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Highlights:  49 
 50 

• Oil sands process-affected waters (OSPWs) contain naphthenic acids (NAs) that have 51 
been associated with aquatic toxicity 52 

• On-line membrane sampling is used for the direct mass spectrometry analysis of NAs in 53 
constructed wetland treatment systems (CWTS) 54 

• A simple workflow for rapid in situ sample screening provides quantitative and 55 
qualitative results 56 

• An analysis of water samples fortified with synthetic OSPW that have undergone 57 
biological treatment in CWTS 58 
 59 
 60 
 61 
 62 
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 64 
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Abstract 68 

The application of direct mass spectrometry techniques to the analysis of complex samples has a 69 

number of advantages including reduced sample handling, higher sample throughput, in situ 70 

process monitoring, and the potential for adaptation to on-site analysis. We report the 71 

application of a semi-permeable capillary hollow fibre membrane probe (immersed directly into 72 

an aqueous sample) coupled to a triple quadrupole mass spectrometer by a continuously flowing 73 

methanol acceptor phase for the rapid analysis of naphthenic acids with unit mass resolution. 74 

The intensity of the naphthenic acid-associated peaks in the mass spectrum are normalized to an 75 

internal standard in the acceptor phase for quantitation and the relative abundance of the peaks 76 

in the mass spectrum are employed to monitor compositional changes in the naphthenic acid 77 

mixture using principle component analysis. We demonstrate the direct analysis of classical 78 

naphthenic acids (CnH2n+zO2) in a synthetic oil sands process water as they are attenuated through 79 

constructed wetlands containing sedge (Carex aquatilis), cattail (Typha latifolia), or bulrush 80 

(Schoenoplectus acutus). Quantitative results for on-line membrane sampling compare 81 

favourably to those obtained by solid-phase extraction high-resolution mass spectrometry. 82 

Additionally, chemometric analysis of the mass spectra indicates a clear discrimination between 83 

naphthenic acid-influenced and natural background waters. Furthermore, the compositional 84 

changes within complex naphthenic acid mixtures track closely with the degree of attenuation. 85 

Overall, the technique is successful in following changes in both the concentration and 86 

composition of naphthenic acids from synthetic oil sands process-affected waters, with the 87 

potential for high throughput screening and environmental forensics.   88 

 89 
 90 
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1. Introduction 91 

Oil sands in northern Alberta, Canada represent the second largest oil deposit in the 92 

world, containing an estimated 170 billion barrels of crude oil covering an area of roughly 140,000 93 

km2 (National Energy Board Canada, 2006). The separation of heavy oil from co-deposited sand 94 

and clay typically uses large quantities of warm caustic water. As a consequence, large volumes 95 

of oil sands process-affected water (OSPW) are produced and stored in tailings ponds covering 96 

nearly 77 km2 (Government of Alberta, 2013). OSPW is known to accumulate a variety of 97 

dissolved organic compounds, raising concerns about the potential for deleterious impacts on 98 

human and environmental health. Naphthenic acids (NAs) are derived from the acid extractable 99 

organic fraction of OSPW and were originally described as a highly complex mixture of C10-C30 100 

organic carboxylic acids (CnH2n+zO2) containing a structurally diverse range of compounds that can 101 

be aliphatic, alicyclic, and/or contain aromatic rings. The definition has been broadened to 102 

naphthenic acid fraction compounds (NAFCs) to include additional functional groups and 103 

heteroatoms (Headley et al., 2016). The chemical complexity of this analyte class contributes to 104 

the significant challenges for analytical techniques that measure NAs in environmental and 105 

biological samples. Several recent reviews summarize the structural complexity of NAFCs, the 106 

analytical methods employed to resolve and quantify mixtures, as well as the toxicity of different 107 

fractions and structural sub-classes (Brown and Ulrich, 2015; Headley et al., 2016; Kovalchik et 108 

al., 2017). 109 

Although OSPWs contain hydrocarbons, salts, suspended solids, residual bitumen, and 110 

fine silt, it is the water-soluble naphthenic acid fraction that has garnered the greatest attention 111 

with respect to aquatic toxicity. Several recent studies have associated the classically defined 112 
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naphthenic acids (CnH2n+zO2) with both acute and chronic toxicity (Bartlett et al., 2017; Frank et 113 

al., 2008; Hughes et al., 2017). Changes in the concentration and composition of NAs can occur 114 

as a result of biotic, abiotic, and physical processes in engineered tailings ponds, end-pit lakes, 115 

and treatment processes (including constructed wetlands). The degree to which NA composition 116 

and concentration are changed under the influence of biological treatment as well as engineered 117 

treatment processes is an active and important area of research (Ajaero et al., 2018; Arens et al., 118 

2017; Morandi et al., 2015). Studies related to such attenuation require analytical methods that 119 

provide both quantitative and qualitative information on a large number of samples. Current 120 

state-of-the-art analytical techniques for NA analysis rely on sample clean up, high capacity 121 

chromatographic separation, and high-resolution mass spectrometry (Brunswick et al., 2015; 122 

Kovalchik et al., 2017; Sun et al., 2017). Such methods are sensitive and selective in providing 123 

quantitative information where appropriate analytical standards are available. Despite the 124 

emergence of a number of elegant analytical techniques, including those with ultra-high mass 125 

and molecular resolution (Bowman et al., 2019; Pereira and Martin, 2015; Rowland et al., 2011), 126 

a number of analytical challenges remain. These include: i) the inherent complexity of OSPW, 127 

which can contain thousands of NAFCs and other components ranging in concentration over six 128 

orders of magnitude [parts-per-trillion (pptr) to parts-per-million (ppm)]; ii) the inherent biases 129 

introduced by different mass spectrometry (MS) ionization techniques (Headley et al., 2016); and 130 

iii) the lack of discrete analytical standards and subsequent lack of a universal unit of measure 131 

for the total NA concentration (Headley et al., 2016). The last of these in particular makes it 132 

challenging to compare or validate analytical methods in terms of an absolute quantitatively 133 

meaningful concentration (Malle and Simser, 2012). Furthermore, there is growing evidence that 134 
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real-world NA contaminated waters may not be entirely represented by the commercial NA 135 

mixtures available, which are often employed as surrogate analytical standards (Han et al., 2016). 136 

Moreover, while advanced analytical methods have made enormous progress in resolving and 137 

quantifying a multitude of NAFCs (Kovalchik et al., 2017; Barrow et al., 2015), these methods can 138 

be labour intensive, time consuming, and costly, requiring highly specialized instrumentation and 139 

personnel. In addition, some methods are prone to positive bias resulting from naturally 140 

occurring dissolved organic matter (DOM), particularly in CWTS (Park et al., 2018; Ajaero et al., 141 

2018; Duncan et al, 2020 in preparation). These limitations can restrict applications such as 142 

environmental assessments, forensics, and process monitoring; where screening a large number 143 

of samples and/or conditions is particularly advantageous. As a result, the development of 144 

analytical methods that provide environmentally relevant data without the need for extensive 145 

sample clean up and/or chromatographic separation offer a significant benefit. Furthermore, the 146 

use of direct and on-line analytical workflows suitable for insitu measurements have the potential 147 

to be adapted for continuous process monitoring and on-site analysis. 148 

One strategy to simplify the analytical workflow is to use condensed phase membrane 149 

introduction mass spectrometry (CP-MIMS), which couples a semi-permeable membrane 150 

interface directly to a mass spectrometer. Classically defined naphthenic acids become 151 

hydrophobic in acidic solution and have been shown to permeate polydimethylsiloxane (PDMS) 152 

membranes, allowing CP-MIMS to be used as an online analytical method for rapidly screening 153 

classical NAs in complex samples with little to no sample preparation (Duncan et al., 2016; 154 

Duncan et al., 2011; Feehan et al., 2019; Willis et al., 2014). The technique employs a semi-155 

permeable membrane to separate hydrophobic analytes from an aqueous sample for MS analysis 156 
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(Krogh and Gill, 2014; Krogh and Gill, 2018). Upon immersion of a capillary hollow fibre 157 

membrane probe into a sample, permeable analytes diffuse through the membrane into a 158 

continuously flowing acceptor phase (typically methanol) in the membrane lumen, where they 159 

are then entrained to an electrospray ionization (ESI) source (Figure 1). After immersion, the 160 

measured signal intensity on the mass spectrometer increases until it reaches a steady-state 161 

signal, which is proportional to analyte concentration in the sample (Davey et al., 2011; LaPack 162 

et al., 1990). CP-MIMS provides a simple workflow for the semi-quantitative analysis and mass 163 

profiling of NA mixtures directly in contaminated samples (Duncan et al., 2016). We employ this 164 

method to follow changes in both concentration and composition of NA mixtures as they are 165 

attenuated during engineered remediation efforts. 166 

167 

 168 

In this study, we employ CP-MIMS to examine changes in synthetic OSPW samples 169 

attenuated through a constructed wetland. A series of discrete samples taken from various 170 

Figure 1: Instrumental schematic of condensed phase membrane introduction mass spectrometry setup. The 
acceptor phase was methanol with 5 ppb of 2,2-lauric acid-d2 as an internal standard to monitor ion 
suppression and drift. Electrospray ionization was operated in negative ion mode to monitor m/z = [M-H]-.  
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locations and times in a flow-through system are compared to one another, as well as to 171 

unaffected natural waters. Results from CP-MIMS with nominal mass resolution are compared to 172 

those from solid-phase extraction followed by direct injection high-resolution MS (Orbitrap). This 173 

work represents the first use of on-line membrane sampling mass spectrometry to follow the 174 

attenuation of NAs in synthetic OSPW.  175 

 176 

2. Materials and Methods 177 

2. 1 Sample Description 178 

Samples analyzed in this study were collected at various points in a series of pilot-scale 179 

constructed wetland treatment systems (CWTSs) using a 1100 L volume of synthetic OSPW 180 

prepared to simulate the general water chemistry (e.g., pH and ionic strength) and dissolved 181 

organics (e.g., Sigma-Aldrich naphthenic acid mixture). Details on the chemical constituents of 182 

this inflow water and the constructed wetland treatment systems appear in the Supplemental 183 

Information in Table S1 and Figure S1, respectively (Ajaero et al 2018; Gaspari 2017). Briefly, four 184 

different CWTS designs, each with four cells in a series, were operated as flow-through systems 185 

in a temperature-controlled greenhouse. Cells contained sand or gravel substrate and sedge 186 

(Carex aquatilis), cattail (Typha latifolia), or bulrush (Schoenoplectus acutus) as vegetation. The 187 

CWTSs were operated under the same flow rates, which resulted in hydraulic retention times 188 

ranging from 4.73 to 9.89 days depending on the system design. Aqueous samples were taken 189 

from each of the four wetland cells of the series during the experiment in 500 mL plastic 190 

containers and stored in a refrigerator at 4 °C until analysis. A general description of the wetland 191 
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samples is presented in Table S2. Background wetland water samples were also collected from 192 

the same CWTSs prior to passing synthetic OSPW through the CWTS. 193 

 194 

2.2 HR-MS analysis 195 

Methods for HRMS analysis with negative ion electrospray ionization have been 196 

previously described (Ajaero et al., 2018). In brief, samples were cleaned up and pre-197 

concentrated on an anion exchange solid-phase extraction cartridge (Phenomenex Strata-XAW, 198 

Torrence, CA, USA). Analysis was conducted using direct injection into a LTQ Orbitrap Elite mass 199 

spectrometer (Thermo Fisher Scientific, San Jose, CA) operating in full scan and negative ion 200 

mode. Mass resolution was set to 240,000 with an m/z scan range of 100-600. Quantitation was 201 

based on direct calibration using a commercial Sigma-Aldrich NA standard. Concentrations were 202 

reported as mg/L NAFC, which include all chemical species that gave a response under negative 203 

ion ESI including, but not limited to, Ox species. Software used for quantitative and molecular 204 

analysis was Xcalibur v 2.1 (Thermo Fisher Scientific, San Jose, CA) and Composer v 1.0.6 (Sierra 205 

Analytics, Inc., Modesto, CA).  206 

 207 

2.3 CP-MIMS analysis 208 

In-house constructed membrane interfaces were used for this work in the immersion ‘J-209 

probe’ configuration as outlined previously (Duncan et al., 2016) using a 2 cm piece of 210 

polydimethylsiloxane (PDMS) hollow fibre membrane [Dow Corning Silastic® tubing, outside 211 

diameter (OD) = 0.64 mm; inside diameter (ID) = 0.30 mm; 170 μm thickness, Midland, MI, USA], 212 

mounted on 22 gauge stainless steel hypodermic tubing supports. Mass spectrometry 213 
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experiments were performed using a Micromass Quattro LC triple quadrupole mass 214 

spectrometer (Waters Micromass, Milford, MA, USA). Negative ion ESI was used for NA analysis 215 

with a capillary voltage of -3.2 kV and an entrance cone voltage of 30 V, in conjunction with full 216 

scan MS (m/z 80–600, 1 s scan time). Selected ion monitoring (SIM) experiments used a 0.5 s 217 

dwell time for each m/z monitored. De-solvation gas was maintained at a flow of 750 L h-1 and 218 

heated to 300 °C. A syringe pump (Chemyx Fusion 100, Stafford, TX) was used to push HPLC grade 219 

methanol (Fisher Scientific, Ottawa, ON, Canada) through the membrane lumen at 75 µL min-1. 220 

SIM channels for NA monitoring were chosen by analysis of a commercial NA mixture (Sigma 221 

Aldrich, Oakville, ON) in ca. 1 ppm acidified aqueous solution by CP-MIMS and choosing the m/z 222 

accounting for 97 % of the measured signal intensity (Table S3). The sum of the signal intensities 223 

of the selected ions was proportional to the total NA concentration up to a concentration of ~ 2 224 

ppm under these conditions (Figure S2). Before analysis, synthetic OSPW samples were 225 

gravimetrically diluted with deionized water roughly 10-20 fold. Samples were then spiked with 226 

~ 3 mL of 0.13 M glycine buffer (Sigma Aldrich, Oakville, ON, pH 3.7) solution prepared in 18 M227 

Ω-cm deionized water (Milli-Q, Millipore CA) to protonate carboxylate species for CP-MIMS 228 

analysis and weighed to account for dilution. For CP-MIMS analysis, the membrane was initially 229 

immersed in a blank aqueous glycine buffer solution to establish a baseline. The membrane probe 230 

was then immersed in a synthetic OSPW sample, and the mass spectrometer signal was followed 231 

over time until it reached steady-state. If the diluted sample was found to be more concentrated 232 

than 2 ppm NAT (as ppm Sigma-Aldrich), a new dilution was made to ensure that we were working 233 

in the linear dynamic range.  After 5 minutes of steady-state signal, each sample was spiked with 234 

100 µL of 95.8 ppm Sigma-Aldrich NAT for quantitation by the method of standard addition. The 235 
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membrane was washed with clean HPLC grade methanol between samples until baseline was re-236 

established. External Sigma Aldrich naphthenic acid standards and blank solutions were 237 

interspersed to monitor performance. An example experiment showing the measurements of 238 

blanks, standards, samples, and standard additions is shown in Figure 2.  239 

 240 

Figure 1: Typical CP-MIMS chronogram showing Sigma Aldrich standards (red), samples (green), 241 
standard addition (blue). Signal = ∑ 32 SIMS, normalized to the signal intensity of lauric acid-d2, 242 
accounting for > 95% intensity in Sigma Aldrich NA mix. Standard concentrations have been adjusted 243 
using the correction factor described in Section 2.4. 244 

Day-to-day variance and ionization suppression were mitigated through the use of a 5 ppb 245 

lauric acid-d2 (Sigma-Aldrich, Oakville, ON) continuously infused internal standard in the 246 

accepting phase of the CP-MIMS apparatus (Duncan et al., 2015). Final concentrations in the 247 

undiluted samples were determined from Equation 1 with all signal intensities corrected by 248 

normalizing them to the signal intensity for lauric acid-d2 ([M-H]- m/z 201), where little or no 249 

signal intensity was observed across the sample series (data not shown). [NA]T is the total 250 

naphthenic acid concentration, Ix is the total background subtracted intensity for the SIM scans, 251 

Ix+s is the total background subtracted intensity for the spiked sample, and [spike]f is the final 252 

concentration of Sigma Aldrich NAs added to the sample in the standard addition step.  253 
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 255 
 256 
2.4 Comparison between CP-MIMS and HRMS data 257 

The inherent challenges in expressing absolute concentrations for complex mixtures of 258 

NAs, especially by two complementary analytical techniques, makes direct quantitative 259 

comparisons difficult. This is primarily due to the fact that both techniques may detect different 260 

components of the NA mixture and detect natural DOM components to varying extents. 261 

Specifically, solid-phase extraction by weak anion exchange may enhance heavily carboxylated 262 

species with high oxygen to carbon ratios, while CP-MIMS analysis with a PDMS membrane may 263 

select for more hydrophobic species with lower oxygen to carbon ratios. To address these 264 

challenges, we calibrated the standard used in the CP-MIMS quantitative experiments against 265 

the CWTS OSPW samples previously analyzed by HR-MS using three wetland inflow samples 266 

(samples numbered 824, 701, 698, Table S2). Triplicate measurements of these inflow samples 267 

diluted to a nominal concentration of 100 parts-per-billion (ppb) were measured alongside the 268 

Sigma Aldrich standard used for CP-MIMS analysis, returning a mean correction factor of 2.62 (n 269 

= 9, RSD = 8.1%). This concentration correction factor was subsequently applied to all CP-MIMS 270 

concentrations derived from Equation 1 to allow for a direct quantitative comparison.  271 

2.5 Chemometric analysis  272 

Full scan mass spectra were collected by CP-MIMS at nominal mass resolution and 273 

analyzed by Principal Component Analysis (PCA) as follows: the mass spectrum for each sample 274 

was obtained by subtracting the average background spectrum from the average steady-state 275 

spectrum using MassLynx Mass Spectrometry Software (Waters, Mississauga, ON). Each 276 
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spectrum was then normalized to a unit vector to remove the effect of concentration on the 277 

variance between samples. The signal intensities at each m/z were then mean centered to give 278 

each m/z a mean normalized signal intensity of zero, and PCA was then applied to the 279 

preprocessed data set. This analysis was done using the PLS Toolbox (Eigenvector Research, Inc. 280 

Manson, WA.) and MATLAB (Mathworks, Natick, MA). 281 

3. Results and Discussion 282 
 283 

The CP-MIMS analysis described here involves a relatively simple workflow based on the 284 

convenient in situ clean up provided by the perm-selectivity of the PDMS hollow-fibre membrane, 285 

which rejects particulates and ionized chemical species in solution. The PDMS effectively pre-286 

concentrates hydrophobic molecules from the aqueous solution, allowing them to permeate into 287 

a flowing acceptor phase which subsequently entrains them to the mass spectrometer for both 288 

quantitative and qualitative analysis. Figure 1 illustrates the simplicity of the instrumental set-up. 289 

Provided that the sample pH is adjusted below the pKa of the carboxylic acids (i.e., pH < 4, Feehan 290 

et al., 2019), the classical NAs (CnH2n+zO2) and other co-permeating molecules reach the ESI 291 

source as a mixture. While this has been shown to affect the ionization efficiency of NAs in some 292 

cases (such as when no prior sample clean-up is used), the use of a continuously infused internal 293 

standard (e.g., lauric acid-d2) corrects for ionization suppression from matrix components and 294 

instrumental drift (Duncan et al., 2015). Finally, the method of standard addition mitigates 295 

potential sample matrix effects. Given that a universal NA standard does not exist, quantitation 296 

by standard addition offers another advantage. NA mixtures extracted from specific OSPW 297 

sources can be used as quantifiers for specific sample sets and the total concentration can be 298 

expressed as an equivalent amount of that particular extract. 299 
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We report the direct measurement of NAs in acidified aqueous samples containing a 300 

synthetic OSPW using negative ion ESI, where the membrane permeable fraction (i.e., classical 301 

NAs) is measured as the corresponding deprotonated ions ([M-H]-). The complete analysis is fast, 302 

requiring ~ 15 mins to steady-state signal with no prior sample clean-up, which provides a 303 

significant time and consumables savings over conventional techniques. The full scan mass 304 

spectrum of a 1 ppm aqueous solution of Sigma Aldrich NA measured by CP-MIMS appears in 305 

Figure S3 and includes a base peak at m/z 171, with additional major ions at 185, 199, 213, 227, 306 

241 consistent with previously reported mass spectra of the O2 class of Sigma Aldrich NA 307 

(Damasceno et al., 2014). Table S3 lists the 32 most abundant ions and their corresponding 308 

isomer class assignment, accounting for > 97% of the observed signal intensity from Sigma-309 

Aldrich NA and used for quantitation.  310 

 311 
3.1 Quantitative Analysis 312 

Figure 2 illustrates a chronogram depicting the intensity for the sum of 32 SIMs for in situ 313 

analysis of a series of OSPW samples. Standard solutions are marked with their concentrations 314 

and samples are labeled with their sample number (Table S2).  After reaching steady-state, each 315 

sample was spiked with a standard addition of Sigma Aldrich NA followed by a membrane wash 316 

out. Samples were periodically interspersed with the analysis of independent standard solutions 317 

to ensure that a linear response was observed. We assess the reproducibility of the CP-MIMS 318 

approach to be comparable to other quantitative methods for NAs. Five replicate analyses of a 319 

representative synthetic OSPW sample (sample 831) yielded concentrations ranging from 9.88 – 320 

12.55 ppm NAT (mean = 10.8±1.1 ppm NAT, RSD = 9.8 %). This is consistent with the 321 

reproducibility that we have observed for replicate analysis of other standards and samples by 322 
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both direct calibration and standard addition, as well as similar work with large volume OSPW 323 

extracts (Letourneau, 2016). We have included information on our observed precision for both 324 

standard solutions and samples in Supplemental Information (Table S4). We therefore conclude 325 

that the precision of direct analysis of NAs by CP-MIMS is adequate for investigating attenuation 326 

through constructed wetland treatment as further illustrated by Figure S4.  327 

The measured concentrations of NAs by CP-MIMS in a set of 43 samples collected from 328 

four CWTSs ranged from < 0.1 to about 20 ppm expressed as an equivalent concentration of 329 

Sigma Aldrich NA after correcting for sample dilution at the point of measurement. Although our 330 

CP-MIMS method as described here could be further optimized for sensitivity, we estimate the 331 

current linear dynamic range to be from 0.02 – 2 ppm, based on three times the signal-to-noise 332 

ratio of a 20 ppb sample. Samples with original NA concentrations observed to be below 0.5 ppm 333 

(undiluted) were associated with blanks or unadulterated natural wetland samples while those 334 

in the range of 3 – 20 ppm were measured in synthetic OSPW samples, with lower NA 335 

concentrations generally associated with greater contact time with the CWTS. These measured 336 

concentrations follow a similar trend to those observed by direct injection HRMS following weak 337 

anion exchange SPE clean up, as shown in Figure 3. The solid red trend line indicates that the CP-338 

MIMS results exhibit a339 
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340 

positive bias relative to those obtained by SPE-HRMS with a slope of 1.38 above the 1:1 dotted 341 

line. There are some notable variances in the concentrations reported by the two direct sampling 342 

methods examined here (Table S5). While both methods involve the analysis of unresolved 343 

mixtures and are prone to possible matrix effects, we expect that these are mitigated (at least in 344 

part) in the case of CP-MIMS by the use of a continuously infused lauric acid-d2 internal standard 345 

and the method of standard addition for quantitation. It is worth noting that the fraction of 346 

compounds retained by weak anion exchange SPE and those that permeate through a PDMS 347 

membrane may differ. It is difficult to interpret differences in measured concentrations for 348 

specific samples given the inherent challenges in quantitation of complex NA mixtures in the 349 

presence of biogenic dissolved organic matter. We are currently exploring this further by 350 

comparing membrane permeable extracts at high mass resolution (Duncan et al., 2020). 351 

 352 

 

Figure 3: Correlation between total naphthenic acids quantified and expressed as ppm of Sigma Aldrich 
NA by CP-MIMS and by SPE loop injection HRMS. The solid line represents trend line for quantitative 
results (y = 1.38 x - 1.91, R2 = 0.745) and the dashed line depicts y = x.  
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Importantly, the direct sampling MS data generated by CP-MIMS shows the same trends 353 

as those supplied by SPE-HRMS. Both methods show that the concentrations of NAs decrease 354 

with retention time in a CWTS and also that the CWTS performance improved over time with 355 

system acclimation. Figure S4 shows NA concentrations in the four CWTS over a performance 356 

test period of approximately one month as measured by both CP-MIMS and SPE-HRMS. Figure 357 

S4 also shows NA concentration changes through the four CWTS cells of each series, with total 358 

contact times ranging between 4.73 to 9.89 days (divided equally by the cells in each series). 359 

Given the semi-quantitative nature of NA measurements generally, the level of agreement with 360 

a relatively fast sample cleanup and relatively accessible mass spectrometer at nominal mass 361 

resolution is impressive. Moreover, direct CP-MIMS analysis is successful in profiling relative NA 362 

concentrations throughout a CWTS (vide infra).  363 

 364 

3.2 Qualitative Analysis  365 

Mass spectra of complex samples provide multivariate datasets with discrete signals (m/z) 366 

encoding molecular level information. In addition to the quantitative work described above, full 367 

scan mass spectra were obtained for each sample to enable qualitative comparisons as a function 368 

of attenuation and treatment in constructed wetlands. Several representative full scan (-) ESI 369 

mass spectra obtained by CP-MIMS are shown on the same intensity scale in Figure 4.  370 
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371 

 372 

The mass spectra of synthetic OSPW samples collected at various sampling points through 373 

CWTSs were analysed by PCA using relative signal intensities for each m/z variable over the mass 374 

range of 107 to 300. PCA reduces the dimensionality of the resulting multivariate dataset, 375 

uncovering underlying patterns in the data. The majority of variance in full scan mass spectral 376 

data (>95%) is described by the first three PCs as described in the Scree plot (Figure S5). A scores 377 

plot of PC 1 versus PC 3 depicts the relationship between samples and is shown in Figure 5A. Each 378 

data point represents a sample and is colour-coded based on the total concentration of NA (as 379 

Figure 4: Four representative full scan mass spectra from CP-MIMS with nominal mass resolution. A) 
synthetic OSPW inflow (sample 701), B) background wetland outflow (sample 722), C) synthetic OSPW 
outflow CWTS C-series, May 12 (sample 734), and D) synthetic OSPW outflow CWTS C-series, May 5 
(sample 832).  
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ppm Sigma-Aldrich) present in the sample as determined by CP-MIMS (yellow is high 380 

concentration, blue is low concentration). 381 

 382 

383 

  384 

Also included in this data set are several blank control samples that were passed through 385 

the CWTSs without added synthetic OSPW. From these data it is apparent that PC 1 clearly 386 

discriminates between samples that have been impacted by OSPW, which have positive scores, 387 

and background wetland water samples (circled), which have negative scores. It should be noted 388 

that one OSPW sample (890, Table S2) appears separately in the PCA scores plot (Figure 5A), 389 

falling between the background water samples and the other OSPW impacted samples. While it 390 

is unclear why this is the case, the mass spectrum indicates the sample has a higher concentration 391 

of ions in the low mass range, suggesting contamination. However, removing this sample from 392 

Figure 2: A) PCA scores plot of PC 1 versus PC 3. The circled samples correspond to water samples not 
impacted with OSPW. Samples are colour-coded by naphthenic acid concentration (blue = low 
concentration, yellow = high concentration). Attenuation of OSPW samples can be seen along the PC 3 
scores. B) PCA loadings for PC 1 versus PC 3. Major ions have been identified with a chemical formula. 
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the analysis does not change the trends seen in the PCA. Importantly, the scores on PC 3 are 393 

directly correlated with the total NA concentration for the OSPW impacted samples. Thus, the 394 

score on PC 3 is a measure of attenuation, emphasized by the arrow depicted in Figure 5A. 395 

Samples with a higher total naphthenic acid concentration have a more positive score on PC 3. 396 

As the concentration of NAs decreases through the constructed wetland system as well as over 397 

the study time period, the score on PC 3 becomes increasingly negative. Since the signal counts 398 

of each m/z variable in the mass spectra were normalized to remove the effect of concentration, 399 

these results indicate that there is a change in the relative composition of NAs as attenuation 400 

proceeds. It is clear from Figure 5A that the change in the relative abundance in signal intensity 401 

(score on PC 3) trends with decreasing NA concentration through the CWTS. While it is difficult 402 

to distinguish between degradation, sorption and uptake with the data presented here, previous 403 

work (McQueen et al., 2017) has demonstrated oxidative chemical transformations of NAs in 404 

CWTSs (i.e., β-oxidation by aerobic microorganisms). Furthermore, using samples from these 405 

same systems, Ajaero et al. (2018) have observed changes in the NA composition that correlate 406 

with hydraulic retention time. This includes increases in the relative abundance of more highly 407 

oxygenated NAs and a decrease in the number of double bond equivalents. 408 

Several normalization approaches were applied (e.g., normalized on maximum signal 409 

intensity, normalized the sum of the signal intensities, and normalized each spectrum to a unit 410 

vector), and yielded similar results. It should be noted that the dataset for PCA was carried out 411 

with the full scan mass spectra as well as with a reduced mass range including only the signal 412 

intensities for the 32 m/z used in the quantitative analysis. In all cases, the scores plot from the 413 

PCA appeared to be similar and could be used to follow OSPW attenuation. The fact that a change 414 
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in the relative abundance of peaks in the full scan mass spectra obtained here is strongly 415 

correlated to the degree of attenuation, suggests that using on-line membrane sampling to select 416 

for classical NAs coupled with nominal mass resolution is a powerful tool to discriminate non-417 

impacted waters from those influenced by OSPW and resolve the degree of biological treatment.  418 

The PC 1 versus PC 3 loadings plot (Figure 5B) indicates which m/z variables lead to the 419 

sample discrimination shown in the scores plot. Mass-to-charge ratios 151 (C9H11O2-), 171 420 

(C10H19O2-, decanoic acid), and 205 (C13H17O2-) are important for discriminating between the 421 

background wetlands water and OSPW impacted samples. For example, m/z 171 is measured at 422 

much higher relative intensity in the OSPW samples than in the background wetland samples, 423 

whereas the reverse is true for m/z 151 and 205. The measured m/z most important for 424 

discriminating samples based on the degree of synthetic OSPW attenuation are 171 (C10H19O2-), 425 

183 (C11H19O2-), 197 (C12H21O2-), 213 (C13H25O2), 227 (C14H27O2-), and 241 (C15H29O2-).  Mass-to-426 

charge 171 has a large negative loading on PC 3, while the rest have high positive loadings. These 427 

signals dominate the synthetic OSPW mass spectrum (Figure 4A). In general, m/z 183, 197, 213, 428 

227, and 241 tend to decrease relative to m/z 171 through the attenuation process. Conversely, 429 

the signal intensity of m/z 171 appears to stay constant, or slightly increase relative to the other 430 

peaks through the attenuation process. In general, the signals responsible for sample 431 

discrimination along PC 3 were measured at very low relative signal intensity in the background 432 

wetland water samples, resulting in these samples having scores very close to zero along PC 3. 433 

To probe if we can discriminate the synthetic OSPW waters from natural surface waters (as 434 

opposed to the CWTS background samples), we also analyzed several archived natural waters 435 

collected in northern Alberta in June, 2012 by CP-MIMS and included them in a subsequent PCA 436 
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shown in Figure S6 (PC 1 vs PC 2 scores plot). The clear distinction between pristine natural waters 437 

and those influenced by synthetic OSPW is still apparent, giving us confidence that CP-MIMS with 438 

nominal mass resolution could be used to identify natural waters impacted by OSPW. While 439 

others have employed PCA to discriminate OSPW and other NA impacted samples (Woudneh et 440 

al., 2013, Huang et al., 2018), our results arising from an in situ, direct MS work flow follows the 441 

biological treatment by degradation through a constructed wetland treatment system. It should 442 

be noted that the discrimination observed here may not be consistent across all wetland types 443 

and may vary seasonally.  444 

 The PCA of nominal mass CP-MIMS data clearly discriminates unaffected background 445 

waters from those impacted by a synthetic OSPW. Furthermore, the scores plot can be used to 446 

follow the biological degradation of specific NA isomer classes as their total concentration in 447 

solution is diminished. Although more molecular level information is generally better (especially 448 

for environmental forensics), it is not always clear how this information can be fully utilized in 449 

support of environmental assessments and regulatory decisions. For example, if an operator 450 

needs to know if a treatment process is functionally removing NAs from solution or a regulator is 451 

tasked with determining if contamination from a particular source has occurred, faster and 452 

simpler methods can be extremely valuable. This is especially true if the analysis can be 453 

conducted on-site and return a data point in minutes rather than weeks.   454 

 455 
4. Conclusions 456 
 457 
We present a simple, direct sampling MS technique applied to follow changes in the 458 

concentration and composition of a synthetic OSPW as it passes through a CWTS. The technique 459 

offers a robust work-flow with no sample preparation other than dilution to a concentration 460 
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between 0.02 – 2 ppm of total NAs and pH adjustment. The analysis time is fast (~ 15 mins to 461 

steady-state) and requires relatively little handling or consumable reagents. Quantitation is 462 

based on a standard addition of an appropriate NA standard using the sum of 32 SIMs at nominal 463 

mass resolution, where a continuously infused internal standard is used to correct for instrument 464 

drift and ionization suppression in the ESI source. We employ simple chemometric techniques to 465 

assess the degree of biological treatment based on compositional changes in the full scan mass 466 

spectra of a synthetic OSPW. While chromatographic and higher mass resolution techniques 467 

clearly provide more molecular level information on a per sample basis - rapid, direct sampling 468 

methods enable a greater sample density, providing increased temporal and spatial resolution. 469 

As the data reported here involved only full scans and SIMs, the method could be adapted to use 470 

nearly any mass analyzer, such as ion traps or single quadrupoles. We are currently implementing 471 

sensitivity improvements through the use of ion enhancers (Letourneau, 2016), longer capillary 472 

hollow fiber membranes, and the use of polymer inclusion membranes (Vandergrift et al., 2017). 473 

The latter approach has the added benefit of reducing the full analytical duty cycle to < 10 mins. 474 

As such, we foresee membrane sampling being adapted to provide on-site rapid screening and 475 

process monitoring, providing useful and critical information for decision support and 476 

environmental protection.  477 

 478 
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