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Abstract 

A new paired ion electrospray ionization tandem mass spectrometry method for determination 

of anionic surfactants in water samples was developed. In this method, dicationic ion-pairing 

reagents were complexed with monoanionic analytes to facilitate analyte detection in positive 

mode electrospray ionization – mass spectrometry. Single ion monitoring and selected reaction 

monitoring on a triple quadrupole instrument were performed and compared. Four dicationic 

reagents were tested for the determination of perfluorooctanoic acid (PFOA), perfluorooctane 

sulfonate (PFOS), sodium dodecyl sulphate (SDS), dodecylbenzene sulfonic acid (DBS), and 

stearic acid (SA), among other common anions. The obtained limits of detection were compared 

with those from previous literature. Solid phase extraction using a C18 cartridge was performed 

in order to eliminate matrix interferences. A literature review was compiled for the methods 

published between 2010 and 2015 for determination of anionic surfactants. The optimized 

method was more sensitive than previously developed methods with LOD values of 2.35, 35.4, 

37.0, 1.68, and 0.675 pg for SDS, SA, DBS, PFOS, and PFOA, respectively. The developed 

method was effectively applied for the determination of anionic surfactants in different water 

samples such as bottled drinking water, cooking water, tap water, and wastewater. 

 

Keywords: anionic surfactants; water analysis; tandem mass spectrometry; solid phase 

extraction; perfluorinated compounds; ion pairing; PIESI 
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1. Introduction 

The determination of anions, since they possess a negative charge, would be expected to 

be performed in the negative ionization mode of mass spectrometry. However, the use of 

electrospray ionization mass spectrometry (ESI-MS) in the negative ionization mode has been 

shown to have drawbacks [1,2]. The positive ion mode is usually preferred as it can provide 

lower detection limits and better baseline stability. The negative ionization mode requires 

application of high negative voltages to form the electrospray. Consequently, it is more 

susceptible to corona discharge than the positive ion mode, and it can result in higher 

background noise and poor spray stability. Water/methanol-based solvents are known to 

increase the likelihood of corona discharge. Also, anions of small mass that are below the mass 

cut-off of the mass spectrometer cannot be determined [3]. Association of these anions with a 

multiply-charged cationic reagent increases the mass-to-charge ratio of the “paired ion” species 

and this facilitates detection. 

Martinelango et al. [4] initially reported paired ion electrospray ionization (PIESI) for 

perchlorate determination using the positive ionization mode in mass spectrometry. Later, PIESI 

was applied for the determination of different inorganic and organic anions [5]. Lower detection 

limits (LODs), in the picogram and subpicogram range, were obtained demonstrating the 

improvement in sensitivity when using the positive ion mode compared to the negative ion 

mode. Following these results, some studies were performed to understand why these ion-

pairing reagents were improving the sensitivity for anions determination in mass spectrometry. 

According to Breitbach et al. [6], the binding between the anions and the ion-pairing reagents is 

enhanced during the electrospray desolvation process. They were able to observe that the 

complex was much more surface active than the analyte or reagent ions alone, and that this 

improved the ionization efficiency. Other dicationic and tricationic reagents were developed and 

applied for the determination of both mono and doubly charged anions [7,8]. The authors 

concluded that the structure of the reagent was an important factor in obtaining better 

sensitivity, as rigid structures did not perform as well [9]. Additional PIESI-MS applications 

have included the determination of metals [10,11] and acidic pesticides [12]. 
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Surfactants are widely used in a variety of dispersants, detergents, personal care 

products, paints, and pharmaceuticals. Their ability to enhance solubilisation and act as 

cleaning, coating, and releasing agents makes them ubiquitous in modern society. Surfactant 

molecules possess hydrophilic and hydrophobic moieties, which give them amphiphilic 

properties and surface activity in aqueous solutions. These compounds can be divided into 

anionic, cationic, and non-ionic categories depending on the nature of their head group. Anionic 

surfactants are the most prevalent type and they have been released to the environment in 

appreciable quantities. They have been found in natural water systems and wastewaters [13]. 

There are several types of anionic surfactants, but among them, sodium dodecyl sulfate (SDS) 

and dodecylbenzenesulfonate (DBS) are the most widely used. Also, there is increasing concern 

about perfluorinated compounds, in particular perfluorooctanoic acid (PFOA) and 

perfluorooctane sulfonate (PFOS) [14]. They are widely used in many industrial applications 

and they are more environmentally stable and persistent than most other surfactants. These 

compounds have been detected in human blood, water, soils, sediments, air, and biota. As a 

result, they have been added to the United States Environmental Protection Agency (US EPA) 

priority list for future regulation in drinking water [14,15]. Due to their high toxicity to humans 

[15,16], studies have been performed to understand the sources of these compounds, their fate, 

modes of human uptake and their potential health effects. Indeed, consumers are exposed to 

PFOA due to its usage in PFC-containing products [14,17]. PFOA is an essential polymerization 

aid for the production of fluoropolymers used in non-stick coating materials, such as those used 

in cooking pans (as a consequence, the use of Teflon® in cooking utensils is being phased out) 

[18]. 

In this work, a brief review of the literature on the determination of anionic surfactants 

(from 2010 to 2015) is presented, with an emphasis on the sensitivity of the methods, since the 

levels in environmental samples can be very low. Subsequently, a PIESI method is presented for 

the determination of anionic surfactants in water and compared to existing methods. Finally, the 

developed method was applied for the determination of SDS, DBS, PFOA, PFOS, and stearic 

acid (SA) in different water samples, including bottled drinking water, tap water and 



5 
 

wastewater. The possible release of PFOA from new and used anti-stick pans was also 

evaluated. 
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2. Materials and Methods 

2.1. Chemicals & Reagents 

LC-MS grade analytical water and methanol were obtained from J.T. Baker 

(Phillipsburg NJ). Sodium bromide, potassium iodide, and sodium benzoate were purchased 

from Sigma-Aldrich (St. Louis MO, USA). The surfactants, perfluorooctanoic acid, 

perfluorooctanesulfonic acid, sodium dodecyl sulfate, sodium dodecylbenzenesulfonate, and 

stearic acid were also purchased from Sigma-Aldrich. The respective structures are presented in 

Table 1. Standard solutions in the range of 0.01 – 50 µg L
-1

 were prepared. 

 

Table 1. Structures of the surfactants studied in this work. 

Group Anionic surfactant Structure 

Molecular weight 

(g mol
-1

) 

Perfluoralkyl 

carboxylate 

Perfluorooctanoic acid 

(PFOA) 

 

414.07 

Perfluoralkyl 

sulfonate 

Perfluorooctanesulfonic 

acid (PFOS) 

 

500.13 

Fatty alkyl 

sulfate 

Sodium lauryl sulfate 

(SDS)  
288.37 

Linear 

alkylbenzene 

sulfonate 

Sodium 

dodecylbenzenesulfonate 

(DBS)  

348.48 

Alkyl 

carboxylates 

(soap) 

Stearic acid 

(SA)  
284.48 

 

Four types of dicationic ion-pairing reagents were used to carry out PIESI analysis. 

Their detailed information is given in Table 2. The reagents utilize charged moieties such as 

imidazolium (MeImC9 and ButImC12), pyrrolidinium (C5(Bpyr)2), and phosphonium (C3(tpr)2), 

and the alkyl linkage chain length differs from C3 to C12. These compounds were chosen as they 

present a more flexible structure which was previously indicated as ideal for anion 

determination; they gave more sensitive results when compared with dicationic ion-pairing 

reagents with more rigid structures [6]. 
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Table 2. Structures of the dicationic ion-pairing reagents used in this work. 

Name Structure 
Molecular 

weight  

(g mol
-1

) 

1,3-Propanediyl-

bis(tripopylphosphonium) 

difluoride  

[C3(tpr)2]  

400.55 

1,5-Pentanediyl-bis(1-

butylpyrrolidinium) 

difluoride  

[C5(Bpyr)2] 
 

362.58 

1,9-Nonanediyl-bis(3-

methylimidazolium) 

difluoride  

[MeImC9] 
 

328.44 

1,12-dodecanediyl-

bis(butylimidazolium) 

difluoride  

[ButImC12] 
 

470.65 

 

The dication reagents were used in the fluoride form as it has been shown that this anion 

associates less strongly with the ion-pairing reagents. A concentration of 40 µM for each was 

prepared in water and used. 

 

2.2. Water Samples 

For application of the PIESI method, different water samples, such as bottled drinking 

water, tap water, and wastewater, were analysed for the presence of anionic surfactants. The 

wastewater was obtained from an unconventional oil extraction site where hydraulic fracturing 

was utilized in West Texas. Water was also boiled in a new non-stick pan before and after being 

scratched to assess the possible release of PFOA. The same was done in a used non-stick pan 

and a plastic box indicated for microwave usage. 

 

2.3. ESI-MS analysis 

The mass spectrometer used in this study was an LCMS-8040 triple quadrupole 

(Shimadzu Corporation, Kyoto, Japan) equipped with an electrospray ionization (ESI) interface 

and LCMS LabSolutions software (version 5.53 SP2). The PIESI-MS was operated in the 
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positive ionization mode in either scan, single ion monitoring (SIM), or selected reaction 

monitoring (SRM) modes. The MS conditions were set as follows: Spray voltage, 4.5 kV; 

capillary temperature, 250ºC; nebulizer gas, 2.0 L min
-1

. The LC pumps were used to pump the 

mobile phase 75% MeOH/25% H2O at a flow rate of 250 µL min
-1

. An external syringe pump 

(KD scientific, Holliston, MA) with a 2.5 mL syringe (Hamilton, Reno, NV) was placed in-line 

to pump the 40 µM dicationic reagent at a flow rate of 75 µL min
-1

. The dicationic reagent was 

introduced by using a T-shaped confluence, giving a final flow rate of 325 µL min
-1

 and a 

dicationic reagent concentration of 9 µM. The injection volume was set at 40 µL.  

The LODs were calculated according to Harris [68] by injecting a standard that was 

estimated to be 1-5 times the LOD seven times. After that, the standard deviation (s) of the 

signal was used as follows: LOD = 3s/m, where m is the slope of the calibration curve. 

 

2.4. Solid Phase Extraction 

Analytes were extracted using Supelclean LC-18 (500 mg/ 3 mL) cartridges from 

Supelco Analytical (Bellefonte PA, USA). Cartridges were preconditioned on a vacuum 

manifold with 3 mL of MeOH and equilibrated with 3 mL of LC-MS water. 3 mL of water 

samples were then passed through the cartridges at 1-2 drops per second. The matrix 

interferences were cleaned from the cartridge using 3 mL of a 40% MeOH solution. Afterwards, 

analytes were eluted using 3 mL of 90% MeOH into a test tube. The resulting solutions were 

transferred to 2 mL autosampler vials. 

 

 

 

3. Results and Discussion 

A review of the existing methods described in the literature between 2010 and 2015 for 

anionic surfactants determination was performed and is presented in Table 3. The most common 

methods used for surfactants determination are liquid chromatography coupled to mass 

spectrometry (LC-MS) or tandem mass spectrometry (LC-MS/MS). These are the more 
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sensitive methods for anionic surfactants determination. Liquid chromatography is more 

frequently used than gas chromatography. Fluorimetric, spectrophotometric, and potentiometric 

methods are also presented but clearly they are not as sensitive as the MS methods, in many 

cases due to lack of strong chromophores. This is a disadvantage for the determination of 

surfactants in environmental samples, as the levels of surfactants are expected to be in the ng L
-1

 

range. Almost all the presented works require a sample pre-treatment before the determination 

step, and solid phase extraction is the most commonly used method. The lowest detection limit 

reported was 0.02 ng L
-1

 for PFOS and PFOA and the presented methods were mainly applied 

for the determination of anionic surfactants in water samples such as river, fresh, drinking, and 

tap water. 
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Table 3. Methods for anionic surfactants determination published from 2010-2015. 

 Analyte Method/ Detector 
Sample pre-

treatment 
LOD RSD, % Sample References 

 SDS, DBS and PVSK Spectrophotometry - 1 mg L
-1

 n.g. Cleaning products [20] 

 

Alkylphenols, alkylphenols 

polyethoxylates, 

alkylphenoxy carboxylates 

LC-MS/MS SPE 
0.52-7.5, 0.04-30, 0.22-

0.24 µg L
-1

 
n.g. Wastewater and surface water [21] 

 Fluorosurfactants ESI-QToF - n.g. n.g. 
Municipal reverse osmosis 

concentrate 
[22] 

 SDS and DBS Potentiometry - 60.6, 73.2 µg L
-1

 n.g. Detergents [23] 

 Anionic surfactants Spectrophotometry - 30 µg L
-1

 2.3-5.1 Water [24] 

 Alkyl sulphates IPC - 10 mg L
-1

 
0.62-

4.24 
River water and sewage [25] 

 Perfluorinated compounds LC-MS/MS SPE 
0.09-3 ng L

-1
;  

0.15-1.5 ng g
-1

 
<15 Wastewater and sewage sludge [26] 

 SDBS Spectrophotometry LLE 16 µg L
-1

 1.3; 3.8 River water [27] 

 
Fatty alcohol ethoxylates, 

alkylether sulfates, LASs 
LC SPE n.g. n.g. 

Industrial cleaners, laundry, 

shampoos, shower gel 
[28] 

 
LASs, alkyl sulfates, AESs, 

alcohol polyethoxylates 
LC-MS/MS 

Ultrasound-assisted 

extraction 
0.02-7.0 µg Kg

-1
 2.0-8.2 Marine sediments [29] 

 
Alcohol sulfates and 

alcohol ethoxysulfates 
LC-MS/MS SPE 0.1, 0.2-0.5 µg L

-1
 <5 Wastewater [30] 

 LASs HPLC-FLD µSPE 0.8-1.9 µg L
-1

 2.0-3.9 
Tap and mineral water samples and 

seawater 
[31] 

 SDBS, SDS Spectrophotometry - 0.059, 0.016 mg L
-1

 0.44-2.6 Domestic and industrial wastewaters [32] 
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 Analyte Method/ Detector 
Sample pre-

treatment 
LOD RSD, % Sample References 

 SDS 
Diffuse reflectance 

spectrophotometry 
- n.g. n.g. Natural and drinking water [33] 

 Perfluorinated compounds LC-MS/MS SPE 0.040-0.125 µg L
-1

 n.g. Human milk [34] 

 SDS Potentiometry - 1.44 mg L
-1

 n.g. Toothpastes [35] 

 Secondary alkane sulfonates LC-MS LE/SPE 

0.31-0.65/0.007-0.022 µg 

L
-1

; 

4-7/0.5-1.1 µg kg
-1

 

<20 
Sediment, sludge, wastewater, 

surface water 
[36] 

 

LASs, nonylphenol, 

nonylphenol mono and 

diethoxylates, di-(2-

ethylhexyl)phthalate 

LC-MS DLLME 0.009-0.224 µg L
-1

 1.3-7.8 Tap water, wastewater [37] 

 
Alkyl polyglucoside, alpha 

olefin sulfonate 

LC-evaporated 

light scattering 

detector 

- 2.29; 16.55 mg L
-1

 <1.0 Dishwashing detergents [38] 

 SDS Spectrophotometry LLME 0.02 mg L
-1

 1.5 Freshwaters [39] 

 LASs HPLC SPE 0.013-0.021 µg L
-1

 2.4-5.6 Environmental water [40] 

 Alcohol sulfates GC-MS SPE 0.2-0.3 µg L
-1

 <5 WWTP [41] 

 PFOS and PFOA LC-MS/MS SPE 
0.06, 0.10 ng L

-1
;  

0.09, 0.10 ng g
-1

 
n.g. Wastewater and sludge [42] 

 Perfluorinated compounds LC-MS/MS SPE 
0.11-0.35 ng L

-1
;  

0.010-0.029 ng g
-1

 
n.g. Water and sediment samples [43] 

 Perfluorocarboxylic acids GC-MS/MS DLLME 0.037-0.051 µg L
-1

 <13 River water [44] 
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 Analyte Method/ Detector 
Sample pre-

treatment 
LOD RSD, % Sample References 

 Alkylphenol ethoxylates LC-IM-MS - 5-200/10-300 µg L
-1

 12, 15 - [45] 

 
Perfluorinated alkylated 

substances 
LC-MS/MS SPE, LLE 2 pg g

-1
 n.g. 

Surface sediments and sediment 

core 
[46] 

 Perfluorooctane sulfonates LC-MS/MS ASE/ SPE 0.4 µg m
-2

 
0.48-

3.59 

Nonstick pot, food packaging 

materials, waterborne coatings 
[47] 

 Perfluorinated compounds LC-MS/MS 
Ultrasonic 

extraction, DSPE 
<0.1 ng g

-1
 0.6-11 Sludge amended soil [48] 

 SLES Potentiometry - n.g. n.g. 
Liquid detergents and personal care 

products 
[49] 

 Perfluorinated compounds LC-MS/MS SPE 
0.39-60.7 ng L

-1
 

0.09-112 ng g
-1

 
<20 Food and drinking water [50] 

 Perfluorinated compounds LC-MS/MS MSPD 0.05-0.3 ng g
-1

 <7.5 Mollusks [51] 

 PFCAs 
HPLC-fluorescence 

detection 
- 5-10 µg L

-1
 <1 River, lake and tap water [52] 

 PFCAs 
HPLC-fluorescence 

detection 
SPE 43-75 ng L

-1
 <1 Surface water [53] 

 Perfluorinated compounds LC-MS/MS Extraction QA/QC 0.1-17 ng g
-1

 n.g. Plants [54] 

 Anionic surfactants Spectrophotometry 
Ultrasonic-assisted 

extraction 
0.010 mg L

-1
 4.8 Water samples [55] 

 Anionic surfactants Spectrophotometry - n.g. 0.6-10 River, well, seawater [56] 

 
Perfluorooctane sulfonyl 

fluoride 
LC-MS LLE/SPE 0.5 µg L

-1
 10.8 Water, soil [57] 
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 Analyte Method/ Detector 
Sample pre-

treatment 
LOD RSD, % Sample References 

 SDS, DBS Potentiometry - 10 mg L
-1

 n.g. - [58] 

 LASs, AESs LC-MS SPE 0.04-2 µg L
-1

 <10 
Seawater, river water, industrial and 

urban wastewater 
[59] 

 LASs LC-UV IP-SPE 0.02-0.03 µg L
-1

 
1.55-

2.54 
Tap and river water [60] 

 LASs LC-FLD 
Microwave-assisted 

extraction 
3.3-5.4 µg Kg

-1
 1.3-3.2 Sewage sludge samples [61] 

 PFOS and PFOA HPLC-MS/MS SPE 0.1, 0.5 ng L
-1

 n.g. 

Reservoirs, rivers/canals, coastal 

waters and treated effluents of 

WWTPs 

[62] 

 Fluorochemicals LC-MS/MS SPE 0.5-5-4 ng L
-1

 <26 Landfill leachates [63] 

 

Perfluoroalkyl 

phosphonates, carboxylates, 

and sulfonates 

ESI-QToF SPE 
0.095-0.17, 0.027-0.17, 

0.014-0.052 ng L
-1

 
3-83 Drinking water [64] 

 LASs isomers GC-MS SPE n.g. n.g. Water samples from WWTPs [65] 

 Anionic surfactants 
rFIA-

spectrophotometry 
- 2.4 µg L

-1
 0.38 Seawater [66] 

 SDS 
Fluorescence 

quenching 
- 8.35x10

-9
 M 1.67 Natural and industrial water samples [67] 

 PFOS and PFOA LC-MS/MS SPE/ silica clean-up 0.1, 0.5 µg L
-1

 n.g. 
Reservoir water, river water, treated 

effluent and influent of WWTP 
[68] 

 PFOS and PFOA LC-MS/MS SPE 0.02 ng L
-1

 ≤15 River basin [69] 

 LASs HPLC SPE 0.027 µg L
-1

 <10 Environmental water samples [70] 
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 Analyte Method/ Detector 
Sample pre-

treatment 
LOD RSD, % Sample References 

 Anionic surfactants 
Sorption-

photometric 
- 0.001-0.003 mg L

-1
 

0.04-

0.08 
Water from the central water supply [71] 

* LC-MS/MS, Liquid chromatography-Tandem mass spectrometry; IPC, Ion-pair chromatography; ESI-QToF, electrospray ionization-time of flight; LC, Liquid 

chromatography; HPLC-FLD, high pressure liquid chromatography with fluorescence detection; HPLC, high pressure liquid chromatography; LC-MS, liquid 

chromatography-mass spectrometry; GC-MS, gas chromatography-mass spectrometry; LC-IM-MS, liquid chromatography-ion mobility-mass spectrometry; rFIA, reverse 

flow injection analysis; SPE, solid phase extraction; LLE, liquid liquid extraction; DLLME, dispersive liquid liquid microextraction; LLME, liquid liquid microextraction; 

ASE, Accelerated solvent extraction; DSPE, dispersive solid phase extraction; MSPD, matrix solid-phase dispersion; IP-SPE, ion pair-solid phase extraction; SDS, sodium 

lauryl sulfate; DBS/SDBS, sodium dodecylbenzenesulfonate; PVSK, potassium polyvinylsulfate; LASs, Linear alkylbenzene sulfonates; AESs, alkyl ethoxysulfates; PFOS, 

perfluorooctanesulfonic acid: PFOA, perfluorooctanoic acid; SLES, sodium lauryl ether sulfate; PFCAs, Perfluorinated carboxylic acids; n.g., not given. 
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Previous studies have shown the effective use of ion-pairing reagents for determination 

of anions using ESI-MS in the positive mode [4,5,9,72]. In this work, the application of these 

reagents was studied for the determination of anionic surfactants. Also, one of the main 

purposes of this work was to use a triple quadrupole for PIESI-MS and evaluate its sensitivity as 

ion trap instrumentation has been used predominantly in previous applications. 

 

3.1. System Optimization 

Initial optimization studies were performed using the dicationic reagent C3(tpr)2 and 

bromide, iodide, and benzoate anions at 10 µg L
-1

. Different flow rate values of 100, 250, 500, 

and 1000 µL min
-1

 were tested and a value of 250 µL min
-1

 was chosen, because it provided 

higher intensity signals. Higher flow rates did not significantly improve the sensitivity of the 

method; in fact, a decrease in analyte response was observed. The syringe pump flow rate 

(dicationic reagent) was also studied and values of 10, 20, 50, 75, and 100 µL min
-1

 were tested. 

A value of 75 µL min
-1

 was chosen since an increase in the signal was observed until that value. 

Furthermore, this flow rate was chosen as a compromise to reduce reagent waste. The ratio 

between water and methanol for sample introduction was also studied and ratios of 0:100; 

25:75; 50:50; 75:25, and 100:0 were tested. The signal intensity increased with the increase in 

MeOH percentage. A ratio of 25% H2O/ 75% MeOH was found to provide the best sensitivity. 

Sample injection volumes of 5, 10, 20, and 40 µL were studied. A higher injection volume was 

chosen as it is possible to reach lower limits of detection based on absolute amount of analyte 

introduced, thus increasing the sensitivity of the method. 

 

3.2. Limits of Detection for General Anions 

In order to determine the method sensitivity, the LODs for the anions I
-
, Br

-
, and BzO

-
 

were determined and compared with those described in previous literature (Table 4). 

Experiments were performed using four different dicationic ion-pairing reagents in the Scan, 

SIM, and SRM modes. The monoisotopic mass was used to calculate the mass-to-charge ratio 

of the complex that was monitored in the SIM mode. For the SRM mode, the fragmentation 
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pathways for the reagents C3(tpr)2, C5(Bpyr)2, and MeImC9 have been previously proposed 

[5,12]. The fragments correspond to a cleavage of the Cα-N bond in C5(Bpyr)2 and the Cα-Cβ 

bond in C3(tpr)2 and ButImC12. The MeImC9 reagent forms a [M-H]
+
 species by losing a C2 

hydrogen on one imidazole ring upon fragmentation. 

 

Table 4. LODs obtained for the anions using the developed method and the different dicationic ion-

pairing reagents. 

   

This work 

(pg)     
Literature (pg) 

Reagent Analyte SIM mass Q1 Scan Q3 SIM 
SRM  

m/z 187.2   
SIM [6]  

C3(tpr)2 

Br
-
 443.2 4.6 1.3 6.4 

  
120  

I
-
 489.2 24 28 17 

  
1.1  

BzO
-
 483.3 20 13 1.6 

  
130  

 
Analyte SIM mass Q1 Scan Q3 SIM 

SRM  

m/z 140 

SRM  

m/z 196 

SRM  

m/z 278 
SIM [72]  

C5(Bpyr)2 

Br
-
 405.2 11 2.8 11 43 10 

 
 

I
-
 451.2 54 5.6 35 - - 2.0  

BzO
-
 445.35 110 55 31 20 - 

 
 

 
Analyte SIM mass Q1 Scan Q3 SIM 

SRM  

m/z 207 

SRM  

m/z 289  
SIM [5]  SRM [5] 

MeImC9 

Br
-
 417.1 18 2.8 8.1 10 

 
60 60 

I
-
 371.1 3.0 5.7 29 10 

 
6.0 200 

BzO
-
 413.2 130 15 120 21 

 
390 970 

 
Analyte SIM mass Q1 Scan Q3 SIM 

SRM  

m/z 291 
 

  
 

ButImC12 

Br
-
 497.3 7.7 0.93 2.6  

  
 

I
-
 543.3 77 30 1.9  

  
 

BzO
-
 537.4 68 16 75  

  
 

 

Different LODs were obtained for the same anion using different dications, which 

indicated that the choice of ion-pairing reagent has an influence on the sensitivity of the method. 

The reagent C3(tpr)2 gave lower LODs for the tested anions in all modes when compared to the 

C5(Bpyr)2 and MeImC9 reagents, which indicated that this reagent provided a more sensitive 

method than the other two. When compared to the ButImC12, the C3(tpr)2 reagent gave similar 

LOD values. In fact, some LODs were lower with the ButImC12 reagent. As expected, some 

LODs were lower using the SRM, presumably due to a reduction in noise. However, many 
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LODs obtained using the SRM mode were the same or higher than the ones obtained using the 

SIM mode. According to Soukup-Hein et al. [5], this could be due to the presence of other 

unknown (neutral) fragmentation pathways that reduce the amount of the fragment being 

monitored. 

When compared to values presented in previous literature, using the same dicationic 

ion-pairing reagents, lower LODs were obtained in this work for all anions except for iodide 

using the C3(tpr)2 and C5(Bpyr)2 reagents. These results could be explained by the fact that 

different instruments were used. In this work, a triple quadrupole was used, whereas previously 

for PIESI-MS [5,6,72], a linear ion trap was used. When comparing a triple quadrupole to an 

ion trap with identical ion source emittances, the triple quadrupole device provides an order of 

magnitude better LOQ for quantitation experiments than an ion trap, primarily due to 

integration effects and a significant reduction in noise. Triple quadrupoles offer better 

performance for SRM experiments for target compound quantitation. These results demonstrate 

that the developed method is generally more sensitive than the ones previously described in the 

literature. 

The LODs for the presented anions were also determined using a next generation 

Shimadzu LCMS 8050. The manufacturer claims that this equipment is more sensitive than the 

Shimadzu LCMS 8040 used primarily in this work. One main difference is that the LCMS 8050 

uses a heated ion source, which can enhance electrospray droplet desolvation and ionization 

efficiency. The previously optimized conditions were used to make a comparison. Some of the 

LODs obtained using the Shimadzu LC-MS 8050 were as much as ten-fold lower than those 

obtained on the 8040 instrument. As an example, the LODs for bromide using the C3(tpr)2 

reagent were 1.26 pg and 0.203 pg for the 8040 and 8050 models, respectively. Some of the 

other LODs obtained were similar and no significant improvement was observed. 

 

3.3. LOD for anionic surfactants 



 

18 
 

After determining the LODs for the anions and comparing them to previously reported 

values (Table 4), the LODs for the anionic surfactants were determined using the same four 

dicationic reagents. The values obtained are presented in Table 5. 

 

 

Table 5. LODs obtained for the anionic surfactants using the developed method and the different 

dicationic ion-pairing reagents. 

   

This work 

(pg)   

Reagent Analyte SIM mass Q3 SIM 
SRM m/z 

187.2  

C3(tpr)2 

SDS 627.5 3.3 4.0  

SA 645.5 35 54  

DBS 687.5 37 110  

PFOS 861.4 55 37  

PFOA 775.3 4.5 10  

 
Analyte SIM mass Q3 SIM 

SRM m/z 

140 

SRM m/z 

196 

C5(Bpyr)2 

SDS 589.5 2.4 - 7.3 

SA 609.6 37 - 210 

DBS 649.5 220 510 520 

PFOS 823.3 6.3 11 16 

PFOA 737.3 6.2 19 2.8 

 
Analyte SIM mass Q3 SIM 

SRM m/z 

207 

SRM m/z 

289 

MeImC9 

SDS 555.2 12 29 55 

SA 573.4 170 170 - 

DBS 615.4 79 150 85 

PFOS 789.2 2.7 5.6 54 

PFOA 703.2 0.68 12 5.0 

 
Analyte SIM mass Q3 SIM 

SRM m/z 

291 

SRM m/z 

415 

ButImC12 

SDS 681.5 18 34 28 

SA 699.7 180 90 54 

DBS 741.5 65 280 310 

PFOS 915.4 3.6 1.7 - 

PFOA 829.4 6.8 10 8.6 
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The best LOD values were 2.4, 35, 37, 1.7, and 0.68 pg for SDS, SA, DBS, PFOS, and 

PFOA, respectively. Compared to the available literature values presented in Table 3, the values 

obtained in this study are lower. When compared to the methods that use LC/MS/MS, this work 

is in the same approximately ng L
-1

 range. So, the developed PIESI method is a simple but 

sensitive alternative method for anionic surfactant determination. In fact, a major enhancement 

was not expected as surfactants are already surface active and responsive in ESI-MS. Analytes 

with a higher surface activity exhibit greater desorption characteristics, which will increase 

signal intensity [73]. 

 

3.4. Solid-Phase Extraction Recovery Study 

For matrix interference elimination, solid-phase extraction was performed according to 

the procedure described in the Experimental section. In order to evaluate its efficacy, recovery 

studies were performed by spiking LC-MS water and tap water with the anionic surfactants in a 

concentration range of 0.1 – 5 µg L
-1

 (Figure 1). Different surfactant concentrations were used 

due to the different LODs for each analyte. Recovery percentages were in the range between 87-

97% for LC-MS water and 95-109% for tap water which indicates a good recovery for anionic 

surfactants in different water matrices at the µg L
-1 

levels. 

 

Figure 1, here please 

 

3.5. Application to Water Samples 

After developing a sensitive method for anionic surfactants determination, it was 

applied for the determination of these compounds in different water samples (Table 6). These 

water samples were: A) tap water; B) water collected from a drinking fountain at the University; 

C) and D) different brands of bottled drinking water; E) water boiled in a used non-stick pan; F) 

water boiled in a microwavable plastic box; G) wastewater; H) water placed in a new (not used) 
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non-stick pan; I) water boiled in a new (not used) non-stick pan, and J) water boiled in the same 

new, but intentionally scratched, non-stick pan. 

For the MS determination, the SIM mode was used since no significant improvement in 

the sensitivity was generally observed for the surfactants using the SRM mode. As previously 

explained, the C3(tpr)2 reagent was chosen as it provided lower LODs. 

 

Table 6. Application of the developed method for anionic surfactants determination in water samples 

using the C3(tpr)2 reagent and the SIM mode. Values are presented +/- one standard deviation (n = 3). 

Samples SDS µg L
-1

 SA µg L
-1

 DBS µg L
-1

 PFOA µg L
-1

 PFOS µg L
-1

 

A 2.51 ± 0.02 42.2 ± 0.4 14.2 ± 0.2 0.069 ± 0.005 <LOD 

B 1.26 ± 0.02 10.0 ± 0.3 1.5 ± 0.2 0.332 ± 0.014 <LOD 

C 0.57 ± 0.04 21.5 ± 0.1 0.6 ± 0.2 <LOD <LOD 

D 0.530 ± 0.004 43.8 ± 0.5 <LOD <LOD 1.19 ± 0.02 

E 68.9 ± 0.3 35.4 ± 0.5 172 ± 5 0.210 ± 0.005 0.59 ± 0.07 

F 0.813 ± 0.003 11.3 ± 0.3 <LOD 0.613 ± 0.003 <LOD 

G 17.4 ± 0.4 10.7 ± 0.7 16.8 ± 0.5 3.57 ± 0.02 1.05 ± 0.01 

H <LOD 3.3 ± 0.9 8 ± 1 <LOD <LOD 

I <LOD 4.6 ± 0.8 14 ± 2 <LOD <LOD 

J 3.99 ± 0.97 42.9 ± 0.2 12.5 ± 0.9 0.30 ± 0.03 0.2 ± 0.1 

 

Anionic surfactants were found in all the water samples and the highest concentrations 

were obtained for the wastewater samples. A study was performed where water was boiled 

before and after a non-stick pan was scratched to test for possible release of PFOA (samples I 

and J). Before scratching the pan, no value of PFOA was detected, while after scratching the 

pan, 0.30 ± 0.03 µg L
-1

 were found. The concentration of SDS and SA also increased after 

scratching the pan. In fact, Bradley et al. [74] previously showed the release of SA from non-

stick coating. However, these compounds may not be part of the coating formulation. It was 

explained that some compounds may be present due to the coatings ‘‘picking up’’ these 

substances when the articles were packaged and transported. This could explain the presence of 

SDS and SA after scratching the pan.The developed method is a sensible method for the 

determination of anionic surfactants at the sub-pg level. To assess recovery, LC-MS water and 

tap water were spiked with the anionic surfactants and values with an average (± one standard 

deviation) of 98 ± 8% for LC-MS water and of 103 ± 7% for tap water were obtained. The 
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repeatability of the method was assessed by calculating the relative standard deviation, RSD% 

(µg L
–1

 ± SD) obtained by the mean of seven consecutive injections of standard solutions: 5% 

(0.81 ± 0.04) for DBS, 8% (6.0 ± 0.5) for PFOS, 4% (0.63 ± 0.02) for PFOA, 14% (0.40 ± 0.05) 

for SDS, and 10% (4.5 ± 0.4) for SA.  
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4. Conclusions 

In this work a paired ion electrospray ionization tandem mass spectrometry method 

(PIESI-MS) was developed for determination of anionic surfactants. This method proved to be a 

very sensitive and simple method for the determination of anionic surfactants at the ng L
-1

 (sub-

pg) level. In fact, these surfactants were detected in all the tested water samples and reached the 

highest levels in the wastewater samples. In January 2009, the EPA’s Office of Water 

established a provisional health advisory (PHA) of 0.2 µg L
-1

 for PFOS and 0.4 µg L
-1

 for 

PFOA in drinking water. However, a PFOS value of 1.2 µg L
-1

 was found in a bottled drinking 

water which is of concern due to the health risks that this compound may cause to humans. The 

release of PFOA from Teflon coating of a non-stick pan was also detected which indicates that 

these pans can be a source of exposure by fluorinated compounds to humans. 

The time consuming step of this method is the SPE procedure as it is not an automatic 

procedure. The automation of this step would be an advantage as it would decrease the time 

necessary for this procedure and would also reduce human error. For further applications, the 

method could be used for the determination of other anionic surfactants. Also, to potentially 

remove the need for SPE in samples that are not overly complex, the PIESI-MS could be 

coupled to HPLC for analyte separation prior to PIESI-MS. 
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Figure Captions 

Fig. 1. Recovery percentages obtained for spiked LC-MS water (striped bar): 0.50; 2.0; 5.0; 1.0 and 0.10 

µg L
-1

 of PFOA, PFOS, SA, DBS and SDS, respectively and tap water (full bar): 0.50; 2.0; 5.0; 1.0; 5.0 

µg L
-1

 of PFOA, PFOS, SA, DBS and SDS, respectively. 

 

 

 

Highlights: 

 A paired ion electrospray ionization (PIESI) tandem mass spectrometry method for 

anionic surfactants; 

 A triple quadrupole was for the first time used for PIESI; 

 Water samples such as wastewater, cooking, tap, and bottled drinking water were 

analyzed; 

 Literature review for the methods published between 2010 and 2015 determining 

anionic surfactants. 

 

 

 




