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Abstract

Herein, we report on the use of chitosan-based engineered materials for the
sequestration of naphthenic acid fraction compounds (NAFCs) and other
species (matrix) in oil sands process-affected water (OSPW) in order to im-
prove monitoring of NAFCs after phytoremediation. Chitosan pellets (CPs)
were cross linked with glutaraldehyde (GLU) at variable feed ratios and char-
acterized using thermogravimetric analysis (TGA). Sorption studies at equi-
librium and kinetic conditions were carried on OSPW extract, raw and treated
wetland samples. The materials were shown to have similar sorption capacity
for NAFCs but with variable selectivity of the species in the complex mixture.
As well, the matrix uptake varied according to the type of OSPW. Overall, CP
in its native form outperformed the cross linked CP pellets, as evidenced by a
reduction in matrix effects.
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1. Introduction

One of the great environmental water pollutants in Canada is oil sands proc-
ess-affected water (OSPW) from the province of Alberta [1]. OSPW cannot be
discharged back to the environment due toxicity and concerns about its complex
chemical composition, as reflected by the zero-discharge policy by the Alberta
Environmental Protection and Enhancement Act (1993). This had led to the ac-
cumulation of over 1 billion cubic meters of OSPW at oil mining sites in storage
ponds of northern Alberta.

The origins of the main toxicity of OSPW have been attributed to naphthenic
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acids (NAs) which are the acid-extractable fraction of OSPW [2]. Researchers
engaged in NAs-related research have contemplated the usage of alternative
terms such as “acid extractable organics” (AEOs), “oil sands tailings water
acid-ex- tractable organics” (OSTWAEO), or “naphthenic acid fraction com-
pounds” (NAFCs) [3]. In this work, we use the latter term.

Various methods have been proposed for the remediation of OSPW [4]. One
of them includes the use of wetland plants to metabolize NAFCs to form
by-products that are less toxic [5] [6]. However, the limitation of this method is
in the quantification of NAFCs after the wetland treatment where fatty acids and
humic-like materials that are produced may yield false positive NAFC concen-
tration levels, based on conventional extraction methods such as liquid— liquid
extraction. As well, such conventional methods have shown to favour isolated
chemical species with higher carbon chains and molecular weight [6] [7]. Back-
ground effects (salinity, suspended and dissolved solids, etc.) are also known to
influence the formation of ions when using electrospray mass spectrometry as an
analytical tool for measuring the variation in concentration of NAFCs [8].

This research work addresses a primary objective to develop a solid-phase ex-
traction method using biopolymers [9] [10] which can subsequently be applied
for Orbitrap MS characterization concerning the fate and distribution of NAFCs
and process chemicals within treatment wetlands. The biopolymers can help ad-
dress the problems related to limitations on detection limits and variability of
results by selective extraction and/or reduction of matrix effects in OSPW. The
improvements in solid-phase extraction (SPE) are anticipated to occur via pre-
concentration of naphthenic acids and minimization of other background inter-
ferents. We anticipate the use of such sorbent materials will contribute to further
efforts in remediation of waterborne contaminants such as phytoremediation
technology [5] [6].

2. Experimental Section
2.1. Materials

Chitosan (C) was obtained from Marinard Biotech (QC, Canada). 50 wt% glu-
taraldehyde solution (G), acetonitrile, ammonium hydroxide, potassium bro-
mide (KBr) were obtained from Sigma-Aldrich (ON, Canada). 2 dram vials
(screw thread with polyvinyl-faced pulp lined closure), hydrochloric acid and
glacial acetic acid were obtained from Fisher Scientific (ON, Canada). OSPW
(extract, raw water and treatment wetland) was obtained from the Water Science
and Technology Directorate (Saskatoon, SK.) lab. 2 mL HPLC amber vials with
screw-cap perforated Teflon-lined septa from Canadian Life Science (AB, Can-
ada). All the materials used for the synthesis were used as received without fur-
ther purification. Hereafter, we will refer to the three types of OSPW as extract,

raw and wetland.

2.2. Polymer Preparation

Four biopolymers (cf Figure 1) were synthesized from pelletized chitosan (CP)
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via cross-linking with glutaraldehyde (varied by the level of glutaraldehyde; chi-
tosan monomer: glutaraldehyde) z.e. 1:0.25 (CGP-1), 1:0.5 (CGP-2), 1:1 (CGP-3)
and 1:2 (CGP-4) The synthesis was adapted from previous work with slight

modification [11].

2.3. Characterization and Leaching Test

Thermal weight loss profiles of the materials were obtained using a TA Instru-
ments Q50 TGA system at a heating rate of 5°C-min™" to a maximum tempera-
ture of 900°C using nitrogen as the carrier gas. The thermal stability of the re-
spective polymer components are reported as first derivative plots of weight/
temperature (%/°C) against temperature (°C).

The cross linked chitosan pellets were soaked in Millipore water for 24 h and
analyzed using a double beam spectrophotometer (Varian CARY 100) at 295 +
0.5K.

2.4. Sorption

Approximately 75 ppm of an OSPW extract was prepared from stock of greater
concentration (~2800 ppm, pH 10.5). CP and CGP-X (X denotes glutaraldehyde
content) materials were imbibed in 5 mL of the OSPW raw solution for 48 h (cf
Figure 2). The solution uptake after sorption was analyzed using electrospray
ionization high resolution mass spectrometry (ESI-HRMS) in negative-ion mode
according to a method reported previously [12]. In the case of the treatment
Wetland (pH 8.61) and OSPW raw (pH 9.18) samples, the sorption isotherms
were obtained by equilibration of 10 mL of the water samples with the CP and
CGP-X materials for 48 h of equilibration. Solid phase extraction (SPE) [12] was
conducted on the wetland samples prior to analysis by ESI-HRMS.

Metal analyses of the OSPW samples were analyzed using an Agilent 7900 in-
ductively coupled plasma-optical emission spectrometry photo (ICP-MS). The
procedure followed SOP number: Chm-522-Standard Methods for the Examina-
tion of Water and Wastewater, Part 3125, APHA-AWWA-WEF without modi-

fication.

Figure 1. Chitosan biopolymers prepared herein from left to right: CP, CGP-1, CGP-2,
CGP-3 and CGP-4, respectively.
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Figure 2. Imbibing of pelletized samples in the OSPW extract for the solid phase extrac-
tion setup with CP, CGP-1 and CGP-2, from left to right, respectively.

3. Results and Discussion
3.1. Characterization and Leaching Test

In a previous study, characterization of similar cross-linked polymers in pow-
dered form was described in detail [11]. In this study, TGA was used to charac-
terize the chitosan material in pelletized form (without crushing into powder).
Figure 3 illustrates the thermal decomposition profile each respective material.
A thermal event occurs between 400°C - 500°C and relates to cleavage of the
cross-linker where an increase in its peak area strongly correlates to incremental
cross-linker content according to the synthetic preparation [11].

Figure 4 illustrates the leaching results of glutaraldehyde from various CGP-X
materials after equilibration in water for 24 h. CGP-3 and CGP-4 have absorp-
tion bands observed between 250 - 350 nm (range for glutaraldehyde) despite
extensive washing in triplicate with Millipore water. This indicates that the
cross-linker was not fully reacted with chitosan or undergoes hydrolysis at the
variable levels of cross-linking. For the purpose of this study, several pelletized
samples were studied with the wetland and OSPW extract, as follows: CP, CGP-1
and CGP-2.

3.2. Sorption Studies

3.2.1. Equilibrium Studies

Table 1 shows the monolayer sorption capacity (Q.; mg/g) [13] for various chi-
tosan materials with naphthenic acid fraction components (NAFCs). Overall,
sorption is higher for OSPW extract relative to treatment Wetland followed by
OSPW raw. This could be due to less matrix effects from salts, dissolved organ-
ics, and suspended solids that influence the sorption sites of the CP materials.
Opverall, the pristine CP has better uptake of NAFCs despite the fact that the ma-
terial is not cross-linked with glutaraldehyde and suggests that the amine group
of chitosan plays a key role in the adsorption of OSPW components. The matrix

in this case could be salts, organics, and other UV-active compounds in
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Figure 3. TGA results of a pristine chitosan pellet (no cross-linking) and pellets with va-
riable cross-linking (CGP-X; where X = 1, 2, 3 and 4).
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Figure 4. Absorbance of Millipore water washings after equilibrating CGP-X materials
for 24 h at ambient conditions.

Table 1. Sorption capacities (Qe; mg/g) for OSPW Wetland, raw and extract samples us-
ing CP and CGP-X biomaterials.

Wetland Raw Extract
(Q., mg/g) (Q., mg/g) (Q., mg/g)
CP 18.5 1.65 26.2
CGP-1 441 0.188 27.6
CGP-2 9.54 1.18 27.2

the samples.

To analyze the potential role of mineral matrix effects such as calcium, mag-
nesium and sodium were measured using ICP-OES before and after incubation
with the pellet materials (c£ Table 2). The materials were unaffected in the
OSPW raw sample; however, in the case of the Wetland sample, the CP material
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sequestered 40% of the calcium and 20% of sodium; whereas, negligible uptake
of magnesium was observed. Interestingly, the treated Wetland sample had rela-
tively low sodium content (monovalent salt) while more calcium and magne-
sium divalent ions were noted relative to the composition of the OSPW raw
sample. As well, the UV-active species were analyzed using the CARY 100 (cf
Figure 5(a) and Figure 5(b). Figure 5(a) illustrates the UV spectra of the stock
solutions for Wetland, OSPW raw and extract. As shown, OSPW raw has more
UV-active species more than the extract followed by the Wetland. The presence
of such UV-active components may provide an explanation as to why the sorp-
tion capacity of the materials in OSPW raw (cf. Table 1) shows a differing effi-
ciency. In the case of OSPW, a lower uptake capacity was noted that was related
to the presence of more competing species (UV-active) which bind to the chito-
san pellet materials. To confirm this, the OSPW raw sample was analyzed (cf
Figure 5(b)) and the results confirm that the same is true for CP (attenuated
absorbance) but not for the cross linked CP. As noted above, a key differentia-
tion between CP and cross-linked CP (CP-X) relates to the presence of greater
numbers of amine groups in the chitosan framework which may serve as fa-

vourable binding sites for selected chemical species [14] [15].

3.2.2. Speciation Profiles
Figures 6(a)-(c) illustrate the speciation profiles of Wetland, OSPW and

4.0
3.5
3.0
2.5
2.0
1.5
1.0+
0.5

4.0
3.5
3.0

a) ——Wetland
Raw
Extract

Absorbance (a.u)
Absorbance (a.u)

0.0 N 0.0
200 220 240 260 280 300 320 340 180 200 220 240 260 280 300 320 340 360
Wavelength (nm) Wavelength (nm)

Figure 5. UV Spectra result; a) Stock for Wetland, OSPW raw and extract before adsorp-
tion and b) Wetland stock and after adsorption with CP and CP-X materials.

Table 2. Metal ion composition of calcium, magnesium and sodium species before and
after incubation of the OSPW raw and Wetland with CP and CGP-X biomaterials at am-
bient conditions.

Raw Wetland
Calcium Magnesium Sodium Calcium Magnesium  Sodium
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Stock 21 13 951 35 45 562
CP 20 13 935 21 48 447
CGP-1 22 14 947 NA* NA* NA*
CGP-2 25 16 970 NA* NA* NA*

NA*; Not analyzed due to insufficient samples.
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OSPW extracts, respectively. The profiles differ significantly and in the case of
Wetland sample (cf Figure 6(a)), the profile reveals various congener species of
NAFCs that exceed 1 ppm levels: NO;, O,, O,S, O3, Os, Os, OsS, Os and O-. The
main species for Wetland is O, followed by Os, Os, O and O,, respectively. This
is expected from process-treated samples by either UV or microwave conditions.
[16] A similar profile is observed for OSPW (c£ Figure 6(b)) where O, species
are often higher in composition, followed by O; species. However, O, is present
at higher abundance over Os and Og species, respectively. This also indicates

degradation of OSPW has commenced due to the presence of the oxidized
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Figure 6. (a) ESI-HRMS speciation profiles of Wetland after sequestration with CP,
CGP-1 and CGP-2 at ambient conditions; (b) ESI-HRMS speciation profiles of OSPW
Raw after sequestration with CP, CGP-1 and CGP-2 at ambient conditions; (c) ESI-
HRMS speciation profiles of OSPW Extract after sequestration with CP, CGP-1 and
CGP-2 at ambient conditions.
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forms, perhaps due to microbial oxidation. The OSPW extract profile (c£ Figure
6(c)) reveals the following species with concentrations above 1 ppm, O,, O,S and
O, species. Unlike the Wetland and OSPW samples, the main species for the
OSPW extract is O, followed by O; and Oy, respectively.

3.2.3. Selective Removal of Species

The percentage uptake removal for the species is shown in Figures 7(a)-(c) for
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Figure 7. (a) Percentage removal species in the Wetland sample after sequestration with
CP, CGP-1 and CGP-2 at ambient conditions; (b) Percentage removal species in the
OSPW Raw sample after sequestration with CP, CGP-1 and CGP-2 at ambient condi-

tions; (c) Percentage removal species in the OSPW Extract sample after sequestration
with CP, CGP-1 and CGP-2.
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Wetland, OSPW and OSPW extract, respectively. In the case of Wetland and
OSPW systems, there is evidence of selective removal of the NAFCs species. For
instance, CP has more than 40% removal (c£ Figure 7(a)) for all the species ex-
cept O, and O,S while the same material has more than 40% removal for O, and
0,S in OSPW and OSPW extract samples (cf Figure 7(b) Figure 7(c)). The
same is observed for CGP materials where they have no uptake for the O, and
0,S species in the Wetland sample but do show measurable uptake in the OSPW
and its extracts. This is attributed to matrix interference in the sorption process
of the Wetland sample.

Although the CGP-2 material has overall less sequestration of NAFCs in Wet-
land sample, it has better removal of O5S, O,S and OsS. In the case of the OSPW,
CP reveals an overall attenuation of removal for species with more O content (c£
Figure 7(b)) ie. O, and O,S > O3 and O3S > O, and O4S > Os and OsS. CGP ma-
terials did not follow similar trends for the same sample. The OSPW extract re-
veal different patterns where CP has a higher removal for the O, species relative
to O, and O,S, while an opposite trend is true for CGP-2.

3.2.4. Supporting Evidence of Binding Interactions

Thermal analysis was used to provide supporting evidence of adsorbed OSPW
and Wetland samples. Figure 8 shows the thermogram of CP after imbibing in
Millipore water (MW; distilled and deionized), OSPW extract, raw and wetland
samples, where the TGA samples represent analysis of the solid pellet after
air-drying. A thermal event ~170°C for both OSPW and its extract (absent in
MW) is attributed to decomposition of some of the species adsorbed by CP after
imbibing in solution. In the case of Wetland, there is a broad small thermal
event ~170°C and a shoulder ~230°C for the thermal event between 200°C -
400°C that is absent in the CP-MW. Furthermore, the thermal events for chito-
san decomposition (200°C - 400°C) vary for each sample. This further proves
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Figure 8. TGA of pristine chitosan pellet (CP) after soaking in Millipore water (MW),
Wetland, OSPW and OSPW after solid phase extraction at ambient conditions.
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the variable interactions occur between chitosan with the sorbates (contami-
nants).

Physical differences were also observed after soaking CP in MW; OSPW ex-
tract and Wetland (cf Figure 9). After soaking in MW, the CP pellet did not lose
its shape after imbibing with subsequent air-drying. However, in the case of
OSPW extract and Wetland, the shape differs from its original pellet morphol-
ogy. The pellets are flexible but this effect is more pronounced after imbibing in
the wetland sample. This relates to the salt effects in the matrix which influenced

its swelling and adsorption properties.

3.2.5. Kinetic Studies

The kinetics of OSPW extract and wetland uptake with the CP biomaterial was
studied using UV-analysis. CP was inserted in a quartz cell cuvette containing 3
mL of each respective sample and measured absorbance with time in-situ. Fig-
ure 10 illustrates the kinetics profile of CP with OSPW extract and wetland,
where the latter fails to reach equilibrium after 24 h, while the former material
achieves dynamic equilibrium for these conditions. Moreover, OSPW extract
reveal that multi-step uptake occurs while the wetland sample is adsorbed con-

tinuously until the system reaches dynamic equilibrium.

Figure 9. Image of the CP biomaterial after sorption with Millipore water, wetland and
OSPW raw after solid phase extraction at ambient conditions.
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Figure 10. Absorbance of OSPW extract and wetland measured at 260 nm with time at
ambient conditions.
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4. Conclusions

This study was aimed at evaluation of the adsorption properties and utility of
cross linked CP for the reduction of matrix effects and semi-quantification of
NAFCs for the analyses of treatment wetland samples in phytoremediation.
However, this study shows that CP materials without cross-linking are more
suitable solid-phase extractants for sample cleanup and monitoring, as evi-
denced by the ability of such materials to sequester NAFCS, UV-active species,
and various metal ions such as calcium and sodium in the treatment wetland

samples.
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