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ABSTRACT: Current approaches for identifying and quantitat-
ing surfactants in various product matrices require the use of
wet chemical, chromatographic, and spectroscopic techniques.
The primary objective of this work is to replace current multi-
ple-technique approaches for identifying surfactants and quan-
titating their homologue distribution with a single rapid tech-
nique. To meet this objective, a simple preparation procedure
has been developed to prepare consumer product samples for
subsequent analysis by ion-spray mass spectrometry. Quantita-
tion of linear alkylbenzene sulfonates in detergents with this
technique is demonstrated.
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Identification and quantitation of surfactants have been rou-
tinely accomplished for many decades through the use of wet
chemical extraction and isolation procedures, complexomet-
ric and acid-base titrations, gravimetry, and colorimetry
(1-5). These approaches take time and effort, however, and
do not provide information on distributions of homologues or
identify unknown surfactants.

Spectroscopic approaches, such as infrared (IR) and nu-
clear magnetic resonance (NMR) spectrometry, provide infor-
mation on the identification of surfactants (1-3,6-8). These
techniques, however, are limited by the matrix and their in-
ability to separate and quantitate homologue distribution.

Chromatographic approaches, e.g., thin-layer chromatog-
raphy (TLC), gas chromatography (GC), high-performance
liquid chromatography (HPL.C), or supercritical fluid chro-
matography (SFC), have bridged this gap concerning homo-
logue distribution measurements (9-22). These techniques
are limited, however, by their inability to identify surfactant
molecules, particularly in the absence of standard com-
pounds. They are also dependent on time-consuming sample-
preparation procedures.

Recent development of several mass-spectrometric inter-
faces has enabled the coupling of various chromatographic
instruments with mass spectrometry. These systems can si-
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multaneously provide information on the composition and
quantitation of surfactants in various matrices (23-27). Ex-
tensive method development studies for analysis of surfac-
tants in environmental matrices have been reported for these
systems (28-32).

The objectives of this work were to develop a single in-
strumental technique without chromatography that could
identify all types of surfactants in a wide variety of consumer
product matrices as well as provide quantitative information
on homologue distributions and surfactant concentrations.
The approach, described in this paper, starts with a simple
sample-preparation procedure that isolates surfactants from
the product matrix, thereby eliminating potential interfer-
ences before mass-spectroscopic analysis. Different types of
surfactants can generate ions with identical mass-to-charge
ratios, providing misleading information for surfactant iden-
tification. The surfactants that generate these ions can be pos-
itively identified by their collisionally-activated dissociation
(CAD) spectra. The use of deuterated internal standards pro-
vides quantitative information on the total concentration of
the various surfactants in consumer products.

EXPERIMENTAL PROCEDURES

Reagents. HPLC-grade methanol, acetonitrile, and water, as
well as reagent-grade ammonium acetate and trifluoroacetic
acid, used for this research, were purchased from Wako Jun-
yaku Kogyo Co., Ltd. (Osaka, Japan). The anion exchange
solid-phase extraction (SPE) cartridges, used to remove an-
ionic surfactants from matrices, were Sep-Pak Vac 20cc Ac-
cell plus QMA from Japan Millipore Co., Ltd. (Osaka, Japan).
Deuterated internal standards, i.e., d-7 C, linear alkylben-
zene sulfonate (LAS), d-7 C, LAS and d-7 C;, LAS, were
synthesized in-house.

Equipment. The mass spectrometer used in this research
was an API-III from PE-Sciex (Toronto, Canada). A Harvard
syringe pump (Saint-Laurent, Canada) was used for direct in-
jections into the mass spectrometer. The mass spectrometer
was coupled to a Macintosh IIfx computer (Palo Alto, CA)
for system control, and a Macintosh Quadra 800 computer
(Palo Alto, CA) was used for data handling.

Operating conditions. The injection mode of solvents into
the mass spectrometer was direct infusion, and no chromato-
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graphic separations were performed prior to the mass-spec-
tral analysis. The orifice voltage for API-III interface was set
at —90 volts for anionic surfactants, and +90 volts for cationic
and nonionic surfactants.

For all surfactants, the flow rate of solvent to the interface
orifice was between 5 and 10 pL/min. The solvent system
used for analyzing anionic surfactants was methanol. The sol-
vent system used for cationic and nonionic surfactants was
methanol, or a mixture of methanol and water (50:50) with
0.1% wt/vol trifluoroacetic acid when surfactants were de-
tected as protonated molecular ions. When nonionic surfac-
tants were detected as adduct ions, a mixture of methanol and
water (50:50) with 0.01 N ammonium acetate was used.

Internal standard solution. The internal standard solution
was prepared by weighing 0.0500 g pure-chainlength deuter-
ated surfactant into a 100-mL volumetric flask and diluted
with methanol. In the research presented here, d-C,, LAS, d-7
C,, LAS. and d-7 C;, LAS were used as internal standards
for quantitation of total LAS in consumer products.

Sample preparation. About 0.1-0.5 g of granular or liquid
detergent, fabric softener, shampoo, or conditioner samples
are weighed into 100-mL volumetric flasks, diluted with
ethanol, and mixed until the surfactants are dissolved. The
ethanol solution is then centrifuged to remove insoluble inor-
ganic materials that may interfere with mass spectrometry.

For simple identification of surfactants, 1.0 mL ethanol su-
pernatant is diluted to 100 mL with the methanol or
methanol/buffer solution. Then, 1 mL of this solution is fur-
ther diluted to 10 mL with methanol or methanol/buffer solu-
tion and analyzed by ion-spray mass spectrometry (IS/MS).
When quantitation is needed, 1.0 mL ethanol supernatant and
1.0 mL internal standard solution are added to a 100-mL vol-
umetric flask, mixed, and diluted with methanol or meth-
anol/buffer solution. Then, 1 mL of this solution is further di-
luted to 10 mL with methanol or methanol/buffer solution,
prior to infusion into the IS/MS.

For analysis of nonionic surfactants in formulations that
contain large amount of anionic surfactants, the ethanol su-
pernatant is passed through an anion-exchange SPE cartridge,
then diluted with methanol or methanol/buffer solution, prior
to infusion into the IS/MS.

RESULTS AND DISCUSSION

The key to success of this single technique for identification
and quantitation of surfactants is that the ion-spray interface
is a soft ionization technique, providing strong parent ion sig-
nals for polar surfactant molecules while reducing the back-
ground noise from the ionization of nonpolar organic com-
pounds in consumer products. Excelient studies on direct
analysis of surfactants with the soft ionization technique, such
as fast atom bombardment (FAB), have been reported for the
same purposes (33-36). It is reported that FAB does not pro-
vide good reproducibility because the sensitivity changes
with time due to the evaporation of matrices and the deple-
tion of the more surface-active species (34).
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Another key to the successful development of this work is
the injection system into the mass spectrometer. The ion-
spray interface is unique in its ability to reproducibly intro-
duce aqueous samples into the mass spectrometer. This abil-
ity to handle aqueous samples means that polar or ionic com-
pounds, such as surfactants, can be introduced into the mass
spectrometer without difficulty (37,38).

Anionic surfactants. Under the conditions specified in the
Experimental Procedures section, anionic surfactants are de-
tected as singularly charged sulfonate, sulfate, or carboxylate
ions in the negative ion detection mode of the mass spectrom-
eter. Figure 1 is a spectrum of a typical commercial granular
detergent formulation. This spectrum contains ion signals that
were generated from alkyl carboxylate, alkyl benzene sul-
fonate, and alkyl sulfate ions. Positive identification of all
ions in this spectrum could not be made, however, because
different types of anionic surfactants can generate ions with
the same m/z ratio.

These ions can be positively identified from their CAD
spectra. CAD spectra are also known as daughter ion spectra.
Figure 2 shows the differences between CAD spectra of
tetradecyl sulfate and hydroxy tetradecyl sulfonate. Both sur-
factants give a deprotonated parent ion with the same mass of
m/z 293. When these two surfactants are fragmented with col-
lision gas, however, the daughter ions are different. The sul-
fonated surfactant gives a daughter ion with a mass of m/z 80,
while the suifated surfactant gives a daughter ion with a mass
of m/z 96. The CAD spectrum of hydroxy alkane sulfonate
also provides information on the existence of a hydroxy group
in the molecule due to an ion formed by the loss of a neutral
water molecule.

Linear and branched isomers of the same surfactant
species generate the same deprotonated parent ions by simple
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FIG. 1. lon-spray/mass spectrometry spectrum for a typical commercial
granular detergent in negative ion detection mode: A-1, C, ¢ alkyl car-
boxylate; A-2, C, 4 alkyl carboxylate; B-1, C,, linear alkylbenzene sul-
fonate; B-2, C,, linear alkylbenzene sulfonate; B-3, C,, linear alkylben-
zene sulfonate; B-4, C,, linear alkylbenzene sulfonate; C-1, C,, alkyl sul-
fate; C-2, C,, alkyl sulfate; C-3, C,, alkyl sulfate; C-4, C, 4 alkyl sulfate.
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FIG. 2. Collisionally-activated dissociation spectra of alkyl sulfate and
hydroxy alkane sulfonate in the negative ion detection mode.

mass spectral techniques. They can also be distinguished by
CAD spectra, however. Figure 3 compares the CAD spectra
for linear alkylbenzene sulfonate and branched alkylbenzene
sulfonate. Distinctive daughter ions are generated by CAD at
m/z 183 and 197, respectively.

Cationic surfactants. Molecular ions of quarternary
amines and protonated ions of tertiary amines are detected in
the positive ion detection mode of the mass spectrometer. In
the same manner as for anionic surfactants, structural infor-
mation can be obtained from CAD spectra of individual sur-
factant ions. Figure 4 is a mass spectrum of a commercial fab-
ric softener that contained a protonated dialkyl tertiary amine
as the key cationic surfactant. Protonated parent ions of the
homologues can be observed.

Figure 5 is the CAD spectrum from the parent ion with a
mass of m/z 637. The cleavage of the parent ion occurs on ei-
ther side of the tertiary amine. This cleavage occurs with the
loss of an electron from the alkyl chain, the tertiary amine dis-
appears from the spectra as a neutral fragment, and the alkyl
chain is observed as a charged fragment.

Nonionic surfactants. Interference from other surfactants,
especially anionic surfactants, can cause problems with the
reproducible identification and quantitation of nonionic sur-
factants in detergent products that contain both anionic and
nonionic surfactants. Removal of anionic surfactants via
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FIG. 3. Collisionally-activated dissociation spectra of linear alkylben-
zene sulfonate and branched alkylbenzene sulfonate in the negative ion
detection mode.

anion exchange resin cartridges eliminates this interference.
In addition, unless the proper buffer is added, a mixture of
protonated ions, sodium adducts, and ammonium adducts
may be formed. This mixture of ions unnecessarily compli-
cates the surfactants’ spectra. The buffer systems, specified in
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FIG. 4. lon-spray/mass spectrometry spectrum of a commercial fabric
softener in the positive ion detection mode.
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FIG. 5. Collisionally-activated dissociation spectrum of dialkyl tertiary
amine in the positive ion detection mode.

the Experimental Procedures section, minimize problems due
to multiple ton types.

Figure 6 is a spectrum of the cationic and nonionic surfac-
tants in a light-duty liquid detergent product. The ions with
masses at m/z 284 and 312 are parent ions for cetyltrimethy-
lammonium and stearyltrimethylammomium ions. The ions
with masses at m/z 338 and 366 are ammonium adduct parent
ions for decylmonoglycoside and dodecylmonoglycoside.
The ions with masses at m/z 500 and 528 are ammonium
adduct parent ions for the diglycoside series of the same sur-
factant species, i.e., alkylpolyglycoside (APG).

The most interesting part of the spectrum in Figure 6 is the
ammonium adduct parent ions for the lauryl alcohol ethoxy-
late series. The series reaches a maximum with 11 ethoxylates
and continues to about 20 ethoxylate units. GC has been used
to routinely measure ethoxylate distributions but can only see
out to about 14 or 15 ethoxylate units. SFC is also used for
the analysis and is reported to see out to about 30 ethoxylate
units (7). The method developed here provides the informa-
tion on the distribution of ethoxylation much more quickly
without chromatography.
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FIG. 6. lon-spray/mass spectrometry spectrum of a commercial light-
duty liquid detergent in the positive ion detection mode; APG,
alkylpolyglycoside.
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Scope. This quick identification method was applied to
other surfactants in various matrices. Especially, anionic sur-
factants, such as a-sulfo fatty acid esters, alkyl amide sul-
fonates and alkyl ether sulfate, were identified and quantitated
in detergents and shampoos. Cationic surfactants, such as
monoalkyl quaternary amines, were identified, and their ho-
mologue distributions were satisfactorily obtained from con-
ditioner products with this method.

Quantitation. Bias among homologues has been the major
problem for quantitation with mass spectrometric techniques.
This bias is mainly the result of differences in relative surface
activity between ions. Homologues of shorter chainlength are
more efficiently ionized than longer-chainlength ions with
IS/MS. Bias can be minimized through optimization of the
sample preparation procedure and the conditions used for
IS/MS. Optimization of buffer systems and orifice voltage
helped reduce bias found between homologues of the same
surfactant series, though some bias still exists.

Figure 7 is a mass spectrum of a commercial liquid deter-
gent that contained LAS homologues and three d-7 internal
standards. The consumer product was prepared so that the
final surfactant concentration from detergents in the solution
was about 1.5 ppm (parts per million). Each internal standard
was added to the solution so that their final concentrations
were about 0.5 ppm.

Table | compares the ion intensities among LAS homo-
logues. There is a noticeable drop in the signal intensities of
the internal standards as their alkyl chainlength increases. The
mass spectrometer responds on a mole basis, not a mass basis.
Therefore the intensity of homologues with the longer chain-
lengths should be lower than the shorter ones when compared
on a mass basis. When the ratios of ion intensity are compared
on a mole basis, however, the longer ones still give lower
responses.
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FIG. 7. lon-spray/mass spectrometry spectrum of a commercial liquid
detergent containing linear alkylbenzene sulfonate homologues and
three d-7 internal standards.
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TABLE 1
Relative lon Intensity of Linear Alkylbenzene (LAS) Homologues

Relative ion intensity Relative ion intensity

Chainlength of LAS (mass basis) (mole basis)
d-7 C,y LAS 1.00 1.00
d-7 C;, LAS 0.85 0.93
d-7 C,, LAS 0.58 0.69

Bias between longer- and shorter-chain homologues has
also been recognized with another soft ionization mass spec-
trometry, FAB. Wernery and Peake (34) reported that the
abundance of C,, LAS was enhanced relative to the shorter-
chain homologues with FAB at lower total LAS concentra-
tions, as expected from the higher surface activity of C,
LAS, though the trend reversed as LAS concentration in-
creased. The IS/MS detector response slowly changes with
time, and different surfactant species will have some bias due
to their ion evaporation efficiency in matrices. The only way
to compensate for these biases and provide quantitative re-
sults on surfactant concentrations is to develop calibration
curves by using appropriate internal standards. Deuterated
standards are routinely used as internal standards in mass
spectrometry.

Table 2 and Figure 8 show the data of the variation and the
correlation coefficient of this IS/MS method by using deuter-
ated internal standards. A solution of 0.5 ppm wt/vol d-7 C,
LAS was used as an internal standard. Because pure LAS
standards were not available, a consumer product, containing
LAS homologues, was spiked into the solution of deuterated
internal standards. The consumer product was diluted to be-
tween 5 and 30 ppm wt/vol before mixing so that the ion in-
tensity of LAS homologues was similar to that of the internal
standard. It was found that both the correlation coefficient and
variation were satisfactory when samples were appropriately
diluted. For LAS and alkyl sulfate, the spike and recovery re-
sults were greater than 90%.

The results in Table 3 compare the analytical results on
alkyl benzene sulfonates in a commercial liquid detergent be-
tween IS/MS and colorimetric titration methods. Because the
correlation coefficient of the IS/MS method was reasonable,
the concentration of alkyl benzene homologues in the prod-
uct was calculated based on the relative ion intensity to the
d-7 C,, LAS interal standard. The IS/MS method provided

TABLE 2
Data of Variation and Correlation Coefficient of lon-Spray/Mass
Spectrometry Internal Standard Method

% Relative standard deviation  Correlation
Chainlength of LAS? (n=3) coefficient
C,o LAS 4.0 0.9993
C,; LAS 5.3 0.9995
C,, LAS 33 0.9997
C,; LAS 1.1 0.9999
C,4 LAS 4.4 0.9997

2Abbreviation as in Table 1.
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FIG. 8. Study on correlation coefficient of ion-spray/mass spectrometry
internal standard method; LAS, linear alkylbenzene suifonate.

TABLE 3

Comparison of the Analytical Results Between Titration Method
(ISO 2271) and lon-Spray/Mass Spectrometry (IS/MS) Internal
Standard Method?

Chainlength of LAS

Titration method (%) 1S/MS method (%)

C,o LAS — 3.0
C,, LAS — 5.1
C,, LAS — 43
C,, LAS — 3.1
C,, LAS — 0.8
Total LAS 13.7 16.3

2Abbreviation as in Table 1.

both the homologue distribution and the total LAS level,
while the titration method provided only the total LAS level.
The comparison of the total level between both methods
demonstrates that IS/MS is effective for providing reasonable
accuracy in quantitating surfactant levels in commercial prod-
uct formulations.

When multiple species with identical molecular ions are
present in the same formulation, the use of selected ion moni-
toring of the CAD spectra is effective to quantitate individual
species. The mass spectrometer is set to monitor the charac-
teristic daughter ions generated by CAD for both the internal
standard and analyte species. Calibration can be performed
based on daughter ion peak areas of standard solutions.
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