with SB-Zn 

Metals Units Raw OSPW 2 h 30 days 

Al  mg L-1 0.60 0.60 0.49 

As  mg L-1 0.04 0.04 0.04 

B mg L-1 6.03 6.25 5.91 

Ba mg L-1 0.53 0.21 0.09 

Ca mg L-1 4.93 3.88 3.23 

K mg L-1 30.61 30.25 28.38 

Li mg L-1 0.27 0.28 0.26 

Mg mg L-1 5.29 4.91 4.73 

Mn mg L-1 0.12 <LOD 0.09 

Mo mg L-1 0.08 0.10 0.11 

Na mg L-1 1110.53 1168.19 1100.23 

P mg L-1 0.87 0.96 2.02 

S  mg L-1 46.70 47.17 47.20 

Si mg L-1 1.76 1.77 1.87 

Sr mg L-1 0.44 0.32 0.24 

V mg L-1 0.02 0.02 0.02 

Zn mg L-1 <LOD 0.08 <LOD 

LOD: limit of detection 

 

4.3.5 Water quality of raw OSPW after adsorption treatment with activated biochar 

The water quality parameters obtained for the raw and SB-Zn-treated OSPW are presented 

in Table 4.6. The adsorption treatment with SB-Zn was able to decrease the organic matter contents 

effectively following the order of: DOD (63%) and COD (66%). The total NAs concentration in 

the OSPW decreased 86%. The presence of extractable petroleum hydrocarbons, polycyclic 

aromatic hydrocarbons, and volatile compounds was scarce, and some were not detected in the 
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OSPW. From the compounds that were detected, the SB-Zn biochar was able to decrease about 

80% of the F1 and F2 fractions of the extractable petroleum hydrocarbons, and at least 44% of 

acridine considering that the concentration determined in the treated OSPW was below the limit 

of quantification. 

The OSPW is recycled on-site in the bitumen extraction of oil sands. However, the 

continuous reuse of OSPW significantly decreases the water quality, impacting in the efficiency 

of process (Allen, 2008). Additionally, corrosion issues in the plant infrastructure are associated 

with the NAs in OSPW (Quinlan & Tam, 2015). Therefore, the purpose of this study is to present 

ZnCl2-activated biochar from sludge as part of the treatment of OSPW to reduce the concentration 

of NAs, allowing more efficient reuse of OSPW. Considering the decrease in NAs, COD and DOC, 

the SB-Zn biochar can be of assistance in achieving better quality of OSPW for reuse on-site. 

Should the OSPW be release to the environment, the surface water quality guidelines for the 

protection of freshwater aquatic life provided by the Government of Alberta would be used as a 

guideline (Government of Alberta, 2018). The guideline does not provide threshold for NAs, while 

limiting the concentrations of petroleum hydrocarbons F2 to 0.11 mg L-1 and acridine to 0.004 mg 

L-1. Due to complexity of OSPW in terms of organics, the Water Quality Based Effluent Limits 

Procedures Manual acknowledges the effluent toxicity as an effective technique to account for the 

toxic effects of complex mixtures found in tailings waters (Alberta Environmental Protection, 

1995).  
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Table 4.6: Water quality of raw OSPW and OSPW treated with SB-Zn at 2 g L-1 for 24 h. 

Water quality parameters Units Raw  OSPW SB-Zn-treated OSPW  

pH – 8.5 8.6 

Dissolved organic carbon (DOC) mg L-1 89.8 33.3 

Chemical oxygen demand (COD)  mg L-1 355.5 121.5 

Total NAs mg L-1 61.8 8.5 

O2-NAs mg L-1 40.4 6.0 

O3-NAs mg L-1 11.5 1.7 

O4-NAs mg L-1 8.2 0.7 

O5-NAs mg L-1 1.3 0.1 

O6-NAs mg L-1 0.4 0.02 

Extractable petroleum 

hydrocarbons 

F2 (C10-C16 HC) mg L-1 0.71 0.12 

F3 (C16-C34 HC) mg L-1 0.51 <0.10 

F4 (C34-C50 HC) mg L-1 <LOD <LOD 

Polycyclic aromatic 

hydrocarbons 

Acridine μg L-1 0.071 <0.04 (LOQ) 

Other PAHs μg L-1 <LOD <LOD 

Volatile compounds Benzene μg L-1 <LOD <LOD 

Toluene μg L-1 <LOD <LOD 

Ethylbenzene μg L-1 <LOD <LOD 

Xylenes μg L-1 <LOD <LOD 

F1 (C6-C10) μg L-1 <LOD <LOD 

LOD: limit of detection 

LOQ: limit of quantification 

 

4.3.6 Toxicity and bioavailability of organics in OSPW after adsorption treatment with 

activated biochar 

The acute toxicity of raw and OSPW treated using SB-Zn biochar was assessed by means 

of the inhibition of the bioluminescence of Microtox® V. fischeri. The Microtox® bioassay is a 

simple and fast method to indicate the acute toxicity of OSPW (Islam et al., 2015; López-Vinent 
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et al., 2021; Suara et al., 2022). Based on the acute toxicity results (Figure 4.11a), the V. fischeri 

inhibition decreased from 46% to 15% after 5 min of exposure and 47% to 17% after 15 min of 

exposure to the treated samples. It was observed approximately 66% reduction of acute toxicity of 

OSPW after adsorption treatment using SB-Zn biochar. The reduction in acute toxicity of OSPW 

after adsorption treatment was also observed by Islam et al. (2015), in which GAC was used as 

adsorbent and a reduction of 77% of acute toxicity towards V. fischeri was achieved. The residual 

toxicity in the biochar treated OSPW could be due to the remaining organics in the OSPW, 

considering that the biochar treatment was responsible to reduce the COD and DOC by 66 and 

63%.   

The BE-SPME quantifies the bioavailability of hydrocarbons that contribute to toxicity, 

which refers to the hydrocarbons that target the lipid barrier of aquatic life (Redman et al., 2018). 

Based on the BE-SPME results obtained for the raw and biochar treated-OSPW (Figure 4.11b), 

there was approximately 91% reduction of bioavailability of organics in OSPW after adsorption 

treatment. Whale et al. (2022) characterized oil refinery wastewater using bioassays and BE-

SPME, concluding that BE-SPME is a potential screening tool to be used with bioassays in the 

toxicity assessment of effluents. Therefore, the adsorption treatment using SB-Zn contributed to 

the remarkable reduction of toxicity of OSPW.  
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Figure 4.11: (a) Toxicity of raw and treated OSPW towards Microtox® Vibrio fischeri and (b) 

biomimetic extraction using solid-phase microextraction (BE-SPME) of OSPW before and after 

24 h treatment with 2 g L-1 activated-biochar. 

 

4.4 Conclusions 

The treatment of OSPW is imperative to allow efficient recycling of OSPW on-site in the 

bitumen extraction of oil sands. Successive reuses of OSPW result in a decrease in water quality, 

impacting the recovery of bitumen and leading to corrosion issues in the plant infrastructure. The 

OSPW is treated through passive technologies, such as constructed wetlands, and adsorbents can 

be applied to assist in the OSPW treatment. Therefore, this study proposed the conversion of sludge 

from a municipal wastewater treatment plant into biochar to be applied in the adsorption treatment 

of OSPW. Figure 4.12 presents the circular economy concept envisioned for this project.  

This is the first in-depth study of sludge-based biochar for advanced treatment of OSPW 

through adsorption of NAs, in which the knowledge gaps on biochars designed for adsorption of 

NAs from real OSPW were fully addressed. Such knowledge gaps included the assessment of the 
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adsorption selectivity by the biochar in the raw OSPW, the thermal-regeneration of spent biochar 

to avoid secondary pollution associated with adsorption, the leaching of metals from sludge-based 

biochars into the OSPW, and the toxicity indicators and water quality aspects of OSPW after 

adsorption treatment. High quality biochar was produced using ZnCl2 as chemical activation agent, 

achieving adsorption capacity of 17.1 mg g-1 for classical NAs and 26.6 mg g-1 for total NAs. The 

adsorption treatment using the ZnCl2-activated biochar reduced the overall organic matter, some 

metals, and acute toxicity indicators in the raw OSPW, presenting as an effective and feasible 

adsorbent to be combined with passive treatment technologies. Further studies in biochar for 

adsorption treatment of OSPW should evaluate the life-cycle assessment of biochar systems and 

the advantages of applications of spent biochar in land reclamation in terms of phytoremediation 

of spent biochar and carbon sequestration abilities. In conclusion, the findings of this study are the 

first step towards circular economy by aligning the waste management of a biohazard and the 

efficient treatment of OSPW for reuse.
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Figure 4.12: The circular economy concept envisioned for the waste management of sludge from municipal wastewater treatment plant 

and the treatment of OSPW from oil sands industries.
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Chapter 5 The Role of Feedstock Type and Chemical Activation on 

Biochar Synthesis from Sludge and Peat for the 

Adsorption of Naphthenic Acids 4 

5.1 Introduction 

Biochar is a carbon-based material resulted from the thermal decomposition of biomass 

under minimal or no oxygen conditions. The biochar production can assist in the energy 

generation, waste management, water treatment, and soil improvement (Lehmann & Joseph, 

2015). Additionally, the biochar production from wastes can contribute to the circular economy 

when such biomass is converted into biochar to target compounds of interest in contaminated 

waters. Industrial sludge (Wu et al., 2022b), municipal sludge (Ma et al., 2021), food wastes such 

as coconut shell (Baharum et al., 2020), and agricultural wastes such as wheat and canola straws 

(Nzediegwu et al., 2021a) are examples of feedstocks studied to produce biochar. The biochar 

properties can be further improved by using chemical activation agents during production, aiming 

at further decomposing the feedstock to improve surface area and pore volume and add surface 

functional groups to assist in the adsorption. Ferric chloride (FeCl3) activation was reported as a 

graphitization catalyst and could add magnetic properties to the biochar. Additionally, it aids in 

the decomposition of hemicelluloses and celluloses into smaller hydrocarbons during the 

carbonization process (Wang et al., 2021). On the other hand, the combination of ZnCl2 and FeCl3 

 

4 A version of this chapter will be submitted to the Bioresource Technology as: Medeiros, D. C. C. S., Chelme-Ayala, 

P., and Gamal El-Din, M. The role of feedstock type and chemical activation on biochar synthesis for the adsorption 

of naphthenic acids: Implications in the tailoring of activated biochars. 
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as chemical activation agents allows superior pore-forming properties, resulting in significant 

improvement of mesopores (Cheng et al., 2020a). 

The oil sands process water (OSPW) is generated during the bitumen extraction from the 

oil sands using the Clark caustic hot water extraction process and it is stored in on-site tailings 

ponds as required by the Alberta’s zero discharge approach (Allen, 2008; Hao et al., 2005; Zubot 

et al., 2012). The extraction process involves the usage of 0.2 to 2.6 barrels of fresh water per 

barrel of bitumen (Natural Resources Canada, 2020), and the high volume of OSPW generated by 

the oil sands industries highlights the importance of treatment to secure efficient water reuse or 

safe discharge of OSPW. One of the main concerns of OSPW is the presence of naphthenic acids 

(NAs), which represents more than 50% of all organic compounds in OSPW (Grewer et al., 2010). 

Such compounds have been related to acute and chronic toxicity towards zebrafish (Scarlett et al., 

2013), mammals (Rogers et al., 2002), and aquatic invertebrates (Bartlett et al., 2017). NAs are 

giving by the general chemical formula CnH2n+ZOx: “n” is the carbon number (7 ≤ n ≤ 26), “Z” is 

the hydrogen deficiency number resulting from ring or double bond formation (0 ≤ –Z ≤ 24) – also 

written in terms of the double bond equivalency (DBE) where DBE = 1 – Z/2, and “x” is the 

oxygen number, where classical NAs are characterized by x = 2 and oxidized NAs are 

characterized by x number 3 – 6 (Huang et al., 2015a; Meshref et al., 2017). In terms of OSPW 

treatment for the removal of NAs, few studies reported the development of biochars for the 

adsorption of NAs, in which most studies focused on model compounds of NAs (Frankel et al., 

2016; Singh et al., 2020) instead of real process water. The application of biochar in real OSPW 

for adsorption of organic matter was reported once (Bhuiyan et al., 2017). 

Considering the lack of in-depth studies on biochar development and characteristics for 

adsorption of NAs from OSPW, the purpose of this study was to investigate how the type of 
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feedstock and the changes in the characteristics of resulting biochar affect the adsorption of NAs 

from OSPW, aiming at providing guidance for further studies in the field of biochar tailoring for 

adsorption treatment of OSPW. This exploratory study was conducted based on the biochar 

properties and the comparison of the adsorption efficiency obtained for surrogate compounds of 

NAs and NAs from real OSPW. The evaluation of the performance of biochars produced through 

same conditions but using different feedstocks is important to provide a reference for future 

applications and studies. 

 

5.2 Methodology 

5.2.1 Chemicals and OSPW 

Analytical grade zinc chloride (ZnCl2), ferric chloride hexahydrate (FeCl3·6H2O), and 

hydrochloric acid (HCl) 37% were used in the production of activated biochars and purchased 

from Fisher Scientific (New Jersey, USA).  

Cyclohexanecarboxylic acid (CHCA), dicyclohexylacetic acid (DCHA), 1-

adamantanecarboxylic acid (ACA), and 5-phenylvaleric acid (PVA) purchased from Sigma 

Aldrich (Germany) were chosen as the surrogate compounds of NAs. Characteristics of NA 

compounds presented in Table 5.1. Solutions were prepared in 5 mM sodium bicarbonate 

(NaHCO3, Fisher Scientific, New Jersey, USA) buffer (pH 8.5) to mimic pH of real OSPW.  

Raw OSPW (Table 4.1) was collected from an oil sands tailing pond in Fort McMurray, 

Alberta, Canada and stored in a cold room at 4°C until use. 
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Table 5.1: Properties of model compounds of NAs.  

Compound CHCA DCHA ACA PVA 

Formula C7H12O2 C14H24O2 C11H16O2 C11H14O2 

Structure 

    

Molecular weight (g mol-1) 128.2 184.3 172.3 178.2 

DBE1 2 3 4 5 

– Z2 2 4 6 8 

Solubility3,4 (g L-1) 1000 79 234 779 

pKa3 4.9 4.8 4.9 4.7 

Log P3 1.6 4.5 2.6 3.0 

Log D3,4 -1.35 1.40 -0.45 -0.12 
1Double bond equivalency. 

2Hydrogen deficiency.  

3Data source: SciFinder Scholar, Calculated using Advanced Chemistry Development(ACD/Labs) Software V11.02 

(© 1994–2022 ACD/Labs). Parameters determined at 25°C. 

4Solubility (g L-1) and log D at pH 8. 

 

5.2.2 Feedstock preparation 

The sludge was received from a municipal wastewater treatment plant (Edmonton, Alberta, 

Canada) as a mixture of primary and secondary sludge collected from the anaerobic digester of 

biosolids. The peat-mineral mix was received from an oil and gas industry (Alberta, Canada) as a 

resulting material from the surface mining of oil sands (Alberta, Canada). Both feedstocks were 

dried completely and grinded using a ball milling process at 30 s-1 frequency for 50 s operation 

time (MM400, Retsch, Germany) to obtain a homogeneous powder, and then stored in air-tight 

glass containers to be applied in the subsequent steps to produce the biochar. 
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5.2.3 Biochar synthesis 

Pristine biochars (without chemical activation) were produced from sludge and peat at 

800°C. Crucibles containing sludge or peat were carbonized at 800°C using a muffle furnace 

(Lindberg Blue M, Thermo Scientific™, USA) at the following conditions: 10°C min-1 of heating 

rate, heating and cooling down under oxygen-free conditions achieved supplying 99% pure N2 at 

2 L min-1, and time at pyrolysis temperature of 2 h. Cool crucibles were be taken out of the muffle 

furnace, and the sludge- and peat-based pristine biochars named SB-800 and PB-800, respectively, 

were stored in glass vials. 

Activated biochars were produced using chemical activation agents FeCl3 or a combination 

of ZnCl2 and FeCl3. To obtain the activated biochars, 2 g of feedstock and 40 mL of the chemical 

activation agent solution (0.3 M FeCl3 or 0.5 M ZnCl2+0.3 M FeCl3) were added to crucibles 

containing one magnetic stirring bar and placed in the stirrer platform at 400 rpm for 24 h. After 

24 h, the crucibles were dried in the oven at 105°C for 24 h to ensure that all water has evaporated. 

Pyrolysis of crucibles were done in closed system using the muffle furnace at 800°C. Cool 

crucibles were taken out of the muffle furnace and the biochar was soaked in 20 mL 1 M HCl for 

2 h. After acid soaking time, the contents of crucible were transferred to the vacuum filtration 

system equipped with hydrophilic polycarbonate membrane of 8.0 µm pore size (TETP04700, 

Isopore™, Millipore, Germany) to be washed several times using deionized water until the pH of 

the filtrate was between 6 and 8. Washed activated biochars were dried in the oven at 105°C for 

24 h, followed by crushing using the mortar and pester and storage in closed glass vials. Biochars 

were named as follows: SB-Fe (FeCl3-activated sludge-based biochar), SB-Fe/Zn (FeCl3/ZnCl2-

activated sludge-based biochar), PB-Fe (FeCl3-activated peat-based biochar), and PB-Fe/Zn 

(FeCl3/ZnCl2-activated peat-based biochar). 
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5.2.4 Characterization of feedstocks and biochars 

The properties of the feedstocks and its respective pristine and activated biochars were 

evaluated by means of surface characteristics. Surface area and pore volume were evaluated by N2 

adsorption using a surface area analyzer (Autosorb-iQ,  Quanthachrome, USA) and the materials 

were outgassed at 120°C for 4 h prior to analysis. The surface area (SBET) and the total pore volume 

(VTOT) were calculated using the Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938), 

while the micropore surface area (SMICRO), mesopore surface area (SMESO), and the micropore 

volume (VMICRO) were calculated using the t-plot method (de Boer et al., 1966). The point of zero 

charge (pHpzc) of materials was determined based on the salt addition method (Jang et al., 2018). 

The moisture, volatile matter, ash, and fixed carbon contents were determined by weight loss using 

a thermogravimetric analyzer (Discovery TGA, TA Instruments, USA) equipped with platinum 

pan according to method presented by Crombie et al. (2013). The thermostability of materials 

between 105 and 900°C was evaluated using the thermogravimetric analyzer at heating rate of 

20°C min-1. The ultimate analysis was performed using an elemental analyzer (2400 Series II 

CHNOS analyzer, PerkinElmer, USA), in which carbon (C), nitrogen (N), hydrogen (H), and 

sulphur (S) contents were determined, and the oxygen (O) content was estimated by difference 

(100 – C(%) – H(%) – N(%) – S(%) – Ash(%)) on a dry-mass basis. A Fourier transform infrared 

(FTIR) spectrometer (Nicolet™ 8700 FT-IR Spectrometer, Thermo Scientific, USA) was used to 

scan the surface of materials for functional groups between 600 and 4000 cm-1 at 4 cm-1 resolution. 

The crystallographic properties were evaluated by means of X-ray diffractometer (XRD, Ultima 

IV, Rigaku, Japan) at scanning rate of 3° min-1 between 10 and 90° 2θ angles using Cobalt tube at 

38 kV and 38 mA.  
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5.2.5 Adsorption experiments 

Pristine (SB-800 and PB-800) and activated biochars (SB-Fe, SB-Fe/Zn, PB-Fe, PB-

Fe/Zn) were applied in single adsorption experiments at biochar dosage of 2 g L-1 and contact time 

of 24 h using four solutions of model compounds of NAs (Table 5.1) and raw OSPW. The objective 

is to evaluate the performance of activated biochars in controlled settings (surrogate compounds 

of NAs) and using a real process water.  

30 mL of solution (model compound solution or raw OSPW) were added to flasks 

containing 0.06 g of biochar and the start time was recorded. The flasks were covered and agitated 

for 24 h in a platform shaker (New Brunswick™ Innova® 2100 platform shaker, Eppendorf Inc., 

USA) at agitation speed of 200 rpm and temperature of 20°C. After 24 h of contact time, the 

contents of the flasks were filtered using 0.45 μm filters (Basix™ Nylon Syringe Filters, Fisher 

Scientific, USA) and samples were stored at 4°C until analysis. All experiments were performed 

in duplicates. The analytical methods for the measurement of the concentration of model 

compounds of NAs (CHCA, DCHA, ACA and PVA) and classical and oxidized NAs in OSPW 

are described in detail in the Supporting Information (Appendix). 

 

5.2.6 Data analysis 

The removal rate (Eq. 2.1) and the adsorption capacity (Eq. 2.2) were applied to evaluate 

any adsorption data. The Pearson correlation (r) was applied to reveal the relationship between the 

properties of biochars and their adsorption capacity (Boskovic et al., 2020), and Microsoft Excel 

software was used to calculate the (r) using the functions =PEARSON and =TDIST. 
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5.3 Results and discussion 

5.3.1 pHpzc, surface area and pore volume of biochars from sludge and peat 

The specific surface area and pore volume of the feedstocks (sludge and peat), pristine (SB-

800 and PB-800), and activated biochars (SB-Fe, PB-Fe. SB-Fe/Zn, and PB-Fe/Zn) were 

determined based on the nitrogen adsorption, and the results are presented in Table 5.2. The 

pyrolysis of sludge and peat at 800°C was responsible to increase the surface area in approximately 

187 times for SB-800 and 67 times for PB-800, in which 60-70% of the surface area was respective 

of mesopores. Since the biochars were produced using the same conditions, the difference 

observed in the porous properties is due to the different characteristics observed for their respective 

feedstock. The impressive increase in the surface area in the pristine biochars can be associated 

with the pyrolysis temperature that led to the decomposition of the carbon matrix and release of 

volatile matter, resulting in the pore formation (Wang et al., 2020; Wang et al., 2022). The biochars 

produced using chemical activation further helped in the improvement of surface area and pore 

volume of biochars. It was not noticed great difference between SB-Fe and SB-Fe/Zn surface areas. 

In fact, the surface area of SB-Fe/Zn increased only 1.4 times in comparison with SB-800. 

However, the addition of ZnCl2 to the chemical activation solution resulted in sludge and peat-

based biochars composed of only mesopores, indicating that the association of FeCl3 and ZnCl2 

allowed superior degradation of feedstock and development of pores (Feng et al., 2020), but 

without transformation of mesopores into micropores, which might be desirable for large organic 

molecules such as NAs. PB-Fe/Zn had the highest surface area (1070.2 m2 g-1) observed in this 

study, and the surface area was 5.5 times higher than PB. However, PB-Fe had almost half of the 

surface area and pore volume of PB-Fe/Zn. The differences observed for the sludge- and peat-

based biochars indicate that the nature of the feedstock plays also play a crucial role in the biochar 
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quality, even though the use of FeCl3 and ZnCl2 as chemical activation agents is important to 

enlarge the pores due to the metal impregnation in the pores (Wang et al., 2017b). The differences 

in feedstocks that most likely affected the porous properties will be further enlightened in the next 

sections.  

According to the International Union of Pure and Applied Chemistry classification for 

nitrogen adsorption-desorption isotherm (IUPAC, 1982), the curve of the nitrogen adsorption-

desorption isotherm for the biochars (Figure 5.1) provided isotherms consistent with the type IV 

adsorption isotherm, in which the isotherm is characteristic of mesoporous adsorbents, and also a 

type H4 hysteresis curve, indicating narrow slit-like pores in the adsorbent material. Those 

isotherm characteristics were also observed for biochars from biogas residue of pig manure (Xia 

et al., 2016) and corn straw (Feng et al., 2020). 

The pHpzc for the pristine biochars were higher than their respective activated biochar, that 

is because the presence negative functional groups on the surface of biochar can decrease the pHpzc 

(Chen et al., 2008). Therefore, the activation with FeCl3 or FeCl3 and ZnCl2 combined helped the 

retention of some functional groups that would otherwise be released in the thermal degradation 

of feedstock. Among the biochars studied, the only biochar that presented pHpzc higher than a 

typical pH of OSPW (pH~8.5) was PB-800, indicating that the PB-800 will have a positive charge 

in OSPW (Peng et al., 2016). That might benefit the electrostatic attraction in the adsorption of 

NAs in the OSPW as they are mostly in the deprotonated form (Huang et al., 2017). However, the 

negatively charged biochars could be neutralized due to metal ions present in the raw OSPW, 

reducing the repulsion due to similar charged biochars and NAs (Pourrezaei et al., 2014). 
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Table 5.2: Surface properties of the feedstocks and their respective biochars. 

  Surface area (m2 g-1) Pore volume (cm3 g-1) 

Material pHpzc STOT SMESO SMICRO VTOT VMESO VMICRO 

Sludge – 1.4 1.4 – 0.02 0.02 – 

SB-800 6.33 261.7 155.6 106.2 0.18 0.12 0.06 

SB-Fe 3.99 350.2 330.7 19.4 0.38 0.36 0.02 

SB-Fe/Zn 4.15 375.9 375.9 – 0.48 0.48 – 

Peat – 2.9 2.9 – 0.01 0.01 – 

PB-800 10.98 193.7 132.5 61.2 0.14 0.08 0.05 

PB-Fe 3.94 643.0 466.5 176.5 0.42 0.33 0.09 

PB-Fe/Zn 5.48 1070.2 1070.2 – 0.79 0.79 – 
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Figure 5.1: Nitrogen adsorption and desorption isotherms of (a) sludge and (b) peat, and their 

respective pristine and activated biochars. 

 

5.3.2 Proximate analysis and elemental content of biochars from sludge and peat 

The results of proximate analysis of feedstocks and biochars are presented in Table 5.3. 

The volatile matter of sludge and peat was similar, whereas the fixed carbon and ash contents were 
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crucial to differentiate the materials. Sludge has higher ash content, which is associated with high 

inorganic residue respective of minerals (Yusuff et al., 2022). The ash content tends to increase 

after carbonization due to the loss of volatile matter (Zielińska et al., 2015). However, SB-Fe and 

SB-Fe/Zn had almost double the ash content in comparison with PB-Fe and PB-Fe/Zn biochars. 

The presence of ash can cause the blockage of biochar pores, resulting in lower surface area and 

pore volume (Lu et al., 1995). This corroborates with the findings presented in Table 5.2, in which 

the FeCl3 and combination of FeCl3 and ZnCl2 as activation agents provided the biochars from 

sludge and peat unique characteristics, in which peat-based activated biochars had much higher 

values of SBET and VTOT. The carbonization of sludge and peat resulted and pristine and 

chemically-activated biochars with similar volatile matter content, considering that the 

carbonization process purges the volatile compounds from the surface, but different fixed carbon 

content was observed. The fixed carbon content increased after carbonization for peat-based 

biochars, indicating that biochar has more stable carbon (Yang et al., 2020), while it was noticed 

a decrease for the sludge-based biochars. This is usual for feedstocks with high ash content, such 

as sludge (Enders et al., 2012). 

The elemental content of the sludge- and peat-based biochars were determined by ultimate 

analysis (Table 5.3), and they can be translated into the atomic ratios H/C, O/C, and (N+O)/C. H/C 

and O/C are inversely proportional to the degree of aromaticity and hydrophobicity of biochar, 

respectively, and (N+O)/C is proportional to the biochar polarity (Chen et al., 2016; Nzediegwu et 

al., 2022). The chemical activation of both sludge and peat in the biochar synthesis resulted in the 

increase of H/C ratio, leading to the decrease in biochar aromaticity. Nonetheless, comparing the 

FeCl3 and FeCl3/ZnCl2 activations, the addition of ZnCl2 to the chemical activation solution 

allowed the increase of O/C and (N+O)/C ratios of peat-based biochars. On the other hand, the 
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chemical activations were responsible to further decrease the O/C ratio of sludge-based biochars, 

implying that the sludge-based biochars are more hydrophobic than peat-based biochars. That 

difference in the O/C ratio for sludge-based biochar might be due to the high temperature used. 

Maintaining elevated aromaticity of biochar and hydrophobicity that might benefit the adsorption 

of NAs.  

The O/C ratio can indicate the stability of biochar in the environment over time. As the 

O/C ratio of biochars were lower than 0.2 – except for PB-Fe, it is estimated that the half-life of 

biochars will be greater than 1000 years (Spokas, 2010). For PB-Fe, the half-life would be between 

100 and 1000 years. Therefore, these biochars have potential to be applied not only as adsorbents, 

but as carbon sequestration materials.  

Even though the activation resulted in the same trend for both sludge- and peat-based 

biochars, the ratios differ greatly from sludge- and peat-based biochars produced at same 

conditions, yielding distinct properties that might affect the adsorption of NAs. As the pyrolysis 

temperature for biochar synthesis was considered high, it was expected a biochar with more 

hydrophobicity of biochar often associated with such temperatures (Abdoul Magid et al., 2021). 

That was observed for sludge-based biochars, but not for the activated peat-based biochars, which 

presented much higher O/C ratio. That resulted in biochars with different characteristics. Activated 

sludge-based biochars are more hydrophobic than activated peat-based biochars, and that will 

impact in the adsorption of NAs.  
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Table 5.3: Proximate, elemental composition, and atomic ratio properties of sludge and peat as feedstocks and their respective biochars. 

 Proximate analysis (%) Elemental composition (%) Atomic ratio 

Material Moisture Volatile matter Ash Fixed carbon C H N O S H/C O/C (N+O)/C 

Sludge 3.4 53.3 35.6 7.7 32.9 4.9 5.3 20.7 0.6 1.78 0.47 0.61 

SB-800 3.0 6.2 66.8 24.1 26.1 0.4 2.5 4.2 0.0 0.20 0.12 0.20 

SB-Fe 9.7 12.4 71.9 6.0 24.1 1.3 1.6 1.1 0.0 0.64 0.03 0.09 

SB-Fe/Zn 7.1 12.9 73.3 6.6 23.8 0.9 1.6 0.5 0.0 0.45 0.02 0.07 

Peat 12.9 50.8 24.0 12.2 38.5 4.7 2.0 30.7 0.0 1.48 0.60 0.64 

PB-800 4.7 13.8 42.9 38.7 52.5 0.9 0.8 3.0 0.0 0.21 0.04 0.05 

PB-Fe 4.5 13.9 24.7 56.9 53.1 2.1 2.0 18.1 0.0 0.47 0.26 0.29 

PB-Fe/Zn 9.7 12.4 27.3 50.6 56.0 1.9 2.3 12.5 0.0 0.40 0.17 0.20 
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5.3.3 Functional surface groups and crystallinity of biochars from sludge and peat 

The differences and similarities between the surface functional groups of feedstocks and 

their resulting biochars are highlighted by the FTIR spectra (Figure 5.2). Peat and sludge have 

similar peaks respective of –OH stretching (around 3400 and 1050 cm-1) and C=C stretching 

(around 1600 cm-1) (Deng et al., 2022; Nzediegwu et al., 2021b). After carbonization, there was a 

significant decrease in the peaks, especially for the pristine biochars, indicating that the thermal 

degradation was responsible for the release of some functional groups, as evidenced by the 

elemental analysis (Table 5.3).  Once FeCl3 was used as chemical activation agent, an enhancement 

of some peaks of FeCl3-activated biochar was observed in comparison with its respective pristine 

biochar. Such peaks were –OH stretching group (around 3400 cm-1 for PB-Fe and 3400 and 3600 

cm-1 for SB-Fe) and C=C of aromatic rings (around 1600 cm-1). On the other hand, abundance of 

oxygen-containing surface groups was observed when a combination of ZnCl2 and FeCl3 were 

applied as activation agents of biochar. The peaks around 3400 and 1100 cm-1 for both SB-Fe/Zn 

and PB-Fe/Zn had increased intensity. Additionally, the peak respective to C=C (1600 cm-1) was 

also improved in comparison with pristine and FeCl3-activated biochars. ZnCl2 is a pore-forming 

agent that can help retaining the oxygen-containing groups of feedstocks, while the FeCl3 helps in 

the formation of C=C due to the decomposition of hemicelluloses and celluloses into smaller 

hydrocarbons (Cheng et al., 2020a; Wang et al., 2021). The presence of –OH and C=C groups are 

beneficial for the adsorption of naphthenic acids through hydrogen bonding and π-π interactions. 
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Figure 5.2: FTIR spectra of (a) sludge and (b) peat, and their respective pristine and activated 

biochars. 
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Fe/Zn biochars, while barringerite (peak at 2θ 47.1°, 51.8° and 55.5°) and schreibersite (peak at 

2θ 48.0° and 53.7°) were observed for SB-Fe and SB-Fe/Zn biochars. Barringerite and 

schreibersite are Fe-containing minerals that were formed due to the FeCl3 impregnation. The only 

peaks observed for peat-based biochars were quartz (peak at 2θ of 24.2° and 31.0°). It was noticed 

that the minerals formed in the biochars were not water-soluble minerals. Since the biochars were 

acid washed, the water-soluble minerals were most likely dissolved in the washing step, reducing 

the risk of leaching of metals from the biochars after production. 
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Figure 5.3: XRD diffractograms of (a) sludge and (b) peat, followed by their respective pristine 

and activated biochars. 
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5.3.4 Thermostability of biochars from sludge and peat 

The thermostability of feedstocks and biochars was evaluated and the results (Figure 

5.4a,b) indicated that the biochars were more thermostable than their respective feedstock. The 

weight loss was in the order of pristine biochar < Fe/Zn biochar < Fe biochar < feedstock. The peat 

and peat-based biochars had higher weight loss than sludge and sludge-based biochars caused by 

the lower ash content of the former (Xu & Chen, 2013).  

The DTG curves are valuable to assess the different thermal degradation pathways of the 

feedstocks (Nzediegwu et al., 2021b). The DTG curve of sludge (Figure 5.4c) and peat (Figure 

5.4d) showed major degradation step between 250 and 600°C, indicating the degradation of 

volatile and organic compounds (Jerez et al., 2021; Xia et al., 2016), and contents of hemicellulose, 

cellulose, and lignin (Nzediegwu et al., 2021a). The biochars did not present such degradation 

steps because the compounds were successfully degraded in the carbonization process. Two 

smaller degradation steps around 700 and 750°C were observed in peat and its pristine biochar and 

it is associated with the decomposition of inorganic compounds (i.e. carbonates) (Liu et al., 2009). 

These degradation steps were not noticed for the activated biochars, indicating that the chemical 

activation played a role in the degradation of these compounds.  
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Figure 5.4: (a,b) Thermogravimetric (TGA) and (c,d) first derivative of thermogravimetric (DTG) curves of sludge and peat, and their 

respective biochars. 
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5.3.5 Adsorption performance of surrogate compounds of NAs on biochars from sludge and 

peat 

The pristine and activated biochars produced from sludge and peat were applied in the 

adsorption of surrogate compounds of NAs to assess their performance in adsorbing NAs. Four 

different model compounds were studied in single-compound solution based on their different 

characteristics (Table 5.1), and the results are presented in terms of the final concentration after 

adsorption (Figure 5.5a) and adsorption capacity (Figure 5.5b).  

Overall, the removal of surrogate compounds of NAs by activated biochars was better than 

the removal obtained by their respective pristine biochars. SB-800 did not adsorb any compound, 

except for DHCA (7% removal). PB-800 removed 42 and 44% of DCHA and PVA, respectively. 

Even though PB-800 performed well for these two compounds, the adsorption of CHCA and ACA 

was not effective, which might be related to the biochar characteristics. The chemical activation 

agents were applied to improve biochar characteristics and selectivity for NAs. Activated biochars 

performed better than pristine biochars. The adsorption of DCHA and PVA reached removal rates 

near 100% for activated biochars using sludge and peat. Among the four studied model 

compounds, CHCA and ACA were the most difficult to adsorb. Even though the adsorption of 

CHCA and ACA were greatly improved by using chemical activation agents, the activated biochar 

from peat performed better than sludge-based biochar. Based on the properties of the model 

compounds, the lipophilicity (log D) of model compounds at pH 8 (Table 5.1) indicated that CHCA 

and ACA are the first and the second most hydrophobic compounds in the list (Zhu et al., 2018). 

Therefore, the nature of peat-based biochars with lower H/C ratio than sludge-based biochars most 

likely affected the adsorption. 
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Nonetheless, the composition of real OSPW includes a wide range of NAs (Huang et al., 

2018) that is not limited by the four model compounds studied. In fact, the classical NAs in OSPW 

usually have carbon numbers in the range from 11 to 20 and DBE numbers from 1 to 10, as 

presented previously. Therefore, it is imperative to evaluate the performance of biochars against 

real OSPW to determine the feasibility of biochar as adsorbents.  
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Figure 5.5: (a) Final concentration of model compound and (b) adsorption capacity of model 

compounds obtained for the adsorption using pristine and activated biochars from sludge and peat. 

Adsorption conditions: 2 g L-1 biochar dosage; 24 h of contact time; 25 mg L-1 initial concentration 

of NA. 
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5.3.6 Adsorption performance of NAs from raw OSPW on biochars from sludge and peat: 

Competitive adsorption in real process water 

The biochars were further evaluated as adsorbents of NAs from real OSPW. The NAs in 

the OSPW are classified based on their oxygen number (Ox-NAs), in which x = 2 is respective of 

classical NAs and 3 £ x £ 6 is respective of oxidized NAs (Huang et al., 2015a; Meshref et al., 

2017). The raw OSPW used in this study had total concentration of NAs of 61.8 mg L-1 (Table 

4.1) and the results of adsorption of NAs from raw OSPW on biochars are presented in Figure 5.6.  

The highest concentration of NAs in the raw OSPW was 40.4 mg L-1 for classical NAs and 

the concentration decreased as the oxygen number increased. The pristine biochars SB-800 and 

PB-800 removed 12 and 27% of classical NAs and 13 and 23% of total NAs from raw OSPW, 

respectively. As indicated by the study using the model compounds, the PB-800 performs better 

than SB-800 because of some important differences between the two feedstocks, such as O/C and 

H/C ratios. On the other hand, the biochars produced through chemical activation accomplished 

very good removal rates, in which the activation agents (FeCl3 or combination of FeCl3 and ZnCl2) 

provided similar removal rates regardless of the feedstock. That supports the importance of 

evaluating adsorption of NAs from real OSPW instead of focusing on surrogate compounds, as 

the study using such compounds might not be accurate in the assessment of new adsorbents. The 

best adsorption capacities were achieved by SB-Fe/Zn and PB-Fe/Zn, in which the removal 

surpassed 90% for all NAs (classical and oxidized NAs). 

Based on the concentration profile of classical NAs as a function of carbon (Figure 5.7) 

and DBE (Figure 5.8) numbers in raw OSPW and OSPW treated with biochars from sludge and 

peat, the classical NAs in the raw OSPW profile were in the range of carbon number 9–20 and 

DBE number 1–10. The range of carbon numbers 12–19 represented 93% of all classical NAs, in 
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which carbon number 14 represented 17.9% of classical NAs in OSPW with concentration of 7.2 

mg L-1. The highest concentrations in terms of DBE numbers were given by DBEs 3, 4, and 7 

representing 35, 21, and 11% of NAs, respectively. Therefore, most classical NAs in this raw 

OSPW were bicyclic, tricyclic, and hexacyclic (Benally et al., 2019).  

The adsorption capacity obtained for each carbon and DBE numbers is presented in Figure 

S8 (Appendix). In terms of the removal of classical NAs by the biochars, it was noticed that the 

adsorption capacity was slightly proportional to the initial concentration of NAs. To determine the 

role of initial concentration in the adsorption capacity, the adsorption capacity was compared 

between similar initial concentration, such as carbon numbers 13, 15, and 17 (3.4–3.7 mg L-1) and 

carbon numbers 11 and 20 (1.1 mg L-1). It was observed that the adsorption capacities of carbon 

numbers 11 and 13 were about 50% lower than the adsorption capacity determined for the carbon 

numbers with similar concentrations for the FeCl3-activated biochars, indicating that SB-Fe and 

PB-Fe might have more affinity with NAs with higher carbon number. However, when ZnCl2 was 

added to the chemical activation agent to create SB-Fe/Zn and PB-Fe/Zn, that discrepancy between 

adsorption capacities for carbon numbers with similar initial concentrations was nullified. 

Therefore, among the biochars studied, the SB-Fe/Zn and PB-Fe/Zn were the best biochars in 

providing removal of a wider range of NAs.  

Table 5.4 presents the previously reported adsorbents for the adsorption of NAs from 

OSPW. Pristine biochar produced from wheat straw at 600oC was applied in the adsorption of 

organics from OSPW and the adsorption capacity 0.56 mg g-1. On the other hand, pristine biochars 

from sludge and peat produced at 600oC achieved 6- and 11-times higher adsorption capacity. In 

comparison with other adsorbents, the activated biochars in this study accomplished higher 

adsorption capacity except for granular activated carbon, which was a commercial adsorbent. 
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Therefore, the biochars produced through chemical activation have potential to assist in the 

treatment NAs from OSPW. 
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Figure 5.6: (a) Final concentration and (b) adsorption capacity of NAs from OSPW on pristine and activated biochars. Adsorption 

conditions: 2 g L-1 biochar dosage; 24 h of contact time; raw OSPW. 
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Figure 5.7: Concentration of classical NAs in terms of carbon number in raw OSPW and OSPW 

treated with biochars from (a) sludge and (b) peat. Adsorption conditions: 2 g L-1 biochar dosage; 

24 h of contact time; raw OSPW; total classical NAs in the raw OSPW: 40.4 mg L-1. 
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Figure 5.8: Concentration of classical NAs in terms of DBE number in raw OSPW and OSPW 

treated with biochars from (a) sludge and (b) peat. Adsorption conditions: 2 g L-1 biochar dosage; 

24 h of contact time; raw OSPW; total classical NAs in the raw OSPW: 40.4 mg L-1. 
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Table 5.4: Adsorption conditions and capacity for removal of naphthenic acids by different types 

of adsorbents.  

Adsorbent Source of NAs Adsorption 

conditions 

qt  

(mg g-1) 

Reference 

Granular 

activated 

carbon  

Raw OSPW Dosage: 0.4 g L-1 

Contact time: 24 h 

60 (Islam et al., 

2018) Ozonated OSPW 37 

Biochar Acid-extractable 

organics from OSPW 

Dosage: 20 g L-1 

Contact time: 24 h 

0.59 (Bhuiyan et 

al., 2017) 

Biopolymer OSPW Dosage: 10 g L-1 

Ci: 20.3 – 101.8 mg L-1 

Contact time: 24 h 

– (Arshad et 

al., 2016) 

Carbon xerogel Classical NAs from 

OSPW 

Dosage: 3 g L-1 

Ci: 26.3 mg L-1 

Contact time: 24 h 

7.8 (Benally et 

al., 2019) 

Petroleum coke OSPW Dosage: 200 g L-1 

Ci: 60.3 mg L-1 

Contact time: 16 h 

1 (Pourrezaei 

et al., 2014) 

SB-800 OSPW Dosage: 2 g L-1 

Ci: 61.8 mg L-1 

Contact time: 24 h 

4.0 This study 

SB-Fe 23.1 

SB-Fe/Zn 30.0 

PB-800 7.0 

PB-Fe 22.2 

PB-Fe/Zn 30.1 

 

5.3.7 Effect of biochar properties on adsorption of NAs  

According to the results presented previously, the adsorption of NAs on biochars is affected 

depending on the biochar properties, in which H/C ratio was suggested as one of the properties 
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that played a role in the differences observed in the removal of NAs. To further evaluate the 

relationship between the uptake of NAs and biochar properties, the Pearson correlation was applied 

to determine the correlation coefficient (r) between the properties of the biochars and the 

adsorption capacities for surrogate compounds of NAs and NAs from OSPW. The Pearson 

correlation coefficients are presented in Table 5.5. It was confirmed that there is a positive 

correlation between the H/C ratio and the adsorption capacity of DCHA and PVA (r = 0.83–0.84, 

p-value < 0.05). As the H/C ratio increases, the aromaticity of biochar decreases (Nzediegwu et 

al., 2022). On the other hand, the adsorption of CHCA provided a positive correlation with H and 

O contents (r = 0.85–0.93, p-value < 0.05). Additionally, the total surface area, mesopore surface 

area, total pore volume, and mesopore volume provided a positive correlation with the adsorption 

capacities of CHCA and ACA (r = 0.82–0.91, p-value < 0.05). These findings suggest that the 

adsorption of NAs will not be dependent of a singular biochar property. To aim at the adsorption 

of a wide range of NAs from OSPW, such biochar should present a combination of properties. 

That is supported by the correlations obtained for classical NAs and total NAs in the OSPW. Based 

on the Pearson correlation, the total pore volume, the mesopore volume, and the H/C ratio had a 

positive correlation with the adsorption capacities of NAs in OSPW (r = 0.81–0.88, p value < 

0.05). Therefore, the importance of mesopores in the biochar is highlighted. Biochars with higher 

mesopore volume adsorbed more NAs, and that might be due to the pore filling. The high porosity 

of biochar supports the transport of NAs in the biochars, allowing fast adsorption associated with 

pore filling mechanism (Cheng et al., 2021; Regkouzas & Diamadopoulos, 2019). 
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Table 5.5: Pearson correlation coefficient between adsorption capacity (qt values) obtained from 

the adsorption of model compounds of NAs and NAs in raw OSPW and physicochemical 

properties of pristine and activated biochars from sludge and peat. 

Parameters CHCA DCHA ACA PVA Classical NAs Total NAs 

pHpzc -0.52 -0.63 -0.60 -0.59 -0.70 -0.69 

SBET (m2 g-1) 0.91* 0.57 0.91* 0.56 0.63 0.66 

SMICRO (m2 g-1) 0.00 -0.47 -0.19 -0.48 -0.55 -0.58 

SMESO (m2 g-1) 0.85* 0.64 0.88* 0.63 0.71 0.74 

VTOT (cm3 g-1) 0.82* 0.75 0.90* 0.73 0.84* 0.88* 

VMICRO (cm3 g-1) -0.05 -0.41 -0.22 -0.40 -0.56 -0.61 

VMESO (cm3 g-1) 0.76 0.74 0.85* 0.72 0.84* 0.88* 

C (%) 0.58 0.15 0.47 0.19 0.05 0.04 

H (%) 0.93* 0.75 0.92 0.76 0.67 0.62 

N (%) 0.45 -0.03 0.39 -0.08 0.10 0.14 

O (%) 0.85* 0.31 0.72 0.31 0.24 0.23 

Ash (%) -0.72 -0.23 -0.60 -0.25 -0.14 -0.12 

Fixed C (%) 0.63 -0.04 0.48 0.06 -0.04 -0.05 

H/C 0.43 0.84* 0.57 0.83* 0.81* 0.75 

O/C 0.75 0.13 0.60 0.13 0.09 0.08 

(N+O)/C 0.67 0.06 0.53 0.04 0.05 0.05 

*Statistically significant correlation (p-value < 0.05). 

 

5.4 Conclusions 

In this study, pristine, FeCl3- and FeCl3+ZnCl2-activated biochars were developed from 

sludge obtained from a municipal wastewater treatment plant and peat obtained from the surface 

mining of oil sands. The biochars were studied as adsorbents of surrogate compounds of NAs and 

NAs from real OSPW. The main objective was to investigate how the type of feedstock and the 
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chemical activation affected the changes in the characteristics of biochar that led to the superior 

adsorption of NAs from OSPW. It was observed important differences in the biochars produced 

using the same techniques but different feedstocks. The ash content of sludge-based biochars were 

much higher than peat-based biochars due to the inorganic fraction of sludge. After activation, the 

peat-based biochars presented higher porous properties and O/C ratios than sludge-based biochars. 

The use of FeCl3 as chemical activation agent resulted in the enhancement of some functional 

groups, such as –OH stretching group and C=C of aromatic rings, and these groups were further 

improved by the combination of ZnCl2 and FeCl3. The minerals formed in the biochars were not 

water-soluble minerals, most likely due to the acid washing step during biochar production, 

reducing the risk of leaching of metals. The adsorption of surrogate compounds of NAs was better 

achieved by activated biochars and it was suggested that the hydrophobicity of compound and H/C 

ratio of biochar played a role in the adsorption selectivity. However, when the biochars were 

applied in the adsorption of NAs from real OSPW, the removal was impressive. The pristine 

biochars performed with up to 23% removal of total NAs. The comparison of the removals 

obtained for SB-800 in the adsorption of surrogate compounds and NAs from OSPW, it was 

highlighted that SB-800 did not adsorb any compound, except for DHCA (7% removal), but 

achieved 13% removal of total NAs from raw OSPW. Therefore, the use of surrogate compounds 

for the study of development of biochars for this purpose might limit the research on this topic. 

The best adsorption capacities were achieved by SB-Fe/Zn and PB-Fe/Zn, in which the removal 

surpassed 90% for all NAs (classical and oxidized NAs). In terms of adsorption selectivity of NAs 

from OSPW, it was noticed that the FeCl3-activated biochars had higher affinity for NAs with 

higher carbon number. In contrast, the SB-Fe/Zn and PB-Fe/Zn biochars provided removal of a 

wider range of NAs. The biochar properties were correlated with the adsorption capacities obtained 
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for surrogate compounds of NAs and NAs from OSPW, emphasizing the importance of the 

mesopore fraction of biochar and H/C ratio in the adsorption of such compounds.  

Based on the discussion, the importance of tailoring the biochar properties to target a wide 

range of NAs in the OSPW is highlighted and must be addressed. The use of surrogate compounds 

to evaluate the tailoring of biochars might not be advantageous, considering that it can lead to 

biochars that are effective to a few compounds. Therefore, it is suggested that further studies on 

biochar as adsorbents of NAs from OSPW should focus on tailoring biochars to achieve pore 

volume with high fraction of mesopore and present appropriate H/C and O/C ratios to support the 

hydrophobicity and aromaticity of biochar.  
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Chapter 6 Conclusions and Recommendations 

6.1 Thesis overview 

The oil sands are composed of approximately 85% mineral solids, 10% bitumen and 5% 

water, in which the oil sands operations in Alberta are responsible for the fourth largest oil reserves 

in the world. To recover the bitumen from the mined oil sands, the process involves the usage of 

the Clark caustic hot water technique, and the consumption can go up to 2.6 barrels of fresh water 

per barrel of bitumen, generating high volume of OSPW. The OSPW is stored in on-site tailings 

ponds, as required by the Alberta’s zero discharge approach, and after settling of solids, a portion 

of OSPW is recycled back into the bitumen extraction process. However, there is a decrease of 

process water quality after reuse, leading to concerns in terms of scaling and corrosion of extraction 

plant infrastructure and bitumen recovery efficiency. NAs are amphiphilic compounds that are a 

concern in the OSPW due to their corrosive properties and their contribution to the toxicity of 

OSPW. Several OSPW treatments were suggested over the years, including coagulation-

flocculation, advanced oxidation processes, and adsorption. Previous adsorbents used to study the 

removal of NAs or organic fraction from OSPW include carbon xerogel, biochar, commercial 

activated carbon, and petroleum coke. The use of adsorption for treatment of OSPW can promote 

a circular economy if the development of efficient adsorbents is associated with management of 

hazardous wastes.  

During the surface mining of oil sands there is a requirement to excavate the muskeg layers, 

located above the oil sands and closer to the surface, and the overburden layers, located between 

the muskeg and the oil sands layers. This results in high quantities of peat-like and sand materials, 

also referred to as reclamation materials, which are stored until application in oil sands land 
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reclamation. The study of such reclamation materials from an oil sands extraction site for use as 

adsorbents of NAs from OSPW can provide  important data regarding the transport of NAs in oil 

sands reclamation landscape where these materials are used. 

On the other hand, highly-efficient carbon-based materials can be used as adsorbents in the 

treatment of OSPW. These carbon-based materials can be biochars produced from biological 

wastes, such as sludge from municipal wastewater treatment plants, and they can be designed to 

target specific compounds during water treatment. Biological sludge from municipal wastewater 

treatment plants is a biohazard associated with high toxicity for some aquatic microorganisms and 

the disposal of the sludge is an issue around the world. The application of sludge as a biomass to 

produce biochar for adsorption treatment of OSPW can promote circular economy.  

Therefore, this thesis addresses the study of reclamation materials and biochars as 

adsorbents of NAs in OSPW. Chapter 3 reported the investigation of three reclamation materials 

as adsorbents of naphthenic acids to evaluate the adsorption characteristics, aiming at the 

adsorption and desorption behaviors of two model compounds of NAs, the application of the 

reclamation materials in the adsorption of classical NAs from real OSPW, and the understanding 

of the effect of the properties of the reclamation materials and the adsorption distribution 

coefficients. This study provided important data on the transport of NAs in oil sands reclamation 

landscape where these materials are used. Chapter 4 provided a detailed study of the application 

of sludge-based biochars as adsorbents of NAs from raw OSPW. This is the first in-depth study of 

biochar for NAs adsorption from OSPW, in which several research gaps were filled. The 

adsorption selectivity of NAs by biochar was investigated, with special consideration given to the 

diverse NAs composition in OSPW. In addition, the adsorption of classical and oxidized species 

of NAs from OSPW, regeneration and reuse ability of spent biochars for NAs adsorption to reduce 
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the risk of secondary pollution, and leaching of metals from biochar to the OSPW often associated 

with sludge-based biochars. Chapter 5 delivered an exploratory study of the comparison between 

two feedstocks and three types of biochars from such feedstocks (pristine, FeCl3-activated and 

FeCl3+ZnCl2-activated biochars) and their performance in the adsorption of four surrogate 

compounds of NAs in single solution and NAs from raw OSPW. The biochar properties were 

evaluated extensively, the adsorption efficiency obtained for surrogate compounds of NAs and 

NAs from real OSPW were compared, and the properties affecting the adsorption were identified. 

This study paved the road for future studies on biochar tailoring for adsorption of NAs from 

OSPW.  

 

6.2 Conclusions 

The research presented in this thesis focused on the investigation of two types of adsorbents 

for the adsorption of naphthenic acids from OSPW. Based on the experimental results and analysis, 

the following main conclusions were made:  

 

Investigation of reclamation materials from surface mining of oil sands  

o The PF-1 and PF-2 diverged in terms of pHpzc, sand and clay content. The PT had higher 

CEC and TOC content, with silt as the major component.  

o The adsorption of NAs model compounds (DA and PVA) reached equilibrium at 

approximately 2 days using PT and 3 and 6 days for DA and PVA, respectively, using 

PF-1 and PF-2. 
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o The Elovich kinetic model best described the adsorption of DA on all three materials 

and PVA on PT, while the PFO kinetic model best described the adsorption of PVA on 

both PF materials.  

o The adsorption equilibrium of DA and PVA on the reclamation materials followed the 

Langmuir isotherm, and the calculated range of the intensity parameters indicated that 

the adsorption of NAs on the studied materials was favorable and suggested a high 

degree of irreversibility (close to 0). 

o Desorption of DA and PVA from post-adsorption materials was studied using three 

different solutions (buffer solution, CaCl2 solution, and simulated soil solution) and 

desorption was not observed for up to 14 days of contact time.  

o The adsorption mechanisms included hydrophobic interactions as π−π interaction, and 

hydrogen bonding.  

o The materials were applied in the adsorption of classical NAs from raw OSPW in the 

following concentrations: 5 g L-1 PT, 500 g L-1 PF-1, and 100 g L-1 PF-2, in which the 

removal was 20, 39, and 27%, respectively.  

o The materials partially removed classical NAs with −Z numbers of 0 to 18 and carbon 

numbers ranging from 8 to 23. 

o The adsorption coefficients calculated for DA, PVA, and classical NAs (from OSPW) 

stressed lower values for classical NAs in comparison with DA and PVA, indicating 

that the materials have more affinity with the model compounds than the NAs from real 

wastewater, most likely because of OSPW composition. 

o The Pearson correlation coefficient was determined using the physicochemical 

properties of the materials and the adsorption properties (Kd, KOC, qt, qmax) obtained for 
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both representative compounds and classical NAs to identify patterns or connections. 

TOC was found to be the property affecting adsorption of NAs the most. 

o The importance of TOC in the adsorption highlighted the hydrophobic interaction as 

an important adsorption mechanism of NAs on the reclamation materials that were 

studied. 

 

Investigation of pristine and ZnCl2-activated sludge-based biochar   

o Pristine and ZnCl2-activated biochars were produced from sludge sourced from a 

municipal wastewater treatment. The adsorption capacity for total NAs (classical and 

oxidized species) from raw OSPW increased from 2.3 to 26.6 mg g-1
 when activated 

biochar was used.  

o The superior adsorption performance observed for the ZnCl2-activated biochar was due 

to the abundance of mesopores and oxygen-containing surface groups with affinity for 

NAs in OSPW. 

o The adsorption of classical NAs from raw OSPW on ZnCl2-activated biochar was very 

fast, and within 5 min of contact time, the concentration of classical NAs decreased by 

55% from 40.4 to 18 mg L-1. The equilibrium was reached at 2 h of contact time with 

85% removal, and the adsorption capacity at equilibrium was 17 mg g-1.  

o The PSO kinetic model best described the adsorption process, in which the adsorption 

rate of classical NAs on SB-Zn was 0.80 g mg-1 h-1.  

o Use of the IPD model helped us to conclude that the adsorption was limited by pore 

diffusion, but film diffusion also played a role in the process.  
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o The adsorption equilibrium followed the Freundlich isotherm, characterizing the 

ZnCl2-activated biochar as a heterogeneous adsorbent and indicating that the 

adsorption of NAs occurs in multilayers.  

o The adsorption mechanisms of NAs from OSPW on ZnCl2-activated biochar were 

determined to be pore-filling, hydrogen bonding, and π-π interactions. 

o In terms of adsorption selectivity of classical NAs by ZnCl2-activated biochar, it was 

revealed that the biochar has higher affinity for NAs with higher carbon and DBE 

numbers, in other words those NAs that may be considered more hydrophobic, 

recalcitrant, and having higher cyclicity. 

o Thermal regeneration of spent biochar and reusability potential were studied to reduce 

the secondary pollution often associated with exhausted adsorbents. The adsorption 

capacity of fresh SB-Zn was 17.1 mg g-1 and after the first regeneration and reuse, the 

adsorption capacity decreased to 14.9 mg g-1 (13% decrease) and further decreased to 

7.1 mg g-1 in the fifth cycle. However, the adsorption capacity obtained in the fifth 

cycle was still 5 times higher than the one obtained for pristine biochar (1.4 mg g-1). 

o The adsorption treatment of OSPW using ZnCl2-activated biochar resulted in a 66% 

reduction of the acute toxicity towards V. fischeri and a 91% reduction of the 

bioavailability of organics. 

o The potential leaching of metals from the produced biochar into treated OSPW at 2 h 

and 30 days of contact time was studied, revealing a minor leaching of Mo, P, S, and 

Si in the treated OSPW, which is probably due to the nature of sludge. However, the 

activated biochar has potential to decrease the concentration of some metals in the raw 

OSPW, such as Mg (7%), Ca (21%), Sr (27%), and Ba (60%). 
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o In terms of the organic matter, the ZnCl2-activated biochar treatment provided a 63% 

reduction of DOC and a 66% reduction of COD in the treated OSPW.  

 

Investigation of the role of feedstock and chemical activation types on biochar performance  

o The ash content of sludge-based biochars was much higher than that of the peat-based 

biochars due to the inorganic fraction of the sludge. 

o After activation, the peat-based biochars presented higher porous properties and O/C 

ratios than the sludge-based biochars, in which the FeCl3+ZnCl2-activated biochars 

were composed mainly of mesopores.  

o The use of FeCl3 as a chemical activation agent resulted in the enhancement of some 

functional groups, such as the –OH stretching group and C=C of aromatic rings.  These 

functional groups were further improved by the combination of chemical activation 

agents, ZnCl2 and FeCl3. 

o The minerals formed in the biochars were not water-soluble minerals, most likely due 

to the acid washing step during biochar production, reducing the risk of leaching of 

metals during the adsorption treatment. 

o Pristine and activated biochars were applied in the adsorption of four surrogate 

compounds of NAs. The best removal was achieved by the activated biochars. 

o In terms of adsorption of NAs from real OSPW, adsorption with the pristine biochars 

resulted with up to 23% removal of total NAs, while more than 90% total NAs removal 

was achieved using the FeCl3+ZnCl2-activated biochars. 

o An important result that was highlighted was that the study of biochar efficiency for 

adsorption of NAs should always focus on NAs from OSPW instead of surrogate 
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compounds considering the diverse composition of NAs in the OSPW. One example is 

the comparison of the removals obtained for pristine sludge biochar, which hardly 

adsorbed any model? compound, except for DHCA (7% removal), but achieved 13% 

removal of total NAs from raw OSPW. Therefore, use of surrogate compounds for the 

development of biochars for NAs adsorption might limit the research on this topic.  

o In terms of adsorption selectivity of NAs from OSPW, it was noticed that the FeCl3-

activated biochars had higher affinity for NAs with higher carbon number, while 

FeCl3+ZnCl2-activated biochars provided removal of a wider range of NAs. 

o Results of the Pearson correlation of biochar properties with the adsorption capacities 

obtained for the NAs model compounds and NAs from OSPW emphasize the 

importance of the mesopore fraction and the H/C ratio of the produced biochar in the 

adsorption of NAs compounds.  

 

6.3 Recommendations 

The Athabasca oil sands region, covering several thousands of square kilometers in 

northern Alberta, has reached a volume of 1,360,000 ML of fluid tailings in 2020. From the point 

of view of water resources management, the treatment of OSPW is imperative to ensure that the 

water is reused efficiently to decrease the freshwater intake for bitumen extraction from oil sands 

and eventually the OSPW stored in the tailings ponds are returned safely to the environment, 

considering the growing concern of water scarcity in the world. In light of the large volume of 

OSPW, further studies should be conducted to accelerate the OSPW reclamation. 

Even though the reclamation materials were studied to evaluate the adsorptive 

characteristics for application in oil sands reclamation landscapes, peat-mineral mix was 
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highlighted as the most promising reclamation material for adsorption of NAs from OSPW due to 

the high TOC content. Considering the large amounts of peat-mineral mix resulted from the surface 

mining of oil sands and the minimal processing of peat-mineral mix, future research should further 

address the applicability of such materials as part of treatment of OSPW. Column studies, such as 

fixed-bed column, and biological activity of peat-mineral mix in contact with OSPW for longer 

periods could highlight the efficiency of removal of organics and inorganics from raw OSPW, 

paving the way towards the application of peat-mineral mix in wetlands as a seepage control or 

passive treatment of OSPW.  

The proof of concept for biochars for OSPW treatment was throughout demonstrated in 

this thesis and it was the first step towards the ultimate application of these carbon-based materials 

in passive treatments, such as pit lakes, or active systems to assist in OSPW reclamation. In 

addition to efficient treatment of OSPW, biochars can contribute to the carbon credits of the oil 

sands industries. Therefore, the carbon cycle of biochar (Figure 6.1) highlights the importance of 

further studies to lead to the implementation of such materials on-site. To advance to the industrial 

application, the following recommendations were made for future research: 

o Scaling up the adsorption treatment process: Biochars in configurations respective of 

active systems (fixed-bed columns) and passive treatments (wetlands and pit lakes) 

should be evaluated to identify the best technology to suit the industry needs and 

requirements. The removal of organic and inorganic constituents, the effect of 

temperature considering the range of temperatures observed on-site, and the acute and 

chronic toxicity of treated OSPW, i.e. genotoxicity and immunotoxicity, should be 

fully addressed. For the passive treatment technology, the adsorption process should be 

studied in line with other treatments (biological, advanced oxidation). 
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o Investigation of spent biochar: Secondary pollution is often associated with adsorption 

treatment. Therefore, the spent biochar should be addressed considering the 

possibilities of application on-site for OSPW treatment. The spent biochar should be 

evaluated as (1) soil amendment for oil sands reclamation landscapes aiming at 

phytoremediation of spent biochar and (2) biofilm carrier to assist in the biological 

treatment of OSPW. 

o Life-cycle assessment of biochar production and application in OSPW treatment to 

identify the environmental impacts. 

o Biochar production: Exploration of co-pyrolysis and other types of feedstocks based 

on local availability to improve biochar characteristics and minimize usage of chemical 

activation agents or other modifications and investigation of spherical biochar, i.e., 

alginate beads, to produce a lightweight biochar to be used in wetlands. 

 

 

Figure 6.1: Carbon cycle of biochar for the OSPW treatment in the oil sands industries.   
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APPENDIX: SUPPORTING INFORMATION  

Analytical methods for the measurement of model compounds of NAs in 

solution and classical and oxidized NAs in OSPW 

Prior to analysis, all samples were filtered using 0.2 μm filters (Basix™ Nylon Syringe 

Filters, Fisher Scientific, USA).  

The concentrations of model compounds were determined with a liquid chromatography - 

mass spectrometry (LC-MS, Waters, USA) using a C18 column (1.7 μm, 50 mm× 2.1 mm) and 

column temperature was set at 40°C. The flow rate and injection volume were 0.4 mL min-1 and 2 

μL, respectively. The analyzes were performed with a mobile phase of 4 mM ammonium acetate 

with 0.1% acetic acid and 100% acetonitrile.  

The concentration of NAs in real OSPW was determined based on method presented by 

Huang et al. (2015b) using an ultra-high performance liquid chromatography-quadrupole time-of-

flight mass spectrometry with electrospray ionization (ESI) in negative mode (UPLC-QTOF-MS, 

Synapt G2, Waters, USA). A UPLC Phenyl BEH column (1.7 µm, 150 mm x 1 mm) (Waters, 

USA) was used to achieve chromatographic separation of samples. TOF analyzer was in high-

resolution mode and an internal standard was employed to allow the calculation of NA 

concentrations based upon peak area. 
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Figure S1: (a) SEM images of PT reclamation material before and after adsorption of model NA 

compounds at magnification from 500 to 5000 times. EDX spectra of PT reclamation material (b) 

before adsorption, and after adsorption of (c) DA and (d) PVA. 
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(c) 

 

(d) 

 

Figure S2: (a) SEM images of PF-1 reclamation material before and after adsorption of model NA 

compounds at magnification from 500 to 5000 times. EDX spectra of PF-1 reclamation material 

(b) before adsorption, and after adsorption of (c) DA and (d) PVA. 
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(c) 

 

(d) 

 

Figure S3: (a) SEM images of PF-2 reclamation material before and after adsorption of model NA 

compounds at magnification from 500 to 5000 times. EDX spectra of PF-2 reclamation material 

(b) before adsorption, and after adsorption of (c) DA and (d) PVA. 
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(c) 

 

Figure S4: X-ray diffractograms obtained for (a) PT, (b) PF-1, and (c) PF-2 materials before and 

after adsorption. 
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Figure S5: Fittings of the Freundlich isotherm for the adsorption of model NA compounds at 

different initial concentrations using reclamation materials (a) PT, (b) PF-1, and (c) PF-2. 
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Figure S6: Adsorption capacity of classical NAs from raw OSPW treated with 2 g L-1 of SB-Zn 

for different times partitioned by (a) carbon and (b) DBE numbers. 
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Figure S7: (a,b) PFO and (c,d) PSO kinetic modelling, and (e,f)  IPD modelling for the adsorption 

of NAs on 2 g L-1 SB-Zn for different adsorption times as a function of carbon numbers (n) 13 to 

15 and DBE numbers 4, 6, and 12. 
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Figure S8: Adsorption capacity of classical NAs in terms of carbon and DBE numbers in raw 

OSPW and OSPW treated with biochars from sludge and peat.  
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Tables 

Table S1: Adsorption capacity of classical NAs from raw OSPW in terms of carbon and –Z 

numbers by the reclamation materials PT (5 g L-1), PF-1 (500 g L-1), and PF-2 (100 g L-1). 

Adsorption conditions: Initial concentration of classical NAs in OSPW: 46.3 mg L-1; contact time 

of 2 days for PT and 6 days for PF-1 and PF-2 materials. 

 Adsorption capacity (mg kg-1)  Adsorption capacity (mg kg-1) 

Carbon 

number 

PT PF-1 PF-2 –Z PT PF-1 PF-2 

8 0.93 0.01 0.07 0 12.79 0.13 0.41 

9 4.47 0.06 0.30 2 55.56 0.39 4.28 

10 3.89 0.08 0.45 4 778.84 8.69 40.30 

11 38.99 0.30 2.43 6 259.92 6.03 18.69 

12 77.49 0.24 3.24 8 75.48 1.74 7.66 

13 482.50 2.44 25.72 10 108.30 1.80 12.25 

14 178.19 4.31 13.46 12 125.79 3.07 16.46 

15 292.40 5.37 15.58 14 186.81 3.68 10.79 

16 192.42 4.61 19.45 16 175.92 3.44 8.33 

17 146.19 2.96 12.89 18 96.04 2.13 8.19 

18 136.51 3.44 11.72     

19 147.31 3.62 9.98     

20 96.28 2.27 7.50     

21 51.98 1.00 2.92     

22 21.24 0.34 1.41     

23 4.24 0.04 0.21     
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Table S2: Pearson correlation coefficient between adsorption properties (Kd, KOC, qmax, and qt values) and physicochemical properties 

of reclamation materials obtained from an oil sands extraction site. 

 Kd,50
a Kd,100

a Kd
a KOC,50

a KOC,100
a KOC

a qmax
b qt

b 

Parameters DA PVA DA PVA O2-NAs DA PVA DA PVA O2-NAs DA PVA O2-NAs 

pH 0.24 -0.98 -0.92 -0.93 -0.93 0.82 0.03 -0.65 -0.38 -0.04 -0.92 -0.93 -0.93 

EC (μS cm-1) 0.25 0.95 1.00 0.99 0.99 -0.46 -0.50 0.21 -0.11 -0.43 1.00 0.99 0.99 

CEC (cmol(+) kg-1) 0.18 0.97 1.00* 1.00* 1.00* -0.52 -0.44 0.27 -0.04 -0.37 1.00* 1.00* 1.00* 

pHpzc 0.76 -0.69 -0.52 -0.54 -0.55 1.00 -0.56 -0.97 -0.85 -0.62 -0.53 -0.54 -0.55 

TOC (%) 0.18 0.97 1.00* 1.00* 1.00* -0.51 -0.44 0.27 -0.04 -0.38 1.00* 1.00* 1.00* 

Clay (%) 0.58 -0.85 -0.72 -0.73 -0.74 0.97 -0.34 -0.88 -0.69 -0.40 -0.72 -0.73 -0.74 

Silt (%) 0.34 0.92 0.98 0.98 0.98 -0.36 -0.58 0.11 -0.21 -0.52 0.98 0.98 0.98 

Sand (%) -0.64 -0.73 -0.86 -0.85 -0.84 0.03 0.82 0.23 0.52 0.78 -0.86 -0.85 -0.85 

Surface area (m2 g-1) 0.11 -1.00 -0.96 -0.97 -0.97 0.74 0.16 -0.54 -0.25 0.09 -0.96 -0.97 -0.97 

Al (g kg-1) -0.15 -0.98 -1.00* -1.00* -1.00* 0.54 0.41 -0.30 0.01 0.35 -1.00* -1.00* -1.00* 

Ca (g kg-1) 0.71 0.66 0.81 0.79 0.79 0.07 -0.87 -0.33 -0.60 -0.84 0.80 0.79 0.79 

Fe (g kg-1) 0.19 0.97 1.00* 1.00* 1.00* -0.51 -0.44 0.26 -0.05 -0.38 1.00* 1.00* 1.00* 

Mg (g kg-1) 0.97 -0.29 -0.08 -0.11 -0.11 0.89 -0.87 -0.98 -1.00 -0.90 -0.09 -0.10 -0.11 

Si (g kg-1) 0.18 -0.99 -0.94 -0.95 -0.95 0.78 0.09 -0.59 -0.31 0.02 -0.95 -0.95 -0.95 
a Adsorption coefficients (L kg-1) for DA and PVA at 50 and 100 mg L-1 and classical NAs obtained from experiments using real OSPW. 
b Adsorption capacities (mg kg-1). 

*Statistically significant correlation (p-value < 0.05). 
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Table S3: Properties of biological sludge. 

Parameters Units Sludge 

pH – 7.5 

Chemical oxygen demand (COD)  (g L-1) 24.4 

Al (g kg-1) 9.3 

As (g kg-1) 0.004 

Ca (g kg-1) 24.3 

Cd (g kg-1) <0.001 

Cr (g kg-1) 0.07 

Cu (g kg-1) 0.4 

Fe (g kg-1) 10.4 

K (g kg-1) 13.3 

Mg (g kg-1) 8.4 

Mn (g kg-1) 0.2 

Mo (g kg-1) 0.01 

Na (g kg-1) 4.4 

P (g kg-1) 28.5 

Pb (g kg-1) 0.02 

S (g kg-1) 9.7 

Si (g kg-1) 2.0 

Sr (g kg-1) 0.2 

Zn (g kg-1) 0.6 
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Table S4: Summary of modeling kinetics parameters obtained for adsorption of classical NAs from raw OSPW on SB-Zn as a function 

of carbon and DBE numbers. 

Models and parameters Carbon number (n) DBE number 

12 13 14 15 16 17 18 3 4 6 7 9 

Initial concentration (mg L-1) 3.4 6.6 7.2 5.7 5.0 3.7 3.5 14.1 8.5 2.6 4.3 2.6 

qe.exp(mg g-1)  1.0 2.4 3.0 2.6 2.2 1.8 1.7 5.6 3.4 1.3 2.1 1.2 

PSO KPSO 5.79 3.26 3.58 5.49 7.71 11.2 14.6 1.75 3.15 14.9 10.0 19.9 

R2 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

IPD 

 

KIPD, film 0.79 1.70 1.69 1.22 0.79 0.69 0.50 3.12 1.82 0.54 0.86 0.41 

R2 0.93 0.97 0.97 0.97 0.93 0.94 0.84 0.96 0.96 0.93 0.93 0.90 

KIPD, pore  0.09 0.22 0.31 0.25 0.26 0.15 0.18 0.61 0.34 0.11 0.17 0.09 

R2 0.91 0.99 0.98 0.95 0.98 0.97 0.99 0.98 0.97 0.95 0.95 0.99 

KPSO: g mg-1 h-1 

KIPD: mg g-1 h-0.5 

 
 

 

 


