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ABSTRACT

Surfactants are widely used in various petrochemical applications. Thus, it is essential to have highly efficient
analytical tools to monitor the different classes of surfactants commonly used. Three among the four known
classes of surfactants were studied in the present work: anionic (i.e. alkylbenzene sulfonate, alkyl ether
carboxylic acid), nonionic (i.e. alkylcyclohexyl alcohol ethoxylated, alkyl alcohol ethoxylated) and cationic (i.e.
alkyl trimethylammonium). Thanks to high-resolution mass spectrometry (HRMS), a useful mass list was
created including 119 m/z values (error in mass around 5 ppm). This list was the foundation of a HRMS
database, which, for the sake of simplicity, will be further denoted only “database”. To avoid ion competition
and streamline attribution of structural formulas for isobar molecules, a suitable chromatographic method

was used before MS. The retention behavior of six surfactants (trimethyloctadecylammonium bromide,



myristyltrimethylammonium bromide, Brij®C10, Triton X-100 reduced, glycolic acid ethoxylate lauryl ether,
4-dodecylbenzenesulfonic acid) was evaluated under three separation modes: reversed-phase liquid
chromatography (RPLC), hydrophilic interaction chromatography (HILIC) and mixed-mode chromatography
(combination of anion-exchange and reversed-phase mechanisms). In RPLC mode, six columns were tested
including C4, C18, C30, polar-embedded C18, PFP and phenyl chemistries. Two HILIC columns were also
tested including bare silica and urea chemistries. An anion-exchange combined with RPLC mechanism was
investigated as mixed-mode mechanism. Using ammonium formate at 10 mM as buffer provided the best
signal in HRMS. In liquid chromatography, acid conditions (pH 3.5) were preferred, to avoid peak tailing due
to residual silanols. The mixed-mode separation mode clearly appears as the best compromise for the
characterization of the three surfactants classes. Nevertheless, the orthogonality observed for the
separations obtained in HILIC and RPLC modes offers some possibilities for further multidimensional

separations.

1. Introduction

Surfactants, also called surface-active agents, are amphiphilic molecules that are generally used to perform
specific functions such as cleaning, softening and emulsifying. These molecules consist of a lipophilic chain
together with a group having a hydrophilic character. They are classified in four categories according to the
nature of the terminal group: anionic (i.e. sulfonates, sulfates, carboxylates etc.), cationic (i.e. quaternary
ammoniums), nonionic (i.e.alcohol), and zwitterionic (i.e. amino acid). Due to their amphiphilic nature,
surfactants partition into oil but also into the aqueous phase, while they are able to stabilize the dispersion

of these two immiscible liquids, through emulsions.

Thanks to this particular feature, surfactants are widely used in different industries: textile [1-3], cosmetics
[4], pharmaceuticals [5], surface treatment [6], agriculture [7], etc. At the end of the twentieth century,
Bhardwaj et al. reported the place of surfactants in petroleum industry and especially in petroleum
production [8], highlighting that surfactants have been ubiquitous in this process. Indeed, using surfactants
is known to be a useful way to enhance oil recovery (EOR): they are supposed to reduce interfacial tension
between oil and water and modify the wettability of the rock [9—12]. Surfactants were also used for
hydraulic fracturing, to release the oil trapped in the rocks [13,14]. Finally, for crude oil transportation,

surfactants are particularly useful to reduce fluid viscosity, as demonstrated by Al-Roomi et al. [15].

Despite all precautions to avoid surfactants release in the environment, traces can be found in sediments
[16—19] and river waters [20-23]. As example, Lara-Martin et al. determined the concentration of two
anionic surfactants: alkylbenzenesulfonate (LAS) and alkylethoxysulfate (AES) in the Guadelate estuary. The

concentrations found in sediments (200 - 1100 ng g'), were higher than those determined in water (4.5 -



64.4 ng mL") [17]. With the aim of controlling surfactants, it is therefore essential to have efficient analytical
tools to monitor the different families of surfactants. According to the literature, many techniques were
already investigated for these amphiphilic molecules, including Gas Chromatography (GC), Capillary
Electrophoresis (CE), Thin-Layer Chromatography (TLC), Liquid Chromatography (LC), Mass spectrometry
(MS), etc. Table 1 highlights the preferred techniques for the analysis of surfactants according to their nature
(zwitterionic surfactants were not mentioned in this table). The assessment criteria are the establishment of

a separation method, the separation mechanisms used, and the detection.

Table 1 : Advantages and drawbacks of available methods for surfactants analysis

AnaIYtlcaI Anionics Cationics Nonionics References
techniques

GC - - ++ [185-187]

CE ++ ++ - [171,188,189]

TLC + + ++ [111,190]

[70,73,80,82,84,100,103,106—
LC ++ ++ ++
108,130,132,172,191]
MS ++ ++ + [192]

(-) separation and detection impossible
(+) separation possible, but difficult detection

(++) separation and detection possible

Surfactant analysis using GC is difficult for two reasons. Firstly, when nonionic alkoxylated surfactants have a
high degree of ethoxy (EO) or/and propoxy (PO) groups, their volatility is low. Second, ionic surfactants
(anionic and cationic) are not volatile. To fill this gap, a derivatization procedure has to be included prior to
their analysis. For example, Wulf et al. have successfully analyzed nonionic, anionic and several cationic
surfactants by comprehensive 2D Gas Chromatography (GCxGC) with HRMS detection, after silylation [24].
Despite the efficient separation and detection of all classes of surfactants, the highest degree of ethoxylation

was only eight.

CE was used for surfactant analysis until the beginning of the 21*" century. However, despite the common
use of surfactants for capillary coating, their separation was less attractive and thus less studied. Heinig and
Vogt made an exhaustive review in 1999 [25] and highlighted the lack of CE reproducibility, as one of the
main weaknesses of the technique. Moreover, nonionic surfactants were unsuitable for CE separation,
because their electrophoretic mobility was null. To circumvent this limitation, a derivatization procedure can

be implemented to obtain charged species, as shown by Wallingford for the separation of PEG 1000 [26].



However, a cleaning step was required to eliminate the reactants in excess and the reaction was incomplete,

leading to possible loss of compounds and unreliable quantitative analysis.

Surfactant separation using TLC was reported by Bhawani et al. [27] and by Mohammad et al. [28]. They
mainly highlighted the lack of adequate detection. Moreover, the methodology is not generic, and

conditions have to be adapted according to the sample nature.

MS is also reported as an important technique for qualitative and quantitative surfactant analysis
[7,22,29,30]. As it allows different ways to explore the samples, MS is an interesting tool for structural
comprehension. Charged compounds are obviously easier to analyze than neutral ones, since they need less
energy to be detected. For qualitative evaluation, simple samples can be studied by direct infusion.
However, one must remember that as all compounds reach the ionization source at the same time, matrix
effects (ion suppression or enhancement) can occur and bias MS results. Moreover, the size of the molecules
introduce discrimination in the ionization process. Fenn et al. [31] reported that when compounds had a
long alkyl chain, they were placed onto the surface of the droplets and are thus more easily ionized than
small ones. Despite the efforts made by different authors to understand ionization mechanisms [32—-34],

much remains still not understood.

A second inconvenience of direct infusion for identification lies in the presence of isobaric ions. For example,
nonylphenol ethoxylates with five ethylene oxide units [NP(EO)s+NH,]" and nonylphenol ethoxylates with
fifteen ethylene oxide units [NP(EO);s+2NH,]** have the same m/z using low resolution mass spectrometry
(LRMS), because the former one is singly charged, while the latter is doubly-charged [1]. To limit such
isobaric interferences, two solutions are available: use of HRMS and/or coupling LC with MS. As HRMS s
relatively expensive and only ultra-high resolution mass spectrometers can sufficiently resolve isobars, an
upstream efficient chromatographic system appears as the best solution. Indeed, isobaric compounds can
possibly be separated when using an adequate column stationary phase. Another advantage with LC is that
the derivatization is not required. In addition, separation of molecules with a high number of ethylene oxide
(EO) units can also be achieved, as there is no more boiling point limitation due to EO number. Wang et al.
reported the separation of alkylphenol ethoxylates in a textile matrix using normal phase liquid
chromatography (NPLC) hyphenated to UV detection. In this work, more than 15 units of EO were identified
[35]. Different works reported the use of derivatization for LC-MS/MS analysis. Zembrzuska et al. described a
LC-MS/MS method for the separation of dodecanol and homogenous fatty alcohols ethoxylated containing a
dodecyl moiety and ethoxy groups. These molecules were derivatized before analysis with phenyl
isocyanate [36]. Zgota-Grzeskowiak et al. reported the development of a new method for preconcentration,
derivatization and analysis of short-chained dodecyl alcohol ethoxylates and dodecyl alcohol. In this work,
the derivatization procedure was carried out with 1-naphthoyl chloride [37]. However, the major limitation

on UV detection lies in the lack of chromophore groups for many usual surfactants.
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In the literature, most of the modern LC methods dedicated to surfactants analysis involved RPLC with an
octadecylsilica column (C18) hyphenated to MS [38-40]. Luo et al. reported the comparison between four
C18 columns from three suppliers to simultaneously analyze a high number of nonionic surfactants in textile
matrices [1]. Lara Martin et al. reported a novel methodology capable of analyzing at the same time
surfactant and their carboxylates metabolites. Garcia et al. also reported an analytical workflow using
UHPLC-HRMS to detect aqueous film-forming foams containing nine classes of hydrocarbon surfactants in
contaminated groundwater [41]. However, the C18 column was not able to provide a complete separation of
all the homologs [30]. Only a few studies reported the use of shorter alkyl chains, such as butylsilica (C4),
octylsilica (C8) or dodecylsilica (C12) columns [4,6,42—-45]. Separations in HILIC mode were also investigated
as nonionic surfactants could be separated according to the number of EO or propylene oxide (PO) units.
Zembrzuska et al. reported a performant analytical method using a TSKgel Amide-80 to quantify non-ionic
surfactants, alcohol ethoxylates by LC-MS/MS. They investigated the fragmentation pattern and showed
some common fragments [21,46]. Using the MRM mode, the non-ionic concentration found in River Warta

was between 1.4 to 11.2 ug L™ over the period October 2011 — September 2012.

Vanhoenacker et al. developed a comprehensive two-dimensional liquid chromatography (2D-LC) approach
to detail the composition of nonionic ethoxylated surfactants in pharmaceutical formulations [5]. The setup
includes an HILIC column in the first dimension, combined with RPLC in the second one. Groeneveld et al.
successfully characterized three types of glycerol using 2D-LC: glycerol ethoxylate, glycerol propoxylate and
glycerol ethoxylate-random-propoxylate copolymer using the same setup [47]. The HILIC x RPLC
configuration separated the surfactants according to their degree of ethoxylation (EO units) in the first
dimension and by the length of the alkyl chain and degree of ethoxylation (PO units) in the second

dimension.

To avoid complex 2D-LC assembly, an alternative solution consists in using a mixed-mode column, such as
the Acclaim™ Surfactant Plus developed by Thermofisher Scientific. This column combines RPLC and ion
exchange modes. Liu et al. [44,48] demonstrated that a mixed-mode column was able to simultaneously
analyze different types of surfactants: cationic, anionic and nonionic. However, only monodispersed

surfactants were analyzed.

The main purpose of this study was to investigate separation capabilities of RPLC, HILIC and mixed mode
chromatography for analyzing some mixtures of three classes of surfactants including polydisperse ones. For
this purpose, six columns were tested in RPLC mode, including C4, C18, C30, but also PFP, polar-embedded
C18 and phenyl chemistries. Two HILIC columns, namely bare silica and urea, were also tested. Finally, the
mixed-mode mechanism was investigated using an Acclaim™ Surfactant Plus column. This column allows
both reverse phase mechanism and anion-exchange. Since they are representative of the petroleum

industry, three classes of surfactants were considered: anionic (i.e. alkybenzene sulfonates, carboxylates,
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alkyl ethoxycarboxylates), cationic (i.e. alkylquaternary ammoniums) and nonionic (i.e. alcohol ethylates,
alkyl phenolethoxylated reduced). The final aim of this work is to propose method able to provide a full
characterization of surfactants in real samples, according to alkyl chain lengths and EO number. In addition,

the developed method should provide reliable quantification and mass balance in petroleum samples.
2. Materials and methods
2.1. Chemicals

LC-MS grade acetonitrile (ACN) and water (W), isopropanol (HPLC Plus gradient grade) and formic acid (FA -
99%) were purchased from Carlo Erba (Val-de-Reuil, France). Ammonium formate (98%) was supplied by
Fluka Chemie AG, CH-9470 Buchs. Ammonium acetate (96%) and acetic acid (100%) were provided by
MERCK (Lyon, France). Ultra-pure water was obtained from a Milli-Q Purification system from Millipore
(Molsheim, France) and used for the preparation of all standard solutions. Triton™ X-100 reduced (Triton),
Brij®C10 (Brij, Mn 683), pentadecanoic acid (analytical standard), myristic acid (analytical standard), glycolic
acid ethoxylate lauryl ether (C,,EOQ,CO,H and C,3EQ,,CO,H, Mn 360), trimethyloctadecylammonium bromide
(Nyyi, purity 98%), myristyltrimethylammonium bromide (N, purity 99%) and 4-dodecylbenzenesulfonic acid
(DBSA, purity 95%) were purchased from Sigma Aldrich (Saint-Quentin-Fallavier, France). When DBSA is

mentioned in the text, it referred to a mixture of four homologs.

All surfactants were characterized by infusion in HRMS. For retention measurement, only the following
surfactants were used: DBSA, Triton, Brij, C1;EOQ,CO,H, C13E0,,CO,H, Ny,; and N. All standards were diluted in

ultrapure water or ACN to obtain a solution at the desired concentration. All solutions were stored at 4°C.
2.1. MS conditions

Direct infusions were carried out to optimize the MS parameters and create the database of the
characteristic ions for each standard. For this purpose, the Vanquish Ultra-High-Performance Liquid
Chromatography system (UHPLC - ThermoFisher, Scientific), a syringe pump with a glass 1 mL-syringe
(Hamilton - Chromoptic) and the Exactive Plus (ThermoFisher, Scientific) orbitrap mass spectrometer with a
Heated ElectroSpray Il (HESI-II) were used. The syringe pump infused the standard solution (flow rate
between 10 and 20 pL min™) into the mobile phase delivered by the UHPLC pump (flow rate was 400 pL min®
!) via a T-fitting, to mimic real LC conditions. For ionization source optimization, the criteria to select the best
ionization parameters were the spray stability (Total lon Chromatogram (TIC) variation below 10%) and the
spectrum quality (current and signal intensity). The resulting ionization parameters for each surfactant are
presented in Table 2. Xcalibur 4.2 software (Thermo Scientific) was used for instrument control and data

acquisition. FreeStyle (Thermo Scientific) was used for data processing.

Table 1 : Optimized MS parameters for direct infusion MS and LC-MS analysis

Sulfonate Carboxylate BrijC10 Triton Ammonium
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Spray Voltage (kV) 4.0 3.0 3.0 4.0 3.5

Capillary Temp. (°C) 300 350 300 300 350
Sheath gas 30 40 40 45 35
(psi)
Aux Gas 10 20 5 15 5

(arbitrary unit)

Spare Gas

(arbitrary unit) 0 10 0 0 0
Probe Heater Temp. (°C) 250 350 250 250 350
S-Lens 50 50 50 50 50
m/z 200-500 200-1000 125-1100 125-1100 200-600
R =70000 @m/z 200 (LC-MS)
Resolution
R =140 000 @m/z 200 (Direct Infusion-MS)
AGC target / Injected 1E6 (Direct Infusion-MS and LC-MS)
time (ms) 200 (Direct Infusion-MS and LC-MS)

2.2. LC-MS conditions

The Vanquish UHPLC system with a binary pump and autosampler was coupled with an Exactive Plus

Orbitrap HRMS equipped with a heated electrospray ionization source (HESI-II).
2.2.1. LC conditions

Nine columns were tested: The detailed characteristics of each column and LC conditions (mobile phase
composition, gradient) are summarized in Table 3. In the literature, only limited information can be found
about surfactants retention on the selected columns. Consequently, a wide mobile phase composition was
employed to ensure that all surfactants were eluted. Whatever the separation mode, an isocratic plateau of
10 min was systematically applied at the end of the gradient to elute the most retained compounds. This
isocratic will be necessary when real samples are analyzed. To compare retention on columns having
different lengths (250 and 150 mm), the gradient was geometrically scaled [49]. For all chromatographic
conditions, the injection volume was 3 plL and flow rate was 400 pL min™. To evaluate the effect of column
temperature, experiments were carried out both at room temperature (21°C) and 40°C. Peak shapes and
retention times were similar in both cases. So, the column oven and preheater temperature were set at 40°C

to limit pressure drop. Surfactants were injected individually.

Despite end capping processes developed by column providers, unreacted silanol groups are always present
at the surface of the stationary phases [50]. These residual silanols are able to interact with cationic
compounds through cation exchange mechanism, and are responsible for peak tailing or possible adsorption

of basic compounds, such as quaternary ammoniums. The actual pKa of silanol groups on column packings

7



ranges between 3.8-4.5 depending on their location [51]. Therefore, the mobile phase was acidified at pH
3.5, to limit these ionic interactions, since residual silanols are mostly protonated under these conditions.
The use of ammonium formate can also create ion pairs between ammonia and silanols, thus limiting the
strength of ionic interactions. Three levels of concentrations: 5mM, 10mM and 20mM were tested. Indeed,
an impact on the ionization was observed, the signal was better at 20 mM of ammonium formate. But, at
20mM of salt, the system got dirty quickly and required cleaning too frequently. 10mM was a compromise
between the fouling and the signal intensity. Ammonium formate buffer at 10 mM, pH 3.5, was

systematically used in the aqueous phase.

Table 2 : Stationary phase and mobile phase conditions for LC-MS analysis of surfactants

length (mm) *
i de Size Area Cal;bon Mobile Phase Gradient program
id"2.1mm  (um) A 1 (%)
(A (m2g?)
Accucore™ C4 150 2.6 150 80 2
Accucore™ C18 150 26 80 130 9 -5-0 min 30%
(equilibration step)
Accucore™ €30 150 2.6 150 90 5 0-12 min 30%-100%,
A:10mM 6 min at 100%
Accucore™ PFP* 150 2.6 80 130 5 ammonium
formate pH 3.5
Accucore™ -5-0 min 30%
2 2. 1 B:ACN . .
Phenyl-X >0 6 80 30 6 (equilibration step)
0-20 min 30%-100%,
™ 10 min at 100%
Accucore " Polar 250 26 150 90 9 min a b

Premium

To compare retention of surfactants, some fundamental values were calculated. As gradient elution was
used for the separation, the apparent retention factors (k*) were calculated using the dead time of each
column. The dwell time was calculated thanks to fluoroglycynol for RPLC columns. The peak width value
(Wsoy), in time units, was calculated at 50% of the peak height. The asymmetry factor (As) was calculated

according to American Society for Testing and Materials (ASTM-E682) [52].
3. Results and discussion

3.1. Characterization of surfactants by infusion HRMS experiments



The model surfactants selected in this work were infused in both negative and positive ionization modes to
characterize the ions distribution and build a database. Figure 1 shows the corresponding mass spectra
under MS optimized conditions. A few standards were monodispersed such as quaternary ammoniums and
therefore only one ion was present. For polydispersed surfactants having different alkyl chain lengths and
different EO units (i.e. Triton, Brij, DBSA, glycolic acid ethoxylated lauryl ether), several ions were detected.
Thanks to HRMS, the number of carbon atoms in the alkyl chain, the number of EO units and the nature of
the protonated/deprotonated molecules were determined with a mass accuracy below 5 ppm. The list of

ions observed for all the studied surfactants is provided in Table 4.
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Figure 1: Infusion-MS experiments of (A) Triton X-100 reduced , (B) BrijC10, (C) triméthyloctadecylammonium
bromide and myristyltrimethylammonium bromide, (D) DBSA, glycolic acid ethoxylated lauryl ether in positive (E)
and negative (F) ionization mode; concentration 1 mg.L"1 each; mobile phase Water/ACN 50/50



Table 1 : list of ions observed in MS for the studied surfactants in both electrospray positive and negative ionization modes

Compounds [M] [Mm]* Non-ionic [M+NH,]" [M+2NH,]*
DBSA Ammonium Compounds| Triton  BrijC10 [Triton BrijC10
Cio 297.1531 C1aN(CHs)3 256.2985 Neo=1 /  304.3215
Cn 311.1689 C1gN(CHs)3 312.3607 ngo=2 |318.3008 348.3477
Co 325.1845 ngo=3  |362.3270 392.3739 / /
Cis 339.2001 ngo=4  406.3532 436.4001
ngo=5  1450.3795 480.4263
Compounds M1 [M+NH,]* [M+2NH,]** Neo=6  |494.4057 524.4526
Carboxylate|C;;H,3EOQ,COOH C;3H,,EOQ,,COOH |C;;H»3EO0,COOH Cy3H,7EQ0,COOH|C;,H,3EQ,COOH C45H,,EOQ,,COOH Ngo=7 538.4319 568.4788
Ngo=1 243.1960 271.2273 262.2381 290.2694 ngo=8  |582.4581 612.5050
Ngo=2 287.2222 315.2535 306.2644 334.2957 Ngo=9 626.4843 656.5312
Ngo=3 331.2485 359.2798 350.2906 378.3219 ngo=10 |670.5105 700.5574
Ngo=4 375.2747 403.3060 394.3168 422.3481 ngo=11 |714.5368 744.5836
Ngo=5 419.3009 447.3322 438.3430 466.3743 ngo=12 |758.5630 788.6098
Ngo=6 463.3271 491.3584 482.3692 510.4005 ngo=13 |802.5892 832.6361
Ngo=7 507.3533 535.3846 526.3954 554.4267 / ngo=14 |846.6154 876.6623 447.3483
Ngo=8 551.3795 579.4108 570.4217 598.4530 ngo=15 |890.6416 920.6885 469.3614
Ngo=9 595.4057 623.4370 614.4479 642.4792 Ngo=16 |934.6678 964.7147 491.3745
ngo=10 639.4320 667.4633 658.4741 686.5054 / Ngo=17 1008.7409 513.3876
Ngo=11 683.4582 711.4895 702.5003 730.5316 Ngo=18 1052.7671 535.4007
Ngo=12 727.4844 755.5157 746.5265 774.5578 Ngo=19 1096.7934 557.4138
Ngo=13 771.5106 790.5527 818.5840 404.2935 Ngo=20 579.4269
Ngo=14 815.5368 834.5789 862.6102 426.3066 Ngo=21 601.4400
Ngo=15 878.6052 906.6365 448.3197 Ngo=22 / 623.4531
Ngo=16 / 922.6314 950.6627 470.3328 Ngo=23 645.4663
Ngo=17 / 492.3459 Ngo=24 / 667.4794
Ngo=18 / / 514.3591 Ngo=25 689.4925
Ngo=26 711.5056
Ngo=27 733.5187
Ngo=28 755.5318
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3.1.1.Cationic surfactants: quaternary ammoniums

Two quaternary ammonium surfactants, namely myristyltrimethylammonium bromide (m/z at
256.3047) and trimethyloctadecylammonium (m/z at 312.3682) were studied, as reported in Figure
1C. As expected, quaternary ammoniums were ionized only in the positive ionization mode. The
fragmentation pattern of trimethyloctadecylammonium was studied using HCD (Higher Energy
Collisional Dissociation), and three voltage levels were tested (15, 35 and 65V). When the energy
increased, the intensity of the parent ion decreased and a specific fragment ion at m/z=60.0816
appeared, corresponding to (CH;);NH'. This fragmentation pattern is specific to quaternary
ammonium [53]. This specific transition could be used for further quantification purposes. Indeed,
multiple reaction monitoring (MRM) can be a way to selectively quantify all quaternary ammoniums

surfactants at the same time.
3.1.2.Anionic surfactants

There are three classes of anionic surfactants: sulfonates, sulfates and carboxylates. In this study,
only sulfonates and carboxylates were studied. The mixture of DBSA homologs was ionized only in
the negative ionization mode. Figure 1D shows four homologs differing only by their methyl units:
decylbenzenesulfonate (CiH,505S, m/z = 297.1531), undecylbenzenesulfonate (Cy7H,;03S, m/z =
311.1689), dodecylbenzenesulfonate, (CigH,005S, m/z = 325.1845) and tridecylbenzenesulfonate
(C19H3105S’, m/z = 339.2001). The fragmentation pattern was studied on undecylbenzenesulfonate. In
addition to the molecular ion, three product ions were identified at m/z 183.0115 (CgH,0,S),
119.0489 (CgH,0’) and 79.9557 (SO3’). These product ions were also observed in other studies
[3,17,53].

For carboxylate surfactants, the glycolic acid ethoxylated lauryl ether (C,,EOQ,CO,H, C,3EOQ,CO,H) was
studied in both ionization modes. In negative mode, two distributions were observed (Figure 1F):
C11H53(0C,H,),COO™ with n comprised between 1 to 13 and C;3H,;(0OC,H,),COO’, with n = 1 to 13.
These two distributions consisted of peaks separated by 28 m/z units, corresponding to ethyl units. In
positive mode, carboxylate surfactants were protonated. The polyethylene oxide chain formed the
following adducts: [M+NH,]", [M+Na]® and [M+K]". The abundance of each adduct could be
influenced by the solvent nature and the glassware employed to store mobile phases [54]. Figure 1E
shows the distribution of carboxylates ammonium adducts, [C1;H,3(OC,H.),COOH,NH,]*. The number
of EO units ranged from 3 to 12. In positive ionization mode, carboxylates having less than three EO
units were not detected. Luo et al. showed that signal intensity of short EO chain carboxylates (n < 3)

can be improved, by optimizing MS parameters such as S-Lens, RF amplitude and temperature [1].
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However, under such optimal conditions for short EO chain carboxylates, the signal of long EO chain
carboxylates was decreased. Thus, a compromise between long and short EO chain carboxylates

signals had to be found, so the S-Lens was set to 50.

Finally, pentanoic acid and myristic acid do not ionize in positive mode, probably because the cationic
affinity is too weak in comparison to EO groups. These two acids were not used for retention

measurements.
3.1.3.Non-ionic surfactants

Triton X-100 reduced and BrijC10 are presented in Figure 1A and 1B, respectively and are only ionized
in positive ionization mode, as ammonium adducts. The molecular formula of Triton was
[C14H27(OC,H,4),OH,NH,]*, and the number of EO units, n, was between 3 and 14. Mass spectrum of
BrijC10 was more complex than Triton, and was composed of two major distributions. The first
distribution corresponded to singly charged ions with molecular formula [C16H33(OC,H4),OH,NH,]". In
this case, the number of EO units ranged from 3 to 19. On the other hand, the second distribution
was located between m/z = 400 and 600 g/mol, because the EO number increases the stability of
double ammonium adduct. So the doubly charged ions correspond to a molecular formula

[C16H33(0OC,H4),OH,2NH,]* with n ranging from 14 to 25.
3.2. Analytical characterization of surfactants by chromatographic techniques

The retention of surfactant standards was studied using nine different stationary phases involving

three different chromatographic modes: RPLC, HILIC and mixed-mode chromatography.

For each chromatographic mode, retention maps were obtained: They represent the elution profile

of the surfactants according under the selected stationary and mobile phase conditions.
3.2.1.Retention map in RPLC conditions

The retention map of the model surfactants obtained in RPLC mode is shown in Figure 2. In this
representation, the elution windows of the different surfactants under the selected conditions (six
different stationary phases were tested) were represented as arrows and diamonds for polydispersed
and monodispersed surfactants, respectively. In addition, k* was also systematically indicated as a
single value for monodispersed surfactants, and as a range for polydispersed surfactants. Anionic —
DBSA (mixture of four homologs) & carboxylate acid (C,,E0,CO,H, C,3EQ,,CO,H) — surfactants were
detected in negative ionization mode (red arrows), whereas cationic — N,y & Ny, — and non-ionic —
Triton & BrijC10 — surfactants were detected in positive ionization mode (green arrows). According to

this representation, the separations were in good agreement with RP mechanism. As example, the
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longer the alkyl chain, the higher the retention of quaternary ammonium. In the case of anionic
surfactants, sulfonates (DBSA) were less retained than carboxylates (C;,EO,,CO,H, C,3EQ,CO,H), due
to the higher polarity of sulfonic acid moiety vs. carboxylic acid. This retention order was consistent
with previously published works [4,55]. The retention between these two surfactants (DBSA and
(C4,EO,CO,H, C13EO,CO,H) was similar for Polar embedded C18 and Phenyl columns. In the case of
these two columns (Phenyl and Polar embedded C18), the polarity and the structure of anionic
surfactants (DBSA and C;;EOQ,CO,H, C:3EO0,CO,H) have a strong impact on the retention. This

difference is explained later section 3.2.1.2.

* N, k=81 * N, *k*=11.4

L k*=[6.8-7.8] Triton +—» > Brij k*=[9.9-10.6] “

l k*=[4.0-6.5] SO = » CO, k*=[7.1-9]

t * N, k*=7.8 * Nyy'k*=12.1 c18

l k*=[8.7-9.6] Triton +— = Brij k*=[13.4-14.9]

k*=[5.3-8.4] 5O, « ) CO, k*=[9.6-11.8]
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t k*=6.9 va“fo
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0 k*=[6.1-7.3] Triton +—+ +— Brij k*=[8.6-9.8] Phenyl
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G ! PFP
+———— (O, k*=[6.2-9.0]
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Figure 2 : Retention maps of studied surfactants in RPLC mode

3.2.1.1. Cationic surfactants

Whatever the RPLC column used, the retention order of quaternary ammonium surfactants was the
same: myristyltrimethylammonium (N,,*) eluted before trimethyloctadecylammonium (Ny,*), which
is in agreement with the lipophilicity of these two surfactants (log P of 1.8 vs. 3.6, according to
Chemicalize). Despite the acidified mobile phase, ammonium surfactants were not eluted on PFP
columns, which is logical since PFP moiety is a strong Lewis acid, which should therefore strongly
interact with ammonium ions. On this column, the addition of 0.1% TFA to the mobile phase could be
of interest to further decrease mobile phase pH below 2, and also obtain ion pairing between

guaternary ammonium of the surfactant and carboxylic acid of the TFA. This was not tested because
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at pH below 2, the bonded phase would be probably unstable (specifications of the column —

ThermoScientific).

The alkyl chain length of the RPLC stationary phase also had a strong influence on peak asymmetry
and more limited impact on retention. Indeed, for these three columns two mechanisms were
probably engaged, based on ionic interactions with residual silanols and hydrophobic interaction with
alkyl chain. Depending on the alkyl chain length, one of these mechanisms was stronger. For
example, on C4 column, the mechanism of retention was mostly based on ionic interaction. The
accessibility of residual silanols was easier than other columns (C18/C30). Oppositely, on C18 and C30
columns the retention mechanism was mostly based on hydrophobic interaction. This hypothesis can
explain the similar retention of quaternary ammoniums but also the difference of asymmetry
obtained. For example, the myristyltrimethylammonium apparent retention factor was 7.4, 7.8 and
8.1 for C30, C18 and C4 columns respectively. The asymmetry factor for this ammonium was 10 on C4

and only 1.75 on C30 column.

The retention of ammonium surfactants was lower on Phenyl column than on alkyl grafted ones. This
behavior is consistent, since the Phenyl column is less hydrophobic than C18 or C30, and has less
accessibility to silanols than the C4, due to steric hindrance. In the end, both hydrophobic and ionic
interactions are more limited, leading to an apparent retention factor of only 5 vs. 7.4 on the C30
column. On the polar embedded C18 phase, the retention was slightly reduced compared to the
other alkyl grafted columns, probably due to the presence of an amide group in the alkyl chain, able
to provide electrostatic repulsion, thus limiting accessibility to silanols. For the ammonium N, the
Phenyl column presented an asymmetry of 4, whereas it was only 2.5 with the polar embedded C18.
In addition, when using Phenyl or polar embedded columns, the ammonium surfactant peak widths
increased. The wsgy, Was equal to 0.5, 0.25 and 0.07 min for the Polar Premium, Phenyl-X and C30

columns, respectively.
3.2.1.2. Anionic surfactants

The glycolic acid ethoxylated lauryl ether (carboxylate surfactant) was composed of two families with
two different alkyl chain lengths (C;; and Ci3). It is important to notice that in these two families,
homologs (i.e. different EO, identical alkyl chain length) were partly separated with only PFP, Phenyl,
and polar embedded C18 phases (Rs = 0.8). On alkyl stationary phases (C4, C18 and C30 columns), the
resolution was null (Rs = 0.1). These separations were likely to originate from the presence of polar

interactions (i.e. H-bond, dipole-dipole, m- m) between the EO chain and the stationary phase
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bonding. Obviously, such polar interactions are not available on alkyl bonded stationary phases,

leading to very low resolution between homologs.

In the case of sulfonate surfactants, DBSA was composed of four homologs, as observed in direct
infusion experiments; alkyl phases (i.e. C4, C18 and C30) were able to separate these homologs (Rs >
1.5). When the length of the alkyl chain of the stationary phase increased, more than one peak was
observed for each homolog, suggesting the presence of positional isomers. These results are in good
agreement with those of Motteran et al. who showed the presence of isomers for each DBSA
homolog [3]. Sulfonate surfactants such as DBSA have an aromatic ring with sulfonate group in para
position, thus the aromatic ring is m-attractor. On the Phenyl column, the aromatic ring is mt-donor,
while the PFP column includes a phenyl group with five fluorines, thus making the aromatic ring -
attractor. Based on these features, it is therefore logical that the DBSA was more retained (k* > 6) on

Phenyl column, compared to the PFP column (k* < 6).
3.2.1.3. Non-ionic surfactants

Unlike MS, LC can separate isomers, as observed with the reduced Triton X-100. Whatever the
column used, two distributions of peaks were observed when the extracted ion chromatograms (EIC)
were taken at the same m/z. The presence of two distributions at the same m/z could be explained
by two possible positions of the alkyl chain on the aromatic ring (para and ortho), or/and by the

ramification of the alkyl chain.
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Figure 3: (A-D) EICs of Triton X100 reduced (2<ng,<16) at 200 mg.L'1 on Accucore™ C4, Accucore™ C18,
Accucore™ €30 (0-12 min 30%-100%B, 6 min at 100%B) and Accucore’" Phenyl (0-20 min 30%-100%B, 10 min
at 100%B) — (E-F) representative retention of Triton X100 reduced according number of EO on C30 and C18
columns, respectively

Using C18, polar embedded C18, Phenyl and PFP columns retention decreased linearly when number
of EO increase. As the diminution was the same for these four columns, only C18 and Phenyl were
shown in Figure 3B and 3D, respectively. The elution order of oligomers of Triton and Brij was
identical: the higher the number of EO units, the lower the retention [29]. The explanation for this
behavior was that the EO unit increased the hydrophilic character of the compounds, thus decreased
their retention. However, this phenomenon was not observed on only C4 (Figure 3A) and C30 (Figure
3C) columns. For EO number below 6, oligomers retention seems slightly increased, and then
stabilized. Actually, this phenomenon was not really explained. Only assumptions could be done

about the effect of the stationary phase on the protection of residuals silanols.

The other non-ionic surfactant, namely Brij eluted as a wide peak corresponding to two distributions
slightly superimposed. Figure 4 shows the corresponding chromatogram obtained on the C18
column. The first distribution corresponded to molecules with long EO chains detected as double
charged ions (M+2NH,**), while the second one corresponded to molecules with shorter EO chains
detected as singly charged ions (M+NH,"). This figure illustrates the elution of Brij oligomers: in green

is the Base Peak Chromatogram, in blue is EIC of ngg ranging from 3 to 17 detected as monocharged
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homologs, while EIC of ngo ranging from 14 to 26 detected as doubly-charged homologs is shown in

orange. Oligomers n=14 to 17 were detected both as a singly and doubly charged ion.
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Figure 4 : UHPLC-MS chromatograms in positive ion mode of BrijC10 at 1 mg.L'1 on C18 column (150 mm x 2.6
mm, 2.1 um)

Whatever the stationary phase chemistry in RPLC conditions, some co-elutions are still present,
which represented the limitation of this chromatographic mode for the analytical characterization of

surfactants.
3.2.2.Separation of surfactants in HILIC mode

Initially, two different stationary phases were considered, namely bare silica and silica bonded with
urea. Unfortunately, urea column was not adapted to the separation of surfactants, because the
mechanism of retention involved with this column did not allow to retain these molecules and all
surfactant families were eluted before 2 min. At this step, this column was discarded. Figure 5 shows

EICs of surfactants obtained using the bare silica column.
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Figure 5 : EICs of surfactants on bare silica-HILIC column - (a) BrijC10, (b) Triton, (c) DBSA and quaternary
ammonium, and (d) the glycolic acid ethoxylated lauryl ether

Besides the hydrophilic interaction mechanism observed under HILIC conditions with a large
proportion of aprotic solvent, bare silica columns also present an ability for cation exchange. As the
pH of the mobile phase was low (pH=3.5), a large proportion of silanols should be neutral, but it is
hard to know the real amount of negatively charged deprotonated silanols, since the mobile phase is
composed of a very high proportion of ACN and therefore, the pH scales are different from purely
aqueous media. Under these selected HILIC conditions, positively charged quaternary ammoniums
were well retained (k*>10), mostly through ionic interactions. Sulfonate surfactants (pK, lower than
0), were negatively charged at this pH and because of electrostatic repulsion with silanolates, they
were not retained (k* around 0). Unlike sulfonates, carboxylate surfactants (pK, of around 4) were
probably protonated and therefore retained under HILIC conditions. However, both families of
carboxylates (Ci; and Ci3) were eluted at the same retention times, which is expected since the
separation of their homologs was affected only by the number of EO (polar groups). Obviously,
retention increased when the number of EO increased. The same behavior was observed for non-
ionic compounds, Brij and Triton, which also contains some EO units. Moreover, each homolog of
Triton was eluted under the form of two peaks, similarly to what was shown in RPLC mode, thus
confirming the presence of isomers. HILIC separation showed a real complementarity to RPLC mode,
since surfactants were separated by families in RPLC, whereas HILIC separated homologs.
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So, in HILIC, for Brij homologs n=11 to 17, the retention increased with the number of EO. If a RPLC
column was used, the maximum resolution (Rs) between these homologs (11 < n < 17) was 0.8 for
the C4 column, whereas in HILIC mode with the bare silica column, the Rs was above 1.5 for the same

homologs. Figure 6 clearly illustrates this difference.
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Rs> 1.5
] : Rs= 0.8
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Figure 6 : EIC of BrijC10’s homologs n=11 to 17 on C4 column (on the right) and on Bare silica column (on the
left).

3.2.3.Separation of surfactants using mixed-mode chromatography

The surface chemistry of the selected mixed-mode column, namely Acclaim Surfactant Plus column,
provides both reversed-phase and anion-exchange retention mechanisms. Figure 7 shows the
separation of all surfactants employed in this work: anionic, cationic, and non-ionic. Cationic and
non-ionic surfactants were detected in positive ionization mode (ESI+), whereas anionic surfactants
were detected in negative ionization mode (ESI-). Cationic species were eluted first, followed by
nonionic and finally anionic surfactants. This order confirmed the presence of an anion-exchange

mechanism.

For the two quaternary ammoniums, mainly RP mechanism was involved; they had a limited
retention owing to the absence of ionic interactions with the proprietary positively charged group at
the surface of the stationary phase. Indeed, myristyltrimethylammonium (k* = 1.74), which had the

shorter alkyl chain, was eluted before trimethyloctadecylammonium (k* = 3.65).

Then, nonionic surfactants were eluted (3.67 < k* < 8.15). Triton had a shorter alkyl chain compared
to Brij, thus Triton eluted first. Within the same family (Triton or Brij), the separation of homologs

was similar to what was observed under RPLC conditions with alkyl bonded columns. Homologs were

19



separated according to their number of EO units, with a retention decrease when the number of EO

units increased.

Problems were observed for the mixture of DBSA homologs: they were not detected. As they were
detected for all other columns and conditions, it seemed that they were not eluted. Liu et al.
reported an analytical method for surfactants separation on Acclaim Surfactant Plus column [56]. The
same alkylbenzene sulfonates (CigH;505S’, Ci17H,705S7, CigH1905S,, CioH3105S7) were eluted but using
ammonium acetate buffer 0.1M at pH 5.2. Their elution was obtained during the last isocratic
plateau at 85% of ACN. In the present study, the buffer pH was set at 3.5 and the salt concentration
was 10 mM. In these conditions, alkylbenzene sulfonates were not eluted. As the salt concentration
was lower (10mM) than those used in Liu study (100 mM), the anion exchange interaction

mechanism had a much stronger intensity in our case and hindered the elution of these molecules.

As expected from RP mechanism, the family carboxylates in C;1EQ,CO,H eluted before the family in
C3EOQ,CO,H. The selectivity observed for nonionic surfactant, was also observed with carboxylates
surfactants (C4,E0,CO;,H, C43EOQ,CO,H). In addition, as for Triton and Brij, homologs were separated
according to the number of EO units. The resolution between carboxylates homologs was clearly

superior (around 1.5 whereas for Brij homologs it was around 0.8).

Separation by surfactants families, namely cationic, anionic and nonionic, was partly obtained using
this mixed-mode column. However, due to the polydispersity of surfactants, overlapping between
families and consequently co-elution persisted. Indeed, Brij, C;;COOH and C;3COOH were partly

superposed as shown in Figure 7.
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Figure 7 : Analysis of mixture surfactants with Acclaim Surfactant Plus

4. Conclusion

The aim of this study was to evaluate the possibilities offered by different chromatographic modes
(i.e. RPLC, HILIC and mixed-mode chromatography) for the analysis of various surfactants using a
wide range of stationary phases and HRMS detection. HRMS provided the information on the number
of carbon atoms in the alkyl chain, the number of EO units present and adducts nature. This part was
investigated by direct infusion and contributed to the foundation of an HRMS database. Then, owing
to the lack of literature on the separation of surfactants in petroleum samples, a study of model
surfactants retention on different stationary phases was investigated. Some representative elution
patterns were observed showing the elution behavior of surfactants with the three different
chromatographic modes, and co-elutions were systematically observed. This study showed that
surfactant analysis was not easy, and depending on the nature of the surfactants, their
polydispersity, their charge, the presence of polar groups in their structure, the investigated
stationary phase could lead to more or less efficient separations. The RPLC mode provided separation
according to the hydrophobic part of surfactants, whereas HILIC separated according to the number
of EO units. These two modes of chromatography offer an excellent complementarity. The mixed-
mode combined different retention mechanisms (hydrophobic and anion-exchange) and represented
a good compromise for a one-dimension separation. However, for polydisperse surfactants, co-
elution remained as observed for example with carboxylates. In the case of the analysis of more
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complex samples consisting of several surfactants, distributions would probably overlap more. This
limitation could be removed elegantly thanks to a multidimensional approach. Thus, the present

study could be considered as a basis for the development of a multidimensional analytical strategy.

Acknowledgements

This work was a collaboration between the Ecole Supérieure de Physique et de Chimie Industrielles
(ESPCI) at Paris, France and TOTAL at Lacq, France. The authors acknowledge Total for the permission
to publish these results as well as for the financial support. We like to thank Davy Guillarme (School
of Pharmaceutical Sciences, University of Geneva, University of Lausanne, Geneva 4, Switzerland) for

his critical review of this paper.

References

[1] X. Luo, L. Zhang, Z. Niu, X. Ye, Z. Tang, S. Xia, Liquid chromatography coupled to quadrupole-
Orbitrap high resolution mass spectrometry based method for target analysis and suspect
screening of non-ionic surfactants in textiles, Journal of Chromatography A. 1530 (2017) 80—89.
https://doi.org/10.1016/j.chroma.2017.11.001.

[2] M. Castillo, F. Ventura, D. Barceld, Sequential solid phase extraction protocol followed by liquid
chromatography—atmospheric pressure chemical ionization—mass spectrometry for the trace
determination of non ionic polyethoxylated surfactants in tannery wastewaters, Waste
Management. 19 (1999) 101-110. https://doi.org/10.1016/50956-053X(99)00004-5.

[3] F. Motteran, P.G. Lima, E.L. Silva, M.B.A. Varesche, Simultaneous determination of anionic and
nonionic surfactants in commercial laundry wastewater and anaerobic fluidized bed reactor
effluent by online column-switching liquid chromatography/tandem mass spectrometry,
Science of the Total Environment. 580 (2017) 1120-1128.
https://doi.org/10.1016/j.scitotenv.2016.12.068.

[4] S.H. Im, Y.H. Jeong, J.J. Ryoo, Simultaneous analysis of anionic, amphoteric, nonionic and
cationic surfactant mixtures in shampoo and hair conditioner by RP-HPLC/ELSD and LC/MS,
Analytica Chimica Acta. 619 (2008) 129-136. https://doi.org/10.1016/j.aca.2008.03.058.

[5] G. Vanhoenacker, M. Steenbeke, K. Sandra, P. Sandra, Profiling Nonionic Surfactants Applied in
Pharmaceutical Formulations by Using Comprehensive Two-Dimensional LC with ELSD and MS
Detection, LCGC North America. 36 (2018) 385—-393.

[6] L. Ripoll-Seguer, M. Beneito-Cambra, J.M. Herrero-Martinez, E.F. Simd-Alfonso, G. Ramis-
Ramos, Determination of non-ionic and anionic surfactants in industrial products by separation
on a weak ion-exchanger, derivatization and liquid chromatography, Journal of
Chromatography A. 1320 (2013) 66—71. https://doi.org/10.1016/j.chroma.2013.10.046.

[7] K.A. Krogh, B.B. Mogensen, B. Halling-Sgrensen, A. Cortés, K.V. Vejrup, D. Barceld, Analysis of
alcohol ethoxylates and alkylamine ethoxylates in agricultural soils using pressurised liquid

22



(8]

(9]

(10]

(11]

[12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

extraction and liquid chromatography-mass spectrometry, Analytical Bioanalytical Chemistry.
376 (2003) 1089-1097. https://doi.org/10.1007/s00216-003-2062-3.

A. Bhardwaj, S. Hartland, Applications of Surfactants in Petroleum Industry, Journal of
Dispersion Science and Technology. 14 (1993) 87-116.
https://doi.org/10.1080/01932699308943389.

P. Raffa, A.A. Broekhuis, F. Picchioni, Polymeric surfactants for enhanced oil recovery: A review,
Journal of  Petroleum Science and Engineering. 145 (2016) 723-733.
https://doi.org/10.1016/j.petrol.2016.07.007.

C. Negin, S. Ali, Q. Xie, Most common surfactants employed in chemical enhanced oil recovery,
Petroleum. 3 (2017) 197-211. https://doi.org/10.1016/j.petlm.2016.11.007.

Y. Bai, C. Xiong, X. Shang, Y. Xin, Experimental Study on Ethanolamine/Surfactant Flooding for
Enhanced Qil Recovery, Energy & Fuels. 28 (2014) 1829-1837.
https://doi.org/10.1021/ef402313n.

K. Spildo, L. Sun, K. Djurhuus, A. Skauge, A strategy for low cost, effective surfactant injection,
Journal of Petroleum Science and Engineering. 117 (2014) 8-14.
https://doi.org/10.1016/j.petrol.2014.03.006.

E.M. Thurman, I. Ferrer, J. Blotevogel, T. Borch, Analysis of Hydraulic Fracturing Flowback and
Produced Waters Using Accurate Mass: ldentification of Ethoxylated Surfactants, Analytical
Chemistry. 86 (2014) 9653—9661. https://doi.org/10.1021/ac502163k.

K.M. Heyob, J. Blotevogel, M. Brooker, M.V. Evans, J.J. Lenhart, J. Wright, R. Lamendella, T.
Borch, P.J. Mouser, Natural Attenuation of Nonionic Surfactants Used in Hydraulic Fracturing
Fluids: Degradation Rates, Pathways, and Mechanisms, Environmental Science Technology. 51
(2017) 13985—-13994. https://doi.org/10.1021/acs.est.7b01539.

Y. Al-Roomi, R. George, A. Elgibaly, A. Elkamel, Use of a novel surfactant for improving the
transportability/transportation of heavy/viscous crude oils, Journal of Petroleum Science and
Engineering. 42 (2004) 235-243. https://doi.org/10.1016/].petrol.2003.12.014.

G. Munoz, S.V. Duy, P. Labadie, F. Botta, H. Budzinski, F. Lestremau, J. Liu, S. Sauvé, Analysis of
zwitterionic, cationic, and anionic poly- and perfluoroalkyl surfactants in sediments by liquid
chromatography polarity-switching electrospray ionization coupled to high resolution mass
spectrometry, Talanta. 152 (2016) 447-456. https://doi.org/10.1016/j.talanta.2016.02.021.

P.A. Lara-Martin, A. Gdémez-Parra, E. Gonzadlez-Mazo, Simultaneous extraction and
determination of anionic surfactants in waters and sediments., Journal of Chromatography A.
1114 (2006) 205-210. https://doi.org/10.1016/j.chroma.2006.03.014.

C. Fernandez-Ramos, O. Ballesteros, R. Blanc, A. Zafra-Gdmez, F.J. Camino-Sanchez, A. Navaldn,
J.L. Vilchez, Determination of alcohol sulfates and alcohol ethoxysulfates in marine and river
sediments using liquid chromatography-tandem mass spectrometry, Talanta. 115 (2013) 606—
615. https://doi.org/10.1016/j.talanta.2013.05.058.

J.M. Traverso-Soto, P.A. Lara-Martin, V.M. Ledn, E. Gonzdlez-Mazo, Analysis of alcohol
polyethoxylates and polyethylene glycols in marine sediments, Talanta. 110 (2013) 171-179.
https://doi.org/10.1016/j.talanta.2013.02.027.

J.M. Traverso-Soto, P.A. Lara-Martin, E. Gonzalez-Mazo, V.M. Leén, Distribution of anionic and
nonionic surfactants in a sewage-impacted Mediterranean coastal lagoon: inputs and seasonal
variations.,  Science of the Total Environment.  503-504  (2015) 87-96.
https://doi.org/10.1016/j.scitotenv.2014.06.107.

23



(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

J. Zembrzuska, I. Budnik, Z. Lukaszewski, Monitoring of selected non-ionic surfactants in river
water by liquid chromatography—tandem mass spectrometry, Journal of Environmental
Management. 169 (2016) 247-252. https://doi.org/10.1016/j.jenvman.2015.12.034.

V. Gomez, L. Ferreres, E. Pocurull, F. Borrull, Determination of non-ionic and anionic surfactants
in environmental water matrices, Talanta. 84 (2011) 859-866.
https://doi.org/10.1016/j.talanta.2011.02.009.

E. Olkowska, Z. Polkowska, J. Namie$nik, A solid phase extraction—ion chromatography with
conductivity detection procedure for determining cationic surfactants in surface water samples,
Talanta. 116 (2013) 210-216. https://doi.org/10.1016/j.talanta.2013.04.083.

V. Wulf, N. Wienand, M. Wirtz, H.-W. Kling, S. Gab, 0.J. Schmitz, Analysis of special surfactants
by comprehensive two-dimensional gas chromatography coupled to time-of-flight mass
spectrometry, Journal of Chromatography A 1217 (2010) 749-754.
https://doi.org/10.1016/j.chroma.2009.11.093.

K. Heinig, C. Vogt, Determination of surfactants by capillary electrophoresis, Electrophoresis. 20
(1999) 3311-3328. https://doi.org/10.1002/(SICI)1522-2683(19991001)20:15/16<3311::AID-
ELPS3311>3.0.CO;2-1.

R.A. Wallingford, Oligomeric Separation of lonic and Nonionic Ethoxylated Polymers by Capillary
Gel Electrophoresis, Analytical Chemistry. 68 (1996) 2541-2548.
https://doi.org/10.1021/ac951179c.

S.A. Bhawani, O. Sulaiman, R. Hashim, M.N.M. Ibrahim, Analysis of Surfactants by Thin-Layer
Chromatography: A Review, Tenside Surfactants Detergents. 47 (2010) 73-80.
https://doi.org/10.3139/113.110054.

A. Mohammad, Qasimullah, M. Khan, R. Mobin, Thin-layer chromatography in the analysis of
surfactants: At a glance, Journal of Liquid Chromatography & Related Technologies. 40 (2017)
863—871. https://doi.org/10.1080/10826076.2017.1377731.

L.H. Levine, J.L. Garland, J.V. Johnson, HPLC/ESI-Quadrupole lon Trap Mass Spectrometry for
Characterization and Direct Quantification of Amphoteric and Nonionic Surfactants in Aqueous
Samples, Analytical Chemistry. 74 (2002) 2064—2071. https://doi.org/10.1021/ac011154f.

P.A. Lara-Martin, A. Gomez-Parra, E. Gonzalez-Mazo, Development of a method for the
simultaneous analysis of anionic and non-ionic surfactants and their carboxylated metabolites
in environmental samples by mixed-mode liquid chromatography—mass spectrometry, Journal
of Chromatography A. 1137 (2006) 188—197. https://doi.org/10.1016/j.chroma.2006.10.009.

J.B. Fenn, lon formation from charged droplets: Roles of geometry, energy, and time, American
Society for Mass Spectrometry. 4 (1993) 524-535. https://doi.org/10.1016/1044-
0305(93)85014-0.

P. Kebarle, L. Tang, From ions in solution to ions in the gas phase - the mechanism of
electrospray mass spectrometry, Analytical Chemistry. 65 (1993) 972A-986A.
https://doi.org/10.1021/ac00070a001.

N.B. Cech, C.G. Enke, Practical implications of some recent studies in electrospray ionization
fundamentals, Mass Spectrom Review. 20 (2001) 362—387. https://doi.org/10.1002/mas.10008.

L.L. Jessome, A.V. Dietrich, lon Suppression: A Major Concern in Mass Spectrometry, LCGC
North America. 24 (2006). http://www.chromatographyonline.com/ion-suppression-major-
concern-mass-spectrometry?id=&sk=&date=&%0A%09%09%09&pagelD=2 (accessed December
4,2018).

24



(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

[44]

[45]

[46]

C. Wang, Q. Ma, X. Wang, Determination of alkylphenol ethoxylates in textiles by normal-phase
liguid chromatography and reversed-phase liquid chromatography/electrospray mass
spectrometry, Journal of AOAC International. 90 (2007) 1411-7.

J. Zembrzuska, Determination of Dodecanol and Short-Chained Ethoxylated Dodecanols by LC—
MS/MS (with Electrospray lonization) After Their Derivatization (with Phenyl Isocyanate),
Journal of Surfactants and Detergents. 20 (2017) 1421-1432. https://doi.org/10.1007/s11743-
017-2015-z.

A. Zgota-Grzeskowiak, T. Grzeskowiak, Solid-phase extraction combined with dispersive liquid—
liguid microextraction, fast derivatisation and high performance liquid chromatography—
tandem mass spectrometry analysis for trace determination of short-chained dodecyl alcohol
ethoxylates and dodecyl alcohol in environmental water samples, Journal of Chromatography A.
1251 (2012) 40-47. https://doi.org/10.1016/j.chroma.2012.06.056.

D. Martin, G. Munoz, S. Mejia-Avendafiio, S.V. Duy, Y. Yao, K. Volchek, C.E. Brown, J. Liu, S.
Sauvé, Zwitterionic, cationic, and anionic perfluoroalkyl and polyfluoroalkyl substances
integrated into total oxidizable precursor assay of contaminated groundwater, Talanta. 195
(2019) 533-542. https://doi.org/10.1016/j.talanta.2018.11.093.

C. Yin, J. Fu, X. Lu, Characterization of polyethermethylsiloxanes using ultra-high performance
liquid chromatography-electrospray ionization and time-of-flight mass spectrometry, Analytica
Chimica Acta. 1082 (2019) 194-201. https://doi.org/10.1016/j.aca.2019.07.041.

H.-Y. Wu, C.-L. Shih, T. Lee, T.-Y. Chen, L.-C. Lin, K.-Y. Lin, H.-C. Chang, I.-C. Chuang, S.-Y. Liou, P.-
C. Liao, Development and validation of an analytical procedure for quantitation of surfactants in
dishwashing detergents using ultra-performance liquid chromatography-mass spectrometry,
Talanta. 194 (2019) 778-785. https://doi.org/10.1016/j.talanta.2018.10.084.

R.A. Garcia, A.C. Chiaia-Hernandez, P.A. Lara-Martin, M. Loos, J. Hollender, K. Oetjen, C.P.
Higgins, J.A. Field, Suspect Screening of Hydrocarbon Surfactants in AFFFs and AFFF-
Contaminated Groundwater by High-Resolution Mass Spectrometry, Environmental Science &
Technology. 53 (2019) 8068—8077. https://doi.org/10.1021/acs.est.9b01895.

I.C.S. Duarte, L.L. Oliveira, A.P. Buzzini, M.A.T. Adorno, M.B.A. Varesche, Development of a
method by HPLC to determine LAS and its application in anaerobic reactors, Journal of the
Brazilian Chemical Society. 17 (2006) 1360-1367. https://doi.org/10.1590/50103-
50532006000700025.

D.Y. Okada, T.P. Delforno, A.S. Esteves, |.K. Sakamoto, |.C.S. Duarte, M.B.A. Varesche,
Optimization of linear alkylbenzene sulfonate (LAS) degradation in UASB reactors by varying
bioavailability of LAS, hydraulic retention time and specific organic load rate, Bioresource
Technology. 128 (2013) 125-133. https://doi.org/10.1016/j.biortech.2012.10.073.

X. Liu, C. Pohl, New hydrophilic interaction/reversed-phase mixed-mode stationary phase and
its application for analysis of nonionic ethoxylated surfactants, Journal of Chromatography A.
1191 (2008) 83-89. https://doi.org/10.1016/j.chroma.2007.12.012.

N. Solak Erdem, N. Alawani, C. Wesdemiotis, Characterization of polysorbate 85, a nonionic
surfactant, by liquid chromatography vs. ion mobility separation coupled with tandem mass
spectrometry, Analytica Chimica Acta. 808 (2014) 83-93.
https://doi.org/10.1016/j.aca.2013.07.026.

J. Zembrzuska, I. Budnik, Z. Lukaszewski, Separation and determination of homogenous fatty
alcohol ethoxylates by liquid chromatography with mulitstage mass spectrometry: Other

25



[47]

(48]

[49]

(50]

(51]

(52]
(53]

(54]

(55]

(56]

Techniques, Journal of Separation Science. 37 (2014) 1694-1702.
https://doi.org/10.1002/jssc.201301391.

G. Groeneveld, M.N. Dunkle, M. Rinken, A.F.G. Gargano, A. de Niet, M. Pursch, E.P.C. Mes, P.J.
Schoenmakers, Characterization of complex polyether polyols using comprehensive two-
dimensional liquid chromatography hyphenated to high-resolution mass spectrometry, Journal
of Chromatography A. 1569 (2018) 128—138. https://doi.org/10.1016/j.chroma.2018.07.054.

X. Liu, C.A. Pohl, J. Weiss, New polar-embedded stationary phase for surfactant analysis, Journal
of Chromatography A. 1118 (2006) 29-34. https://doi.org/10.1016/j.chroma.2006.03.080.

L.R. Snyder, J.J. Kirkland, J.L. Glajch, Practical HPLC Method Development: Snyder/Practical,
John Wiley & Sons, Inc., Hoboken, NJ, USA, 1997. https://doi.org/10.1002/9781118592014.

K. Le Mapihan, J. Vial, A. Jardy, Reversed-phase liquid chromatography testing, Journal of
Chromatography A. 1088 (2005) 16—23. https://doi.org/10.1016/j.chroma.2005.02.023.

A. Méndez, E. Bosch, M. Rosés, U.D. Neue, Comparison of the acidity of residual silanol groups
in several liquid chromatography columns, Journal of Chromatography A. 986 (2003) 33-44.
https://doi.org/10.1016/50021-9673(02)01899-X.

ASTM Standards on Chromatography, E682, (1981).

H. Sitterlin, R. Alexy, A. Coker, K. Kimmerer, Mixtures of quaternary ammonium compounds
and anionic organic compounds in the aquatic environment: Elimination and biodegradability in
the closed bottle test monitored by LC—-MS/MS, Chemosphere. 72 (2008) 479-484.
https://doi.org/10.1016/j.chemosphere.2008.03.008.

J.E. Loyo-Rosales, I. Schmitz-Afonso, C.P. Rice, A. Torrents, Analysis of octyl- and nonylphenol
and their ethoxylates in water and sediments by liquid chromatography/tandem mass
spectrometry, Analytical Chemistry. 75 (2003) 4811-4817.

O.P. Haefliger, Universal Two-Dimensional HPLC Technique for the Chemical Analysis of
Complex  Surfactant Mixtures,  Analytical Chemistry. 75 (2003) 371-378.
https://doi.org/10.1021/ac020534d.

X. Liu, M. Tracy, C. Pohl, New Development in Surfactant Analysis by HPLC New Development in
Surfactant Analysis by HPLC, (2014).

26



Figures captions

Table 1: Advantages and drawbacks of available methods for surfactants analysis
Table 2: Optimized MS parameters for direct infusion MS and LC-MS analysis
Table 3: Stationary phase and mobile phase conditions for LC-MS analysis of surfactants

Table 4: list of ions observed in MS for the studied surfactants in both electrospray positive and

negative ionization modes

Figure 1: Infusion-MS experiments of (A) Triton X-100 reduced, (B) BrijC10, (C)
triméthyloctadecylammonium bromide and myristyltrimethylammonium bromide, (D) DBSA, glycolic
acid ethoxylated lauryl ether in positive (E) and negative (F) ionization mode; concentration 1 mg/L

each; mobile phase Water/ACN 50/50.
Figure 2: Retention maps of studied surfactants in RPLC mode

Figure 3: (A-D) EICs of Triton X100 reduced (2<nEO<16) at 200 mg/L on AccucoreTM C4, AccucoreTM
C18, AccucoreTM C30 (0-12 min 30%-100%B, 6 min at 100%B) and AccucoreTM Phenyl (0-20 min
30%-100%B, 10 min at 100%B) — (E-F) representative retention of Triton X100 reduced according

number of EO on C30 and C18 columns, respectively

Figure 4: UHPLC-MS chromatograms in positive ion mode of BrijC10 at 1 mg/L on C18 column (150

mm x 2.6 mm, 2.1 um)

Figure 5: EICs (A5ppm) of surfactants on bare silica-HILIC column — (A) BrijC10 (3<ngy<17), (B) Triton
(2<ngp<17), (C) DBSA and quaternary ammonium, and (D) the glycolic acid ethoxylated lauryl ether
(1<ngo<10),

Figure 6: EIC (A5ppm) of BrijC10’s homologs n=11 to 17 on C4 column (on the right) and on Bare silica

column (on the left).

Figure 7: Analysis of mixture surfactants with Acclaim Surfactant Plus
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