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Oil Sands Research and Information Network 

The Oil Sands Research and Information Network (OSRIN) is a university-based, independent 

organization that compiles, interprets and analyses available knowledge about managing the 

environmental impacts to landscapes and water impacted by oil sands mining and gets that 

knowledge into the hands of those who can use it to drive breakthrough improvements in 

regulations and practices.  OSRIN is a project of the University of Alberta’s School of Energy 

and the Environment (SEE).  OSRIN was launched with a start-up grant of $4.5 million from 

Alberta Environment and a $250,000 grant from the Canada School of Energy and Environment 

Ltd. 

OSRIN provides: 

 Governments with the independent, objective, and credible information and analysis 

required to put appropriate regulatory and policy frameworks in place 

 Media, opinion leaders and the general public with the facts about oil sands 

development, its environmental and social impacts, and landscape/water reclamation 

activities – so that public dialogue and policy is informed by solid evidence 

 Industry with ready access to an integrated view of research that will help them 

make and execute environmental management plans – a view that crosses disciplines 

and organizational boundaries 

OSRIN recognizes that much research has been done in these areas by a variety of players over 

40 years of oil sands development.  OSRIN synthesizes this collective knowledge and presents it 

in a form that allows others to use it to solve pressing problems. 
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REPORT SUMMARY 

In response to mounting evidence of local environmental contamination around the Alberta oil 

sands industry, the Alberta Environmental Monitoring Panel announced a new world class 

environmental monitoring program for the Alberta oil sands region in early 2011, and a new 

monitoring system is now being delivered jointly by the Government of Canada and the 

Government of Alberta.  This new program involves much more frequent sampling of water at 

many locations around oil sands activity.  However, a particular challenge remains that there are 

currently no proven or validated analytical methods for characterizing the highly complex 

mixture of organic compounds in bitumen-impacted waters which meet requirements for 

qualitative and quantitative accuracy, sensitivity, precision, and high throughput. 

To address this need, an on-line solid phase extraction (SPE) technique was developed for oil 

sands process-affected water (OSPW), and for natural surface and groundwater samples in the 

Athabasca oil sands region.  The on-line SPE method was connected directly to a high pressure 

liquid chromatography – Orbitrap mass spectrometry (SPE-HPLC-Orbitrap MS) instrumental 

system, allowing comprehensive profiling of thousands of dissolved organic compounds, and 

quantitative analysis of naphthenic acids (NAs), with only 5 mL of a natural water sample.  The 

new method improves upon existing methods by reducing sample volume requirements, 

eliminating sample preparation time, reducing the possibility of contamination, and increasing 

the accuracy and precision without sacrificing chromatographic performance, method sensitivity, 

or method quantitative quality. 

The new method is anticipated to be useful for high-throughput environmental water monitoring 

for purposes of current or future environmental compliance by industry, or for forensic source 

elucidation by monitoring programs and researchers.  The method requires a small investment in 

equipment to setup, but can pay for itself in terms of cost (e.g., solvents and disposable SPEs), 

and time savings (cost of technician’s time in manual solid phase extraction or other extraction 

step), not to mention the more precise and higher quality data that are resultant.  Considering the 

capital cost of any HPLC-ultra-high resolution mass spectrometer system (e.g., minimum 

$600k), it is the opinion of the authors that the minor additional cost of on-line solid phase 

extraction can be well justified for Provincial and/or Federal water monitoring around oil sands 

development. 

 



 

vii 

ACKNOWLEDGEMENTS 

The Oil Sands Research and Information Network (OSRIN), School of Energy and the 

Environment (SEE), University of Alberta provided funding for this project. 

 

 



 

1 

1 INTRODUCTION 

In response to scientific reports of environmental pollution around the Canadian oil sands 

industry (Kelly et al. 2009, 2010), the Alberta Environmental Monitoring Panel announced a new 

world class environmental monitoring program for Alberta in early 2011 (Government of 

Alberta 2011).  Details of the new program are still in development, but a new monitoring 

system is now being delivered jointly by the Government of Canada and the Government of 

Alberta and involves much more frequent sampling of air and water at many locations around oil 

sands activity (Environment Canada n.d.).  However, for water monitoring in the oil sands region 

of Alberta, where water may contain a highly complex mixture of bitumen-derived organic 

compounds, a particular challenge for environmental analytical chemists is that there are 

currently no standard analytical techniques, or gold-standard methods.  Methods are now needed 

that can meet requirements for accuracy, sensitivity, reliability, and high throughput. 

In 2012, Ross et al. reported on the quantitative and qualitative analysis of naphthenic acids 

(NAs) in surface waters and groundwaters from the Athabasca oil sands region using liquid-

liquid extraction and high-pressure liquid chromatography (HPLC)-time-of-flight mass 

spectrometry; a “high resolution” mass spectrometry technique
1
.  Using this highly selective 

method, this study showed that ambient NA concentrations in surface water (< 2 to 80.8 μg/L) 

were 100-fold lower than previously reported by “low resolution” mass spectrometry used by the 

Regional Aquatics Monitoring Program
2
. 

Nevertheless, there is still much room for improvement in the methods of Ross et al. (2012).  

First, Ross et al. were only able to report on the profiles of NAs (CnH2n‑ZO2; where n is the 

number of carbon atoms, and Z represents the deficiency of hydrogen atoms caused by double 

bonds or rings), even though thousands of other sulfur, nitrogen, and polyoxygenated compounds 

are known to be present in bitumen-impacted waters (i.e., natural water and tailings pond water) 

in the region (Birks et al 2013, Gibson et al. 2011); as determined by FTICR-MS; an “ultra-high 

resolution” mass spectrometry technique.  Second, the liquid-liquid extraction procedure used by 

Ross et al. (2012) for NAs in water samples was not highly quantitative and furthermore required 

a large water sample volume (~1L for each individual sample), used large volumes of toxic 

organic solvent for extraction, and was overall highly laborious and time consuming (Pereira  et 

al. 2013, Ross et al. 2012).  It is also known that different extraction solvents yield different 

results for the same sample (Headley et al. 2013), thus no liquid-liquid extraction method will be 

ideal.  Furthermore, inherent to all liquid-liquid extraction techniques is the high probability of 

contaminating a sample with the solvents, glassware, detergents, or ambient air in the lab.  Thus, 

the current available techniques for water monitoring around oil sands activity in the Athabasca 

River, or its tributaries, are still far from world class.  Improvements in the extraction and 

                                                 

1 For more information on a variety of analytical methods see Zhao, B., R. Currie and H. Mian, 2012.  Catalogue of 

Analytical Methods for Naphthenic Acids Related to Oil Sands Operations.  OSRIN Report No. TR-21.  65 pp.  

http://hdl.handle.net/10402/era.26792  

2 See http://www.ramp-alberta.org/RAMP.aspx 

http://hdl.handle.net/10402/era.26792
http://www.ramp-alberta.org/RAMP.aspx
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comprehensive detection of NAs, and of the highly complex mixture of other organic 

compounds, in bitumen-impacted waters was the goal of the current work. 

For environmental trace analysis of most organic compounds in water, an extraction step is 

generally required prior to analysis to achieve suitably low detection limits.  Solid phase 

extraction (SPE) is a now the most popular technique of choice for analysis of organic 

compounds in environmental water samples.  SPE relies on the affinity of the targeted analytes 

for a solid matrix.  The water sample (e.g., 10 to 1000 mL) is slowly passed over the solid matrix 

(typical flows are up to 5 mL of sample per minute), and the trapped analytes can then be eluted 

with a few mL of organic solvent, a portion of which can then be analyzed by HPLC with mass 

spectrometry (HPLC-MS).  This has advantages over liquid-liquid extraction including much 

lower organic solvent use (e.g., 1 to 2 mL for SPE, versus 0.5 to 1 L for liquid-liquid extraction), 

better precision, and higher throughput.  However, manual SPE is still relatively slow (e.g., a 1 L 

water sample may require 2 to 3 hours) and is still prone to contamination from solvents or the 

solid matrix itself.  Since each environmental sample is also processed on a different disposable 

SPE column, batch-to-batch manufacturing variability, and manual control of the sample 

extraction flow rate can adversely affect precision of the analysis. 

On-line solid phase extraction is a technique that improves upon manual SPE by automating and 

combining the water extraction step with the HPLC- MS analysis.  Briefly, using an upgraded 

injection system and an additional valve, an HPLC system can be converted to inject an 

environmental water sample to a reusable SPE column device.  Targeted analytes are trapped by 

the same principle as above, but are eluted by backflushing the on-line SPE directly to the 

analytical HPLC column.  This provides significant advantages over manual SPE, or liquid-

liquid extraction, by further minimizing solvent use, by increasing precision through automation, 

and increasing throughput by virtually eliminating the separate extraction step.  Also, by 

eliminating many manual processing steps and contact with laboratory glassware and reagents, 

on-line SPE also offers the possibility of less sample contamination.  Furthermore, relatively 

smaller water sample volumes (e.g., 5 to 40 mL) are needed for on-line SPE (Trenholm et al. 

2009) to obtain equivalent detection limits of manual SPE (e.g., 500 to 1000 mL).  For all these 

reasons, over the last decade the use of on-line SPE coupled to HPLC-MS has increased, and 

several methods have been applied for environmental analysis of different organic compounds in 

water samples, including  pesticides (Kuster et al. 2006, Marín et al. 2006, Postigo et al. 2010, 

Singer et al. 2010), pharmaceutical residues (Bones et al. 2006, Farré et al. 2012, López-Serna et 

al. 2012), illicit drugs (Fontanals et al. 2013, Jurado et al. 2012, Repice et al. 2013), and 

antibiotics (Díaz-Cruz et al. 2008, García-Galán et al. 2010, 2012, Gros et al. 2013). 

The major aim of this work was to establish an automated method that allows the routine and 

high-throughput quantitative analysis of NAs, while also providing qualitative analysis of other 

dissolved organics in natural or bitumen-impacted water samples using best-available 

technologies.  The specific objectives were to improve on the method of Ross et al. (2012) by 

increasing sample throughput and precision, minimizing contamination, and by increasing the 

range of detected analytes without sacrificing sensitivity or quantitative applications for NAs.  

Here we combined on-line SPE with high-pressure liquid chromatography coupled to Orbitrap 
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MS (a form of “ultra-high” resolution mass spectrometry) (SPE-HPLC-Orbitrap-MS) for such a 

purpose. 

2  EXPERIMENTAL 

The SPE-HPLC-Orbitrap-MS method required the following apparatus, standards and reagents. 

2.1 Apparatus 

Most of the apparatus used is listed in Table 1, while components are listed in Table 2. 

 

Table 1. Apparatus. 

 

Apparatus Manufacturer, Country 

Adjustable Pipettes (P200 and P5000) Eppendorf, USA 

Disposable plastic pipettes tips – Labtip 

Yellow (range 5 to 200 µL), & WHIT Blue 

(range 200 to 1000 µL) 

Fisher Scientific, USA 

Scintillation vials, 20 mL Cole-Parmer, CA 

15 mL  Falcon conical centrifugal tubes Fisher Scientific, CA 

10 mL Autosampler glass vials and caps Fisher Scientific, CA 

Vortex mixer Fisher Scientific, CA 

Centrifuge Fisher Scientific, CA 

Analytical balance (± 0.01 mg) model LE225D Sartorius, USA 

 

Table 2. Components. 

 

Component Manufacturer, Country Model 

Liquid Chromatography 

System 

Thermo Fisher, CA, USA ARIA MX 

Mass spectrometer Thermo Fisher, CA, USA Orbitrap Elite 
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2.2 Standards and Reagents 

Similar to the method of Ross et al. (2012) for quantitation of NAs, a commercial technical 

mixture of NAs (Refined Merichem) was used for calibration curves, and an authentic pure 

isotopically-labelled NA internal standard (Dodecanoic-D23 Acid) was added to each sample, 

blank, and standard prior to analysis.  The identity and source of the standards is shown in 

Table 3.  Table 4 shows all general reagents used for preparation of stock solutions or HPLC 

mobile phases. 

 

Table 3. Reference standard information. 

 

Standard Purpose Supplier 

Commercial naphthenic acids 

(Refined Merichem) 
Calibration curve Merichem 

Dodecanoic-D23 Acid 

C12HD23O2;  m.w. = 223.46 
Internal Standard Sigma-Aldrich 

 

Table 4. Reagents for solutions and mobile phases. 

 

Reagent Description Manufacturer, Country 

Methanol LCMS Optima grade Fisher Scientific, CA 

Water LCMS Optima grade Fisher Scientific, CA 

Acetic acid LCMS Optima grade Fisher Scientific, CA 

 

2.3 Master Stock Solutions 

Master stock solutions of the internal standard and Refined Merichem were prepared in 

volumetric flasks and stored at 4 
o
C.  An accuracy of  0.01 mg for the weighing of standards 

was used.  All weighing references and additional dilutions were recorded in a laboratory 

notebook.  

2.3.1 General Procedure for Preparing the Commercial Naphthenic Acid (Refined 

Merichem) Master Stock Calibration Standard 

Commercial NA oil (Refined Merichem) was accurately weighed into a volumetric flask and 

diluted to volume with methanol.  For the present study, the concentration of master stock 

solution for commercial naphthenic acid (Refined Merichem) was 50,000 µg/mL. 



 

5 

2.3.2 Procedure for Preparing Dodecanoic-D23 Acid Master Stock Solution 

Dodecanoic-D23 acid was accurately weighed into a volumetric flask and diluted to volume with 

an appropriate amount of methanol.  For the present study, the concentration of the master 

solution of dodecanoic-D23 acid internal standard was 500 µg/mL. 

2.4 Working Solutions 

To fulfill the needs for pre-study and study validation, the following working solutions were 

prepared by dilution of the corresponding master solution.  The final concentration, resultant 

volume, dilution and source solution details are presented in each of the following tables. 

2.4.1 Commercial NA Working Solutions for Calibration 

All working solutions (A to J in Table 5) were prepared by dilution of the master commercial 

naphthenic acid (Refined Merichem) stock solution using methanol/water (50/50; v/v) as the 

diluent. 

 

Table 5. Naphthenic acid working solutions for use in calibration. 

 

 

Final 

Concentration 

(in µg/mL) 

Stock Solution Used Volume of 

Diluent 

(in mL) 

Final 

Volume 

(in mL) 

Dilution 

Factor Added Volume 

(in mL) 

Concentration 

(in µg/mL) 

A 10,000 2.00 50,000 (master) 8.00 10 5 

B 5,000 1.00 50,000 (master) 9.00 10 10 

C 2,000 0.40 50,000 (master) 9.60 10 25 

D 1,000 1.00 10,000 9.00 10 10 

E 500 1.00 5,000 9.00 10 10 

F 200 1.00 2,000 9.00 10 10 

G 100 1.00 1,000 9.00 10 10 

H 50 1.00 500 9.00 10 10 

I 20 1.00 200 9.00 10 10 

J 10 1.00 100 9.00 10 10 
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2.4.2 Dodecanoic-D23 Internal Standard Working Solution 

Working solutions of dodecanoic-D23 internal standard were prepared by diluting the master 

solution 50x with methanol (Table 6). 

Table 6. Dodecanoic-D23 working solution. 

 

 

Final 

Concentration 

(in µg/mL) 

Source Master Solution Volume of 

Diluent 

(in mL) 

Final 

Volume 

(in mL) 

Dilution 

Factor Added Volume 

(in mL) 

Concentration 

(in µg/mL) 

A 10.00 0.2 500 9.8 10 50 

 

2.5 Preparation of Aqueous Acetic Acid Mobile Phase 

A fresh aqueous solution of aqueous acetic acid  (mobile phase A) was prepared as needed for 

each analysis by adding 1 mL of acetic acid into a volumetric flask (1,000 mL capacity) 

containing 200 mL of water and diluting to volume with water in a fumehood. 

2.6 Chromatographic Conditions 

The chromatographic conditions used are listed in Table 7 and the online SPE conditions used 

are listed in Table 8. The typical internal standard retention time by the current method was 

13.8 minutes. 

Table 7. Chromatographic conditions. 

 

Parameters Description 

Mobile phase (A) Acetic acid 0.1% in water  and (B) Methanol 

Analytical column Hypersil Gold C18 5 cm x 2.1 mm 1.9 μm 

SPE column Hypersil Gold aQ (C18 type column) 2 cm x 2.1 mm 12 μm 

Autosampler temperature 12C 

Back pressure Max 800 Bar 

Column temperature 40 C 

Split not used 

Injection volume 5 mL 

Total run time 25 minutes 
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Table 8. Online-SPE and HPLC flow conditions. 

The information includes total flow rate (ml/min), composition of mobile phase A 

and B (%A, %B), gradient mode (Grad: step function or linear ramp), and timing of 

the valve which switches from “load position” to “elute position” at 3.67 min for the 

on-line SPE (also see Figure 1). 

 

 Online-SPE  Analytical Column 

Time 

(min) 

Flow 

(mL/min) 

Grad  %A  %B  Valve Flow 

(mL/min) 

Grad  %A  %B  

0.00 2.00 Step 99.0 1.0 - 0.50 Step 100 0 

3.67 0.25 Step 0 100 switch 0.50 Step 100 0 

7.67 0.25 Step 0 100 - 0.50 Step 100 0 

8.17 0.50 Step 0 100 - 0.50 Ramp 10 90 

17.00 0.50 Step 99.0 1.0 - 0.50 Ramp 1 99 

22.00 0.50 Step 99.0 1.0 - 0.50 Ramp 100 0 

25.00 0.50 Step 99.0 1.0 - 0.50 Ramp 100 0 

2.7 Mass Spectrometric Conditions 

The Orbitrap Elite was operated in negative electrospray ionization (ESI-) mode.  Acquisition 

was performed in scan mode from m/z 100 to m/z 500 with the conditions shown in Table 9. 

Table 9. Orbitrap Elite conditions. 

 

Parameters Description 

Capillary Temperature (°C) 300 

Vaporizer Temperature (°C) 350 

Sheath Gas Flow (Arbitrary units) 40 

Auxiliary Gas Flow (Arbitrary units) 5 

Sweep Gas Flow (Arbitrary units) 2 

Source Voltage (kV) 5 
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2.8 Analyte Identification 

For quantification and generation of profiles, individual NA homologues were identified using a 

two-tiered approach.  First, individual homologues were identified based on the exact mass, 

using the criteria of ±0.02 daltons.  Second, analyte retention times for each homologue must 

have corresponded to within ± 0.5 minutes with retention times for the same homologue in 

commercial Refined Merichem NAs. 

2.9      Quantification 

All chromatograms were processed automatically using Xcalibur 2.2 software/QuanBrowser 

(Thermo Fisher) using the same processing parameters such as integration type, smooth, peak-to-

peak amplitude and peak detection for all samples.  Manual integration was performed only 

when necessary. 

Total O2 naphthenic acid concentrations were calculated based on external calibration.  A 

calibration curve was generated from serial dilutions of a stock commercial naphthenic acid 

solution (Refined Merichem).  Total peak area ratios for all homologues, based on the sum peak 

area ratio (peak area of analyte divided by the peak area of the internal standard) for all identified 

homologues from C7 to C22 and Z = 0 to Z = -20 were fit to a least squares regression. 

Total naphthenic acid peak area ratios were then interpolated based on the linear calibration 

function, to provide concentrations for total naphthenic acids.  The calculated value was rounded 

off to 3 (three) significant figures using an Excel worksheet formula. 

2.10 Profiles 

Homologue profiles of O2 naphthenic acids were generated by plotting the peak area ratio for all 

for all identified homologues from C7 to C22 and Z = 0 to Z = -20 in Microsoft Excel. 

2.11 Determination of the Limit of Quantification (LOQ) 

The lowest standard on the calibration curve was accepted as the Limit of Quantification (LOQ) 

if the following conditions were met: 

1. No interference present in blanks at the retention time of the analytes, or the response 

of this lowest standard is 5 times greater than any interference in blanks at that 

retention time. 

2. Analyte peak is identifiable, discrete and with an accuracy of 80% to 120% in 

relation to the nominal standard concentration. 

3. If duplicate standards were available and approved, the calculated precision was 

within 20%. 

The LOQ of this method for total O2 naphthenic acids was determined to be 1 µg/L. 
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3 HIGH VOLUME INJECTION SPE VERSUS LIQUID/LIQUID EXTRACTION 

3.1 Chromatographic Performance and Efficiency 

In the present method, 5 mL of the sample is injected into the chromatographic system and the 

target compounds are concentrated into the SPE column by a stream of mobile phase water with 

0.1% of acetic acid in water:methanol (99:1, v/v)) at 2 mL/min.  Thereafter, the six-port 

switching valve was activated and the analytes were transferred from the SPE column to the 

analytical column using the same mobile phases as in the previous step through both columns 

(Figure 1).  When the transfer was finished, the analytes were separated analytically in a 

conventional manner.  Water spiked at 50 μg/L of Refined Merichem oil was used as a surrogate 

in the water samples to evaluate the impact of the injection volume and SPE concentration step 

on chromatographic performance. 

 

 

Figure 1. Schematic of the online-SPE valve. 

(a) Load position; (b) Elute position. 

 

The chromatographic separation and peak shape obtained using the high volume injection online 

SPE-LC system were comparable to those obtained by direct HPLC analysis (i.e., similar to the 

existing method of Ross et al. (2012)), confirming good chromatographic performance, and good 

analyte focusing and transfer to the analytical column without significant band broadening.  

Figure 2A shows a total ion chromatogram (TIC) of Merichem oil in water at 50 μg/L where 

5 mL is injected to the on-line SPE column.  This can be directly compared to the TIC in 

Figure 2B, where 5 μL of Refined Merichem oil (in methanol at 50 mg/L) is injected directly to 

the analytical column.  In both analyses, 250 ng of the Refined Merichem oil was introduced to 
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the system, and the chromatograms show a high similarity, suggesting that the chromatographic 

performance of both analyses is similar.  However, due to the known complexity of the sample, 

TICs cannot be used for further chromatographic evaluation, thus extracted ion chromatograms 

of three naphthenic acids in the sample are shown in Figure 3: 

1. C10H16O2 

2. C12H20O2 

3. C14H24O2 

 

 

Figure 2. Total ion chromatograms of Refined Merichem oil in water and methanol. 

A) TIC of Refined Merichem oil in water at 50 μg/L where 5 mL is injected to the 

on-line SPE column. 

B) TIC of Refined Merichem oil in methanol at 50 mg/L where 5 µL is injected 

directly to analytical column. 
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Figure 3. Extracted ion chromatograms of specific naphthenic acids in Refined Merichem oil. 

[1] – C10H16O2, [2] – C12H20O2, and [3] – C14H24O2. 

(A) Refined Merichem oil in water at 50 μg/L, with 5 mL injected to the on-line SPE 

column. 

(B)  Refined Merichem oil in methanol at 50 mg/L, with 5 µL injected directly to the 

analytical column. 
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maximize N, thus N was calculated for the on-line SPE method according to the following 

equation, and compared to direct injection. 

 

(1) N = 5.545(tR/Wh)
2
 

  

Where 

tR is the retention time and 

Wh is the width at half the peak height. 

 

Based on the retention times for compound 2, and the widths at half the peak height, the 

calculated Ns are very similar: 12,567 for the online-SPE and 12,650 for direct injection to the 

analytical column (Figure 3).  For columns with porous particle packing materials, the column 

performance has a relationship with particle diameter (equation 2), and both the above results are 

very close to the maximum theoretical value of N (13,160) for a column with 5 cm of length (L) 

and a particle diameter (dp) of 1.9 µm. 

 

 (2) N ≈ L/2dp 

 

Another objective measure of chromatographic performance is the ability of the system to 

separate any two compounds, and this can be measured by calculating the resolution (Rs, 

equation 3) for any two analytes.  Considering chromatographic peaks 1 and 2, and 2 and 3 

(Figure 3), the resolution was nearly identical in the two systems: Rs of 2.31 for peaks 1 and 2, 

and Rs of 1.51 for peaks 2 and 3, by the on-line SPE analysis, and Rs of 2.32 for peaks 1 and 2, 

and Rs of 1.53 for peaks 2 and 3 obtained by direct injection to the analytical column. 

 

(3) Rs = 1.18((tR2 - tR1)/(Wh1+Wh2) 

 

Therefore, at least for NAs, it is possible to conclude that the online-SPE step did not create any 

significant band broadening (i.e., widening of the peaks), nor did it have an impact on the 

chromatographic efficiency or general performance of the method. 

3.2 Sensitivity and Linearity 

Using the new on-line SPE method, the linearity of the calibration curves constructed for total 

NAs by the analysis of water spiked with Refined Merichem oil, between 1 and 1,000 µg/L, was 

good, with correlation coefficients always higher than 0.99 (Figure 4). 

 



 

13 

 

 

Figure 4. Typical calibration curve for commercial naphthenic acids (Refined Merichem). 

The area ratio (y-axis) is calculated by the total response of NAs divided by the 

response of the internal standard. 

 

The sensitivity for the present method is approximately 2 times better than the previous HPLC-

QTOF method of Ross et al. (2012) (comparing equivalent mass injected to the system), used for 

the analysis of NAs in natural waters  samples.  Other advantages include the very low sample 

manipulation, and the fact that this Orbitrap mass spectrometer has a much higher resolving 

power (8 to 10 times) compared to the QTOF instrument for the same compounds (Pereira et al. 

2013). 

3.3 Analyte Recoveries 

The online-SPE recovery was evaluated by calculating the total peak area of NAs from Refined 

Merichem oil (3 concentrations), compared to equivalent samples that were extracted by the 

liquid/liquid procedure of Ross et al. (2012) and injected directly.  Specifically, liquid/liquid 

extraction of 1 L of spiked water was performed by reducing the pH to 2 using 98% H2SO4, and 

shaken twice with 200 mL of dichloromethane.  The combined extract (400 mL) was then 

evaporated to near dryness with a rotary evaporator, the remaining volume transferred to a 

10 mL glass vial and taken to dryness under a gentle stream of nitrogen at 40 °C.  The residue 

was dissolved in 1 mL of acetone and transferred to a 2 mL vial for analysis, and 5 µL was 

injected direct to the analytical column using the same conditions described in Table 8. 

Figure 5 shows the overall results at 3 concentrations (each in triplicate), and indicates that the 

recovery by online-SPE is higher and also has lower variability than the common liquid-liquid 

extraction method. 
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Figure 5. Recovery and precision (plotted as standard deviation) for the online-SPE and 

liquid/liquid extraction at three concentrations in triplicate. 

3.4 Method Precision 

The overall method precision (i.e., the repeatability) was calculated as the relative standard 

deviation (RSD) for the replicate (n = 3) analyses of an authentic OSPW sample diluted 

100 times in optima grade HPLC water.  This sample can be considered a surrogate for a 

bitumen-impacted natural water sample in the Athabasca region, as it not only has NAs 

(~200 µg/L) but also contains other heteroatom-containing species such as O3, O4, O2S, etc… 

(details about the chemical composition of this sample are provided in Section 3.6).  The TIC of 

three consecutive analyses (injecting 5 mL of the sample to the on-line SPE each time) is shown 

in Figure 6.  These three TIC chromatograms are basically the same, showing high precision of 

the developed method. 
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Figure 6. The TIC of  three consecutive analyses of an OSPW sample diluted 100 times (5 mL 

injected on the on-line SPE system). 

 

A more detailed analysis of the method precision was performed by examining individual 

compound peaks, as shown in Figure 7.  The peaks corresponding to an NA (C14H24O2) in three 

consecutive analyses were near perfectly superimposed (Figure 7A), as was the case for more 

oxygenated species present in the OSPW.  For example, the relative standard deviations of the 

peak areas were lower than 2.0% (without internal standard correction), as illustrated for 

C14H20O3 (Figure 7B) and C14H24O4 (Figure 7C). 

Precision of results is one of the main advantages of an automated on-line method like this, and 

can be attributed to little or no manipulation of the sample by any off-line manual method prior 

to injection. 
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Figure 7. Three superimposed extracted ion chromatograms (black, green, and red trace) for an 

OSPW sample that was diluted 100 times, of which 5 mL was injected to the on-line 

SPE system in triplicate. 

(A) C14H22O2, (B) C14H20O3 and (C) C14H22O4. 
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3.5 Naphthenic Acid Profile 

To demonstrate the qualitative abilities of the method we compared the NA profiles for a sample 

of Refined Merichem oil in water at 50 μg/L injected to the on-line SPE column (5 mL injection 

volume) to a Refined Merichem oil sample dissolved in methanol (50 mg/L) and injected directly 

to the analytical column (5 μL injection volume).  The results (Figure 8) show no evident 

distortion of the NA profile.  This result contributes to the validation of the use of the present 

method for the NA profiling and consequently as an analytical tool to evaluate the fate or source 

of a wide range of NAs in the Athabasca region, as is possible with the method of Ross et al. 

(2012). 

3.6 Full Chemical Profile 

An additional advantage of the present analytical method, over Ross et al. (2012) is the high 

resolution of the mass spectrometer used.  The resolving power in mass spectrometry is the 

ability of an instrument to discriminate ions of similar m/z.  It can be calculated as m/Δm, where 

m is the nominal mass of a given molecule and Δm is the width of the peak at half of its 

maximum height.  For the Orbitrap Elite mass spectrometer, the nominal resolving power was 

240,000 at m/z 400, allowing empirical chemical formulas (i.e., CnOxSyNz) to be assigned to 

each resolved peak with errors (difference between the theoretical and measured m/z) less than 

2 ppm. 

Figure 9 shows total ion mass spectra (i.e., mass spectra are summed across the entire 

chromatogram) for a sample of OSPW diluted 100 times and injected to the online-SPE, 

compared to the same OSPW sample (no dilution) injected directly to the analytical column.  

The two total ion mass spectra are very similar, and consequently result in very similar full 

chemical profiles (Figure 10).  No quantitative calibration was attempted, thus these data are 

primarily qualitative, however the online-SPE step did not create any obvious distortion in the 

distribution of OSPW-derived chemical compounds. 
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Figure 8. NA profiles (CnH2n‑ZO2) of Refined Merichem oil dissolved in methanol and injected 

directly to the analytical column (top panel) compared to the same sample diluted 

100x and injected to the on-line SPE system (bottom panel). 

Each colour represents a different Z, as indicated in the legends. 
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Figure 9. Total mass spectra of OSPW chromatograms acquired by electrospray negative 

mode. 

(A) OSPW diluted 100 times and injected to the online-SPE, and (B) OSPW injected 

directly to the analytical column. 
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Figure 10. Comparison of total heteroatom class peak area abundance. 

Top panel – analysis of OSPW diluted 100 times and injected to the online-SPE. 

Bottom panel – sample of OSPW (without dilution) injected directly to the analytical 

column 

4 ANALYSIS OF REAL SAMPLES 

The application of the present method to real samples is demonstrated through the analysis of a 

set of three surface water samples and three groundwater samples collected in the Athabasca oil 

sands region.  Total NA concentration (Table 10) is reported for all water samples, and is based 

on “adjusted profiles”, see below, that are not blank subtracted.  However, total response in the 

blank is very low (<1 µg/L). 

 

Table 10. Naphthenic acid concentration in real samples. 

 

Sample Concentration (µg/L) 
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Sample Concentration (µg/L) 

SW03 11.1 

Groundwater Samples 

GW01 12.8 

GW02 30.7 

GW03 236 

 

The qualitative homologue profiles are also shown below for all surface water (Figure 11) and 

groundwater (Figure 12) samples.  The full profiles (all NA data) and “adjusted profiles” are 

shown.  The adjusted profiles are made by removing all the signal from Z = 0 NAs, and Z = -2 

NAs (C16 and C18 only), as these are highly influenced by natural (biological) sources, and are 

only minor NAs in oil sands process-affected water.  Thus the adjusted profiles are most useful 

for tracking bitumen-derived sources of NAs. 

5 CONCLUSIONS 

The present analytical method has minimal sample manipulation which contributes to enhanced 

precision and accuracy of quantitative and qualitative NA measurements in water samples, while 

diminishing the potential for contamination of samples prior to analysis.  In the developed 

method, the on-line SPE pre-concentration and transfer of the extract to the chromatographic 

system did not affect chromatographic efficiency, and improved limits of detection.  High 

sensitivity and specificity was achieved by the use of Orbitrap mass spectrometry, providing 

even greater reliability to the data.  The method is anticipated to be useful in high-throughput 

environmental water monitoring for purposes of future environmental compliance by industry, or 

for forensic source elucidation by monitoring programs and researchers. 

The method requires a small investment in equipment to setup ($30 to $50k), but should pay for 

itself in terms of cost (e.g., solvents and disposable SPEs), and time savings (cost of technician’s 

time in manual SPE or other extraction step), not to mention the more precise and higher quality 

data that are resultant.  Considering the capital cost of any HPLC-ultra-high resolution mass 

spectrometer system (e.g., minimum $600k), it is the opinion of the authors that the minor 

additional cost of on-line SPE can be well justified for Provincial and/or Federal water 

monitoring around oil sands development. 
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Full Profiles Adjusted Profiles 
(minus  Z = 0, and Z = -2 (C16 and C18)) 

 
 

  

  

  

Figure 11. Three Athabasca River surface water samples analyzed by SPE-HPLC-Orbitrap MS. 
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Full Profiles Adjusted Profiles 
(minus  Z = 0, and Z = -2 (C16 and C18)) 

  

  

  

Figure 12. Three bitumen-impacted groundwater samples analyzed by SPE-HPLC-Orbitrap 

MS. 
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7 GLOSSARY 

7.1 Terms 

Accuracy 

The degree of closeness of measurements of a quantity to that quantity's actual (true) value. 

Analyte 

The chemical being analyzed. 

Band Broadening 

In chromatography, this is the result of the analyte’s longitudinal diffusion within the analytical 

column, resulting in wider chromatographic peaks.  This should always be minimized. 

Efficiency  

In chromatography, the efficiency of a system is effectively a measure of peak width, with 

smaller peak widths being most desirable.  Efficiency can be measured quantitatively by the 

theoretical plates.  Band broadening reduces efficiency. 

Electrospray Negative Mode 

Electrospray is an ionization source, which operates at the interface between HPLC and mass 

spectrometry.  It is useful because it effectively removes charged analytes from solution (e.g., in 

HPLC the analytes are dissolved in water/solvent) into the gas-phase, such that they may enter 

the mass spectrometer and be analyzed.  Acids, such as naphthenic acids, are negatively charged 

in solution, thus “negative mode” is used in the current work to analyze all negatively charged 

analytes. 

Elute 

To desorb the analytes from a solid matrix (e.g., SPE or analytical column), usually by means of 

a solvent. 

Heteroatom 

In organic chemistry, a heteroatom is any atom that is not carbon or hydrogen.  Usually, the term 

is used to indicate that non-carbon atoms have replaced carbon in the backbone of the molecular 

structure.  Typical heteroatoms are nitrogen, oxygen, sulfur, phosphorus, chlorine, bromine, and 

iodine. 
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Homologue 

A series of compounds with a similar general formula, but varying by the length of a carbon 

chain (number of CH2 groups).  Because homologues typically have a fixed set of functional 

groups, these compounds have similar chemical and physical properties. 

Mass Spectrometry 

An instrumental method for identifying the chemical constitution of a substance by means of the 

separation of gaseous ions according to their differing mass and charge. 

Refined Merichem Oil 

This oil can be purchased commercially from the Merichem Company (Houston, TX) and is 

useful because it is a relatively pure form of naphthenic acids (a complex mixture of 

homologues, nevertheless) that can be used to calibrate or validate analytical methods designed 

to detect naphthenic acids in environmental samples. 

Polyoxygenated Compounds 

A compound or group of compounds containing more than two oxygen atoms. 

Precision 

The degree to which repeated measurements under unchanged conditions show the same results. 

Retention Time 

The amount of time elapsed from the injection of a sample into the chromatographic system to 

the recording of the peak elution (maximum) of the component in the chromatogram. 

Theoretical Plates (N) 

Also termed plate number.  It is a number indicative of chromatographic column performance. 

Higher numbers of theoretical plates are desirable. 

7.2 Acronyms 

FTICR-MS Fourier Transform Ion Cyclotron Resonance – Mass 

Spectrometry 

HPLC High Pressure Liquid Chromatography 

LC-MS Liquid Chromatography-Mass Spectrometry 

LOQ Limit of Quantification 

NA Naphthenic Acid 

OSPW Oil Sands Process-affected Water 

OSRIN Oil Sands Research and Information Network 

QTOF Quadropole Time of Flight 

RSD Relative Standard Deviation 
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SEE School of Energy and the Environment 

SPE Solid Phase Extraction 

TIC Total Ion Chromatogram 

7.3 Measurements 

mg/L milligram per litre 

mL millilitre 

ng nanogram 

µg microgram 

µg/L microgram per litre 

µL microlitre 
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