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ABSTRACT 

Pristine chitosan was dissolved in two different respective aqueous acids, namely acetic acid 

(AcA) and hydrochloric acid (HCl). The respective acid solutions were used as media to 

associate with naphthenic acid fraction compounds (NAFCs) from raw oil sands process water 

(R-OSPW) contaminants and constructed treatment wetland systems OSPW (CWTS-OSPW) 

samples. The results revealed selective removal of NAFCs and lyotropic effects due to variable 

counterion binding of chloride versus acetate with the ionized NAFCs (carboxylate species). 
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1. INTRODUCTION 

The development of oil sands ores has resulted in the production of large volumes of oil sands 

process-affected water (OSPW), which in turn, poses a concern for nearby aquatic systems 

(Kelly et al., 2010). OSPW is acutely and chronically toxic to a variety of aquatic organisms 

(Clemente & Fedorak, 2005) because it contains naphthenic acids (NAs), which are mainly 

associated with the toxicity of OSPW (Headley & McMartin, 2004; Morandi et al., 2015). NAs 

are generally identified as a complex mixture of aliphatic and alicyclic monocarboxylic acids 

with the general formula CnH2n+ZO2, where n = number of carbons, Z = hydrogen deficiency, by 

the formation of rings (Headley & McMartin, 2004). However, the application of high-

resolution analytical methods that employ Orbitrap–mass spectrometry (MS) and Fourier 

transform ion cyclotron resonance MS (FT-ICR-MS) has shed more light on the composition of 

OSPW to include oxidized NAs (Ox; where x ≥ 3) and sulfur- and nitrogen-containing species 

(NOx, SOx; Headley et al., 2009; Barrow et al., 2010; Grewer et al., 2010). In a broad sense, the 

aforementioned compounds are generally referred to as NA fraction compounds (NAFCs; 

Headley et al., 2016). As a consequence of the toxicity of OSPW, there is restriction on their 
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release, and therefore, they are kept in large-scale tailings containment sites (Giesy et al., 2010). 

OSPW confined in storage containment sites requires further treatment of potentially toxic 

components before release of contained water to the aquatic environment (Limited, 2014; 

Hughes et al., 2017). This situation has led to innovative technologies and treatment strategies 

for OSPW remediation. Many treatment processes for OSPW remediation have been applied. 

Some of these technologies include conventional and advanced oxidation processes, membrane 

filtration technology, biological treatments, adsorption technology, and constructed wetland 

treatment systems (CWTS) (Rodgers & Castle, 2008; Pramanik, 2016). CWTS are receiving 

great attention because they are feasible, economical, and ecologically viable technology for the 

improvement of the quality of wastewater that have found extensive application for the 

treatment of a variety of contaminants in different wastewaters (Kadlec & Wallace, 2008). The 

removal of organic contaminants in CWTS is accomplished by the synergy of plants, soil, and 

hydrology, providing habitat and targeted reaction conditions for beneficial microorganisms 

(Rodgers & Castle, 2008; Haakensen et al., 2015; Valipour & Ahn, 2016). It is generally 

acknowledged that the removal processes of most contaminants in CWTS are performed by 

microbial processes (Faulwetter et al., 2009). The advancement of the technology of CWTS has 

led to potential application of diverse designs and operational conditions to maximize treatment 

efficiency. One of the more recently documented studies monitored the feasibility of OSPW 

treatment in a non-aerated wetland treatment system (Rodgers & Castle, 2008); the work 

demonstrated that the wetland system was effective for the transformation of NAFCs in OSPW 

(Ajaero et al., 2018). Furthermore, past studies have shown that bio-persistent fractions of 

OSPW-NAFCs remain after treatment (Haakensen et al., 2015). The post-treatment of OSPW 

to completely oxidize the remaining fractions is essential for further improving the treatments. 

Therefore, a combination of CWTS and other post-treatment processes may be valuable for the 

ultimate reclamation of OSPW (McQueen et al., 2016). 

Polysaccharide-based sorbents and their modified forms are considered inexpensive alternative 

materials for hazardous wastewater treatment, where such sorbent have been under 

investigation and development (Crini, 2005). Wilson and coworkers (2014) reviewed the utility 

of such modified materials for the sequestration of NAFCs from OSPW, along with studies of 

other biopolymer adsorbents (Mohamed et al., 2011; Mohamed et al., 2013; Mohamed et al., 

2015a; Udoetok et al., 2016). In particular, we reported on the use of modified chitosan (CH) 

sorbent materials in the form of pellets that were water-insoluble for the controlled removal of 

NAFCs and other species in OSPW. The aim of this research was directed at further 

improvements to the methods for monitoring NAFCs after treatment in a CWTS (Haakensen et 

al., 2015; Mohamed et al., 2017). We concluded that the use of such chitosan pellets (CPs) 

without crosslinking are more suitable as solid-phase extractants (SPEs) for sample cleanup and 

analytical monitoring. A key feature of CPs to serve as suitable SPE materials was evidenced 

by the ability to sequester NAFCs, ultraviolet (UV)-active species, and the presence of various 

metal ion species, such as calcium and sodium, for the treatment wetland samples (Ajaero et al., 

2018).  

To improve on previously reported chitosan-based SPEs and their sorption properties in solid-

solution systems that contain NAFCs, the use of CH in its dissolved form is proposed 

(Mohamed et al., 2015a; Mohamed et al., 2017). The enhanced adsorption properties of CH in 

homogeneous systems is understood due to the key importance of surface area and hydration 

effects, as revealed for chitosan flocculant systems in water treatment (Renault et al., 2009; 

Bhalkaran & Wilson, 2016). The underlying hypotheses of this study are outlined as follows: i) 

solubilized forms of chitosan in aqueous acid will enhance its sequestration efficiency and 

molecular selectivity toward NAFCs, and ii) the role of biopolymer hydration effects and 

counterion binding of chitosan impart uptake selectivity due to lyotropy, as described by the 
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Hofmeister effect (Hofmeister, 1888; Jungwirth & Cremer, 2014). These hypotheses were 

tested by the study reported herein on the adsorption properties of chitosan in acidified 

homogeneous media with NAFC systems by varying the counterion species (chloride versus 

acetate) of chitosan. The improvements in the biopolymer association of chitosan with NAFCs 

is further demonstrated by switching the hydration character of the ammonium functional 

groups from the glucosamine units of CH by selection of acids with variable counterions 

(chloride and acetate), as reported in the present work. 

 

2. EXPERIMENTAL 

2.1.  Materials 
Chitosan was obtained from the POS BIO-Sciences Pilot Plant Corp (Project 2300) at the 

University of Saskatchewan (Saskatoon, Saskatchewan). Glacial acetic acid (AcA), 

hydrochloric acid (HCl), acetonitrile, ammonium hydroxide, and 8 dram vials (screw thread 

with polyvinyl-faced pulp-lined closure) were obtained from Fisher Scientific (Ottawa, 

Ontario). Two-milliliter (ml) high-performance liquid chromatography (HPLC) amber vials 

with screw-cap perforated Teflon-lined septa were obtained from Canadian Life Science 

(Edmonton, Alberta). Raw OSPW (R-OSPW) and five types of treated wetland OSPW (CWTS-

OSPW; 2B, 4B, 6B, 8B, and 10B) were provided by Environment and Climate Change Canada 

(Saskatoon, Canada). The pilot-scale CWTS study was carried out at the greenhouse facilities 

of Contango Strategies Ltd. (Saskatoon, Saskatchewan). The temperature in the greenhouse 

facility was kept at 22°C from 7 am to 7 pm and 16°C from 7 pm to 7 am throughout the 

experiment. Each system was fed with OSPW uninterruptedly at a rate of 20 ml/min with FMI® 

QG 400. The outflow samples were collected in 500-ml plastic containers and kept in a 

refrigerator at 4°C before analysis. The OSPW was supplied by a local industry in July 2015 

from the Muskeg River Mine external tailings facility at the Shell Lease site north of Fort 

McMurray, which has been under ownership and operation of Canadian Natural Resources Ltd. 

(CNRL) since June 1, 2017. 

2.2.  Sample Preparation and Analysis 
One gram of chitosan was dissolved in two different solvents (100 ml), namely 1 M HCl (aq) 

and 1 M AcA (aq). Different concentrations of chitosan, in the range of 20–1,000 ppm, were 

added to 25 ml of raw and various treated OSPW samples. The mixtures were incubated for 24 

h, followed by centrifuging and extraction of the resulting water using a reported method 

employing a weak anion exchange (WAX) SPE material (Ajaero et al., 2017). The extracted 

samples were analyzed using negative-ion electrospray ionization high-resolution MS (ESI-

HRMS) according to a similar methodology to that described in a previous study (Mohamed et 

al., 2015a). 

 

3. RESULTS AND DISCUSSION 

As described above, homogeneous aqueous solutions of chitosan were examined to study the 

adsorption properties of the native biopolymer in aqueous acidic media with NAFCs, where the 

acid additive (HCl or CH3COOH) was varied to ascertain the role of counterion (chloride 

versus acetate) effects on the adsorption properties of chitosan. Outlined below are results that 

describe the adsorption properties of chitosan using variable acid dopants in the presence of 

naphthenate mixtures derived from treated and untreated OSPW employing electrospray MS to 

measure the residual naphthenates in aqueous solution in the adsorption process of chitosan 

under variable experimental conditions. 

3.1.  Sequestration of NAFCs 
The resulting mixture of solubilized chitosan in HCl (aq) is shown in Figure 1 (left), where the 

chitosan biopolymer precipitates out and decolorizes the R-OSPW, where it appears to improve 
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with increasing chitosan concentration. Based on the visual observation, it can be inferred that 

NAFCs undergo phase separation upon association with chitosan, in agreement with the 

sorption isotherm shown in Figure 1 (right). The phase separation could be due to the 

differences in the initial solution pH of solubilized chitosan (acidic) and OSPW (weakly basic; 

~ pH 7.9).  
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Figure 1 Left panel: vials of oil sands process water (OSPW) incubated with chitosan dissolved in 

aqueous hydrochloric (HCl) after 24 h. Right panel: Sorption isotherms of OSPW incubated with 

chitosan dissolved in aqueous HCl and acetic acid (AcA) 

 

The isotherm results were generated by plotting the amount of NAFCs sorbed per unit weight 

of chitosan (Qe) under equilibrium conditions against the free (residual) NAFCs remaining in 

the aqueous solution that contained NAFCs. Chitosan dissolved in HCl (aq) achieved partial 

solubility during its preparation, where this form of chitosan had higher overall uptake of 

NAFCs relative to the chitosan sample that was dissolved in AcA. The difference in uptake for 

chitosan in each type of acid media paralleled the trend in counterion binding with the 

protonated amine sites of chitosan. In addition, the solubility of chitosan due to counterion 

effects that are in agreement with the relative hydration character of the anions, as described by 

the trend in the Hofmeister series for such anions. In the case of ionized chitosan in HCl (aq), 

the Cl- counterions associated with the protonated amine sites can readily undergo exchange 

(swapping) upon exposure to NAFCs (RCOO-, where R = aliphatic or alicyclic moiety) in their 

carboxylate (ionized) form. The foregoing is understood according to the greater counterion 

binding of RCOO- over Cl- counterions with the protonated amine sites of chitosan. In contrast 

to the chloride (Cl-) counterions in HCl (aq), chitosan is associated with the acetate (CH3COO-) 

counterion when dissolved in aqueous AcA. In CH3COOH (aq), chitosan does not favor 

counterion swapping with NAFCs (RCOO-) since the acetate counterions are in excess relative 

to the RCOO- and the similar hydration properties of these carboxylate anions do not favor 

anion exchange, on the basis of thermodynamic considerations. The stability of the complex 

formed between CO2 and chitosan in dimethyl sulfoxide (DMSO) show parallel agreement with 

the chitosan/carboxylate anion complexes described herein (Eftaiha et al., 2016). The secondary 

contribution of interfacial interactions due to hydrophobic effects that may occur upon phase 

separation of chitosan and NAFCs cannot be ruled out. In contrast to solid-solution adsorption 

processes reported for chitosan-NAFC systems (Mohamed et al., 2015a, Mohamed et al., 2017), 

it is noteworthy that the dissolved form of chitosan has a significantly greater uptake (ca. 1,000-

fold) over that of chitosan in its solid form reported for heterogeneous adsorption processes in 

aqueous solutions (Mohamed et al., 2015a). This was expected because the surface charge and 

accessibility of the active adsorption sites of chitosan are inferred to be greater for the 

solubilized form (Kong et al., 2018). In turn, the enhanced hydration effects and surface 

accessibility favor the kinetic and thermodynamic adsorption properties for the chitosan-NAFC 

system in homogeneous media. 



1144 Solubilized Chitosan Biopolymers for Sequestration of Organic Acids  
in Aquatic Environments after Phytodegradation 

 

The sorption properties of chitosan in the two aqueous acid solutions (HCl (aq) and CH3COOH 

(aq)) were examined in each respective acid solution that contained wetland treated samples. 

The uptake of OSPW by chitosan is observed to be variable for chitosan according to the 

variable removal (%) reported for dissolution of chitosan in each type of acid solution. In the 

case of 2B–10B, the levels of removal (%) for the NAFCs were 76.3, 86.1, 78.3, 78.6, and 

87.5% for the chitosan system in aqueous AcA. By comparison, greater removal was noted for 

chitosan in HCl (aq; 94.7, 98.9, 95.6, 98.7, and 96.3%) for 2B–10B. Similar to R-OSPW, 

chitosan in the presence of HCl (aq) had an overall greater uptake of NAFCs, in agreement with 

the counterion binding trends described above. 

The mechanism of NAFC uptake is illustrated in Scheme 1 below. It is noted that the pKa of 

chitosan used in this work (data not shown) is 6.2, according to a potentiometric titration that 

agrees with other related studies for chitosan (Roberts, 1992; Mahaninia & Wilson, 2017). 

Thus, the use of conditions in aqueous media that lie below pH 6 led to protonation of the 

glucosamine groups of chitosan. In contrast, the pKa for naphthenate components (O2, O3, and 

O4 species) in OSPW resides across a range of pKa value between 3.5–7 (Armstrong et al., 

2009; Huang et al., 2015). In typical OSPW environments, the media are somewhat alkaline 

(ca. pH ≈ 8; Allen, 2008); thereby resulting in ionization of the main O2 species of OSPW to 

yield the ionized carboxylate NAFCs. Upon addition of OSPW to the solubilized chitosan (in 

the acidic media), the carboxylates are protonated, where two possible interactions may occur: 

i) hydrophobic interaction of the R group with the apolar domains of chitosan (cf. Scheme 1) 

and ii) ion–dipole interactions between the protonated glucosamine groups of chitosan (cf. 

Scheme 1) and –OH from the carboxylate in NAFCs. These interactions are anticipated to 

contribute to the observed phase separation described above. 

 

 

Scheme 1 An illustrative view of the chitosan biopolymer structure before (top) and after protonation 

(bottom), where its polar sites (1) and apolar sites (2) represent the potential adsorption sites for 

naphthenic acid fraction compounds (NAFCs). R denotes an apolar fragment of the naphthenate moiety 

with a variable carbon number and double-bond equivalent (DBE), where the dashed line refers to an 

adsorptive interaction at apolar or polar sites 

3.2.  Double-bond Equivalents  

Figure 2A–B illustrates the trend in chitosan uptake of OSPW with variable double-bond 

equivalent (DBE) values for the O2 series of selected NAFCs at variable chitosan concentration. 

The DBE term relates to the degree of unsaturation that can be inferred as the number of ring 

systems by subtracting 1 from the DBE to estimate the number of rings (Bauer et al., 2015). 

DBE values between 3.5 and 4.5 were among the most abundant in the R-OSPW, where these 

species showed attenuated removal with increasing chitosan concentration. Similar observations 

were made on all DBE values except 1.5, implying that unsaturated NAFCs do not show 

favorable uptake with either acid additive (HCl or CH3COOH) in aqueous solution. 

Alternatively, the selective removal of NAFCs alters the ionization and hydration state of the 
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naphthenate species, in line with the presence of chloride (due to HCl) or acetate (due to AcA) 

counterions for each respective sample of NAFCs. The counterion effect is more pronounced 

when the concentration of chitosan is increased. In addition, the trend in uptake of the NAFCs 

with variable DBE values differ for the two acidified forms of chitosan. The trend in uptake of 

chitosan-AcA increases in the following order: 1.5 < 7.5 < 4.5 < 3.5 ≈ 5.5 ≈ 6.6 ≈ 8.5 < 2.5. In 

comparison, the trend in uptake of the naphthenates by the chitosan-HCl system adopt the 

following order for the DBE values: 1.5 < 7.5 < 3.5 ≈ 4.5 < 2.5 ≈ 5.5 ≈ 6.5 ≈ 8.5. 
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Figure 2 Trends in the chitosan uptakes of species with double-bond equivalents (DBEs) for the O2 

series: chitosan–acetic acid (AcA) and B) chitosan-hydrochloric acid systems 

The DBE results for the wetland treated samples are shown in Figure 3. Similar to previous 

results with raw OSPW, the chitosan-HCl system generally reveal greater uptake, where the 

amount removed was variable across the different types of naphthenates at similar chitosan 

concentration values. This trend may relate to the variable nature of the wetland treated 

samples, which contribute to different removal profiles of NAFCs that yield variable levels of 

sorption by chitosan, in accordance with the role of hydration and importance of hydrophobic 

effects for such types of chitosan systems (Mohamed et al., 2015a; Mohamed et al., 2015b).  

 
Figure 3 Double-bond equivalents (DBEs) of the O2 series for 2B, 4B, 6B, 8B, and 10B 
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3.3.  Ion class distribution 

The ion class distribution of species found in NAFCs before and after incubation with the 

chitosan materials are shown in Figure 4A–B. The most abundant species are those containing 

O2 species. The sorption properties of chitosan reveal an apparent discrimination among some 

of the naphthenate species, where chitosan sorbs O2, O3S, and O4S but not the O3, O4, O3S3, and 

OS4 series. The species that are removed from aqueous solution by chitosan show a similar 

trend, where the chitosan-HCl system has higher overall removal (%) as compared with 

chitosan-AcA. The variations in uptake in each respective acid solution reveal the key role of 

electrostatic interactions and counterion binding effects, as described above (cf. Scheme 1).  

Similar observations are noted in Figure 5 for the wetland treated samples in terms of the 

selective removal of various classes of naphthenates. Therein, variable levels of removal and 

discrimination are observed for the different types of wetland treated samples. 
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Figure 4 Ion class distribution data from electrospray ionization high-resolution mass spectrometry 

(ESI-HRMS) of A) chitosan–acetic acid (AcA) and B) chitosan-HCl 

 

 
Figure 5 Ion class distribution data from electrospray ionization high-resolution mass spectrometry 

(ESI-HRMS) of 2B, 4B, 6B, 8B, and 10B 
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To further reveal the complex interrelationship related to the variable uptake properties of the 

two different acidified forms of chitosan used for the treatment of sample 2B, three-dimensional 

(3-D plots of DBE and carbon number versus the abundance of residual naphthenates (intensity) 

are shown in Figure 6. For instance, the chitosan-HCl system reveals trends that reflect a greater 

discrimination or improved ionization efficiency for naphthenates with DBE values of 4.5 and 

5.5 for carbon numbers of 12 and 13, along with DBE 8.5 for carbon numbers 16 and 17. The 

relative discrimination is observed to be lower for the chitosan-HCl system, where the effect 

likely relates to its overall higher uptake of the NAFCs. The trend is in agreement with the role 

of electrostatic interactions due to the counterion exchange effects described above, as well as 

the results described in Figure 1. By contrast, discrimination amongst NAFCs according to the 

DBE and carbon number is anticipated for systems governed by hydrophobic effects, as 

reported for cross-linked chitosan systems elsewhere (Mohamed et al., 2015a). 

 
 

 

 

 
(a) (b) 

 

 

 

 
(c) (d) 

Figure 6 Three-dimensional (3D) plots for uptake of various oil sands process water (OSPW) samples: 

(a) raw OSPW (R-OSPW); (b) 2B; (c) 2B after incubating with 1,000 ppm chitosan–acetic acid (AcA); 

and (d) 2B after incubating with 1,000 ppm chitosan-HCl 

4. CONCLUSION 

This study provides strong support for the key role of biopolymer hydration in adsorption and 

self-assembly processes (Dehabadi et al., 2018). Experimental support for the two hypotheses 

provides an account for the association of chitosan and NAFCs. Hypothesis i was related to the 

enhanced adsorptive surface area of the biopolymer that occurred via solubilization of chitosan 

in aqueous acid, revealing an enhanced sequestration efficiency and molecular selectivity 

toward NAFCs in aqueous media. Hypothesis ii accounted for the role of counterion hydration 
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effects, in accordance with the differential uptake of NAFCs in conjunction with the use of 

different acid additives (HCl and CH3COOH). The removal capacity of NAFCs from OSPW 

(both raw and treated) by dissolution of chitosan into an acid solution resulted in substantially 

greater removal (1,000-fold) compared with a previous report on water-insoluble forms of 

chitosan-based sorbents (Mohamed et al., 2015a). The role of hydration effects due to chloride 

and acetate counterion binding with chitosan parallel the trends in lyotropy described by the 

Hofmeister effect for such anions, in agreement with the observed trends in uptake for NAFCs. 

The use of acid dopants with variable counterions (chloride versus acetate) to solubilize 

chitosan offers a new approach for tuning the structure–function properties of chitosan sorbents 

with organic anion (carboxylate) species, as revealed for ionized NAFCs. The adsorption 

method employed herein favors sequestration of O2-containing species, which are known to be 

the major cause of toxicity in OSPW (Mohamed et al., 2017). Furthermore, solubilized chitosan 

reveals that selective removal can be achieved in complex mixtures of naphthenates that suggest 

the role of ionization effects among species of NAFCs. The role of ionization effects are readily 

detected using electrospray mass spectrometry in negative ion mode but are not readily 

observed in raw and treated wetlands OSPW systems. The molecular level insight gained 

through this study is anticipated to contribute favorably to sustainable resource extraction and 

remediation of industrial tailings through the use of green chemistry and adsorption-based 

technology reported herein. 
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