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Simultaneous determination of three surfactants and water in
shampoo and liquid soap by ATR-FTIR
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Abstract

It is demonstrated for the first time that the principal constituents of a shampoo as well as of a liquid soap –three surfactants and water– can
be determined directly, simultaneously and quickly in undiluted samples by attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy in the middle infrared region, despite the broad absorption bands of the solvent. Two of the surfactants, sodium lauryl ether
sulfate (SLES) and cocoamidopropyl betaine (CAPB), are common to both formulations; alkylpolyglucoside (APG) is the third surfactant of
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he liquid soap and cocodiethanolamide (CDEA), the corresponding ingredient of the shampoo. Absorbance data of the undilut
nd of the calibration standards was collected in the middle infrared region of the spectrum (800–1600 and 1900–3000 cm−1). Two method
f multivariate quantification were compared: classical least squares (CLS), where absorbance data measured at 200 waven
rocessed, and inverse least squares (ILS), where data at 10 selected wavenumbers was analyzed. A spectra normalization pro
n a dominating water band, was examined. Twenty-seven standard mixtures were used for each application, consisting of all com

hree concentration levels of each surfactant, respectively the lower limit, the expected value and the upper limit accepted in qua
y favoring wavenumbers where absorption bands of the minor components (APG in the liquid soap and CDEA in the shampoo

ntense, good results were obtained for 18 simulated samples of shampoo and 18 samples of liquid soap, no matter if calculations
y CLS or ILS. The relative errors for water (major component, 84–88%) and SLES (7–10%) were always below 2%; for CAPB
PG (<2%) and CDEA (<2%), they occasionally reached 5% of the component, an uncertainty of less than 0.07% in terms of t
eight.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Absorption spectroscopy in the middle infrared region is
sed universally for characterization purposes, taking advan-

age of the distinctive molecular vibrational bands of or-
anic (and inorganic) groups in this region. In comparison
ith spectrophotometry in the UV–vis region, based on elec-

ronic transition bands, selectivity is usually much higher,
ut due to short pathlengths typical in transmittance or re-
ectance IR of liquids, the measured absorbances are lower;
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also, the instrumentation required is more expensive an
otherwise universal solvent – water – presents broad
fering absorption bands, some factors restraining the a
cation in quantitative analysis. Popularization of interfe
metric Fourier transform infrared (FTIR) instruments in
faced to increasingly powerful microcomputers that run
fast Fourier transform algorithm (developed in the 19
has removed some of these restrictions. These instrum
have much lower acquisition and maintenance prices
classical dispersive IR spectrometers, are more compac
ble and reliable, reduce the time to obtain a spectrum
minutes to seconds and store and manipulate data dig
(e.g., subtraction of water or other background bands,
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mation of spectra to improve the signal/noise ratio, etc.)
[1–6].

The commercial availability of FTIR equipment acces-
sories for measurements in the reflectance mode is another
important advance. In the attenuated total reflectance (ATR)
mode, also known as internal reflectance, the beam is di-
rected onto the interface of the transparent window material,
usually ZnSe (water resistant), at an incidence angle that re-
sults in “total” reflection. In fact, the evanescent wave of the
reflected radiation interacts with the sample molecules ex-
posed on the window surface, attenuating the “total” reflec-
tion at the wavenumbers corresponding to absorption bands
of the sample[9]. This technique is not very suitable for the
determination of trace components since the “optical path”
is minimal (≈10−5 m). To overcome the lack of sensitivity,
multiple reflection ATR devices have been developed, some-
times with a diamond window to improve chemical and me-
chanical resistance in routine use. Compared to the trans-
mittance cell, the ATR mode simplifies and minimizes sam-
ple handling and allows spectra from opaque samples to be
recorded directly[7,8]. Typically, a drop of sample is sim-
ply spread over the horizontal surface; the film thickness is
irrelevant and the cleanup of the scratch-free diamond sur-
face by wiping-off the sample with a solvent is quick and
easy.
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Fig. 1. Structure of (a) sodium lauryl ether sulfate (MW = 384 g mol−1),
(b) cocoamidopropyl betaine (MW = 359 g mol−1), (c) cocodiethanolamide
(MW = 376 g mol−1) and (d) alkylpolyglucoside (MW = 304 g mol−1).

non-ionic surfactants alkylpolyglucoside (APG) and cocodi-
ethanolamide (CDEA).

In the finished formulations, SLES is the only surfactant
that can be determined by a direct and fast potentiometric
method, using an ion-selective electrode[16,17]. The deter-
mination of CAPB, CDEA and APG in finished products
presents interference problems that are not well-solved and
demand HPLC methods, frequently preceded by laborious
solvent extraction[18–22]. By these grounds, even methods
for single components at a time in shampoos or liquid soaps
are of great interest. As will be shown, application of FTIR-
ATR combined with relatively simple chemometrics makes it
possible not only to determine one surfactant at a time but all
three simultaneously, with the extra bonus of providing also
the water content. In this way, time and resources are saved,
by overcoming the need of dosing water by the classical Karl
Fisher method.

The mid-infrared range absorption spectra of the surfac-
tants considered in this work are presented inFig. 2. More or
less severe superposition of bands is observed, depending on
the considered region. The picture is complicated further by
the broad and moderately intense absorption bands exhibited
by the water molecules, used as solvent. Thus, quantitative
determination of the components requires multivariate anal-
ysis; the approaches formerly used in infrared analysis range
f
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With these relatively favorable characteristics, FTIR-A
s finding its way in quantitative analysis, and the numbe

ethods is progressively growing, embracing samples
olymers, pharmaceutical products and petrol compon

10–15]. However, to the best knowledge of the authors, q
itative applications of FTIR-ATR to surfactants have not
ppeared in the literature. This class of compounds is

mportant and amply used in the formulation of indust
ousehold and cosmetic products where, frequently, tw
ore distinct surfactants are combined. The need for q

itative analysis starts with the raw materials, turns cru
uring manufacturing and filling processes and may r

he shelf, under scrutiny of the producers or regulatory a
ies.

Although the control of raw material is of great value a
omprises, perhaps, a fertile field for straightforward ap
ations of FTIR-ATR, to demonstrate the potentiality of
echnique in more relevant and complex situations, the
hors have chosen to investigate the simultaneous deter
ion of various surfactants in shampoos and liquid soaps
urfactants are the active ingredients in both products, b
esponsible, in a simplified view, for the removal of grease
irt from the hair and skin. The combination of surfacta
ach of them with a different function (and price!), depe
n the application and the expected performance. The
urfactant in both formulations, for the brand used as a m
roduct (similar to commercial products), is sodium la
ther sulfate (SLES,Fig. 1), an anionic surfactant pres

n a range of 6.0–10.0% (w/w). The other surfactants
he cocoamidopropyl betaine (CAPB), an amphoteric
actant, also present in both formulations, and one of
rom simple methods like least squares (LS)[23–25]to partial
east squares (PLS) for more complicated system resp
26–29].

Although the intended application is relatively comp
t will be shown that it can be handled by straightforw
S methods, without the need of more demanding com

ations by PLS. Two LS methods of multivariate anal
ere compared: the classical least squares (CLS) or M
method and the inverse least squares or MatrixP (ILS)

30,31]. In both methods, adherence of the absorbance
nalytes to the Beer–Lambert law is assumed. While for
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Fig. 2. Infrared spectra of (a) sodium lauryl ether sulfate 27% (w/w), (b)
cocoamidopropyl betaine 30% (w/w), (c) cocodiethanolamide 80% (w/w),
(d) alkylpolyglucoside 50% (w/w), (e) water, (f) liquid soap, (g) shampoo
and (h) blanked region (2515–1800 cm−1).

the absorbance is considered the dependent variable and the
calibration coefficients matrix is the absortivity matrix, for
ILS the concentration is used as the dependent variable and
the matrix calculated has no physical meaning.

• Classical least squares

A = CK (1)

K = (CtC)
−1

(CtA) (2)

C = (AK t)(KK t)
−1

(3)

• Inverse least squares

C = AP (4)

P = (AtA)
−1

(AtC) (5)

C = AP (6)

Another difference between the methods is the number of
selected wavenumbers for analysis: for CLS, a large num-
ber can be handled, possibly helping in noise reduction; the
opposite occurs with ILS, where the number of calibration
standards sets the upper limit of wavenumbers that can be
used. Eqs.(1)–(6)(in matricial notation) summarize the mul-
tivariate methods,A corresponding to the absorbances matrix
( -
t

2. Experimental section

2.1. Procedure

The infrared measurements were performed on a Perkin-
Elmer Fourier transform spectrophotometer model Spectrum
BX with a DTGS detector and a KBr beamsplitter. The ATR
accessory was a DuraSamplIR SensiIR with ZnSe/Diamond
crystal. The configuration of the cell made possible to per-
form nine internal reflections.

The spectra consisted of four accumulated scans covering
the range from 4000 to 700 cm−1 with strong apodization.
After acquisition, data in the region of 2515–1800 cm−1 was
disregarded (blanked), because of interference of the absorp-
tion of atmospheric CO2 and the weak absorption of the di-
amond on top of the ZnSe window of the ATR accessory,
magnified 18 times by the 9 internal reflections, reducing the
cell transmission and the energy that achieves the detector.
Sample-by-sample intensity fluctuations in the spectra were
usually very low and possibly originated by one or more of
the following factors: minimum changes in the position of
the ATR attachment during the cleaning procedure, variation
in the radiation source intensity, fluctuations in the ambi-
ent humidity and CO2 concentration in the region beneath
the device. Since utmost repeatability and reproducibility of
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all wavelength and all formulations) andC the concentra
ions of all components in all formulations.
he spectra are required to reach good accuracy to the
icomponent determination, especially for the most dilu
nes, a spectrum normalization procedure was introduc
onsisted in arbitrarily assigning a unity absorbance to
ater signal measured at 700 cm−1 for all spectra, since th
olvent is, by far, the major component of the formulat
nder consideration. In a refined version, advisable whe
ater content in the formulation changes widely, the w
ontent of the standards (e.g., as a mass fraction of 1) is
nstead as the normalization factor. For the samples, th
rage water of the standards is used as a starting gues
nce the concentration of all components –including wa

s calculated in first approximation, a refinement cycle is
lied.

.2. Reagents and samples

Surfactants used for the preparation of standard and
le solutions were the commercial raw materials used i
ass production of shampoos and liquid soaps, after
ardization but without further purification. The analyti
ethods to assay the surfactant content in each stoc

ution were classical ones, accepted and widely used in
etic companies and chemical industries[16–22]. Water con

ent was determined by the Karl Fischer method. The
ults of the analysis for the surfactant and water conten
/w) in the raw products were: 27% SLES (26.42± 0.34;
3.60± 0.38), 30% CAPB (29.76± 0.25; 65.32± 0.55),
0% APG (51.96± 0.44; 47.85± 0.52) and 80% CDEA
80.11± 0.63; 0.12± 0.01).



L. Carolei, I.G.R. Gutz / Talanta 66 (2005) 118–124 121

Table 1
Levels of the surfactants present in the standard samples

Product Componenta Low level
(%, w/w)

Medium level
(%, w/w)

High level
(%, w/w)

Shampoo SLES 7.50 8.50 9.50
CAPB 1.80 2.40 3.00
CDEA 1.00 1.40 1.80

Liquid soap SLES 7.80 8.80 9.80
CAPB 2.20 3.00 3.80
APG 0.85 1.15 1.45

a The water concentration was considered the sum of the water content in
each added surfactant plus the added water in the formulation.

Shampoo and liquid soap standard samples were prepared
using an analytical balance and a stirrer, mixing all the com-
ponents of the formulation for 30 min. Of the 45 solutions
prepared for each product, 27 were used for calibration pur-
poses (3 levels of concentration for each surfactant, resulting
in 33 combinations,Table 1), and the other 18, to check the
performance of the method (10 random concentrations and 8
more at 2 levels of concentration for each surfactant).

After the spectra acquisition, all data were transferred to
a Microsoft Excel worksheet where the least squares calcu-
lations were conveniently performed, using pre-programmed
matrix operations.

Data treatment by CLS was made with the complete ab-
sorbance data set of the selected regions, embracing 200
wavenumbers. For the ILS method, the selection of a reduced
set of wavenumbers was favored, as will be discussed.

3. Results and discussion

Spectra recorded under the chosen settings of the spec-
trometer are presented inFig. 2 for CDEA and for aqueous
solutions of all other surfactants, as well as for water itself.
Based on the reference spectra and structural chemical in-
formation,Table 2reproduces the absorption regions found
m ether
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Table 3
Wavenumber regions selected for the CLS method and corresponding sur-
factant(s) with highest absortivity

Region (cm−1) Components
in shampoo

Region (cm−1) Components
in liquid soap

1549–1500 CDEA 1472–1423 CAPB
1499–1450 CAPB 1354–1305 CAPB
1349–1300 CAPB, CDEA 1265–1215 SLES
1299–1250 SLES 1162–1113 APG

For the CLS quantification method, data at 200 wavenum-
bers of the spectrum was used. A comparison was made se-
lecting one contiguous region or selecting four blocks of 50
wavenumbers as given inTable 3. The second procedure was
found more satisfactory. For the ILS method, data at the 10
wavenumbers given inTable 4was used. The wavenumbers
were carefully chosen looking for the best compromise of
high molar absortivity of the minor components (CAPB and
CDEA in shampoo and CAPB and APG in liquid soap) and
low relative interference of the other components.

All results obtained for shampoo and liquid soap (Table 5)
for both methods, CLS and ILS, are accurate to within 5% or
better. Although the regions or the wavenumbers chosen for
both calculation methods favor the minor components of the
formulations, CAPB and CDEA or APG, the low absortivity
of SLES and water at some of these wavenumbers was com-
pensated by their higher concentration. Consequently, even
without the inclusion of more selective and intense bands for
these major components, they were determined with similar
relative uncertainty.

Although the calibration plots of absorbance versus ana-
lyte concentration are not exactly linear over the full range,
nor do they present null intercepts, by bracketing the rela-
tively narrow concentration range that defines the acceptable
limits in the commercial production of such formulations,
e ed
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ost valuable to discriminate among the surfactants, tog
ith attributions taken from the literature[32–36]. Water wa

ncluded in the table, because it will be determined too.

able 2
bsorption regions of the analytes and attributions[32–36]

omponent Region (cm−1) Attribution

LES 1300–1160 RO SO3
− asymmetric bend

1200–950 C O C stretch

APB 1418–1375 CN stretch (amide)
1340–1300 COO− symmetric carboxylic acid sa

DEA 1150–1000 CO stretch
1650–1500 C O stretch (amide)

PG 1200–950 CO C stretch

ater 3500–3000 OH stretch
1700–1550 H O H bend
.g., as given inTable 1, the linear approximation (requir
oth in the CLS and in the ILS method) was found valid

SinceTable 5refers to the relative errors, they hide
bsolute accuracy (as % of the total mass of the sample

ained for the minor components.Fig. 3reveals that they a
emarkably low for both formulations and both calculat

able 4
avenumber regions selected for the ILS method and corresponding s

ant(s) with highest absortivity

Wavenumbers
(cm−1)

Components
in shampoo

Wavenumbers
(cm−1)

Components
in liquid soap

2925 All surfactants 2960 All surfactants
1488 CAPB 1488 CAPB
1466 CAPB 1457 CAPB
1430 CDEA 1398 CAPB
1398 CAPB 1327 CAPB
1327 CAPB 1216 SLES
1280 SLES 1152 APG
1083 CDEA 1095 SLES
1044 CDEA 1078 APG
926 CDEA 1030 APG
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Table 5
Average, lower and higher relative errors (RE) of the values found by FTIR-ATR for the components in shampoo and liquid soap formulations by both calculation
methods

Formulation Method Component Average of modulus of RE (%) Lower RE (%) Higher RE (%)

Shampoo CLS SLES 0.81 −1.58 1.10
CAPB 0.94 −2.53 1.11
CDEA 1.63 −3.17 3.44
Water 0.32 −0.49 0.76

Average 0.93 – –

ILS SLES 0.91 −1.73 1.43
CAPB 1.58 −4.54 2.18
CDEA 2.42 −5.41 5.47
Water 0.34 −0.43 0.75

Average 1.31 – –

Liquid soap CLS SLES 0.61 −1.40 1.05
CAPB 1.78 −3.05 5.13
APG 1.66 −4.30 3.70
Water 0.44 −1.47 0.55

Average 1.12 – –

ILS SLES 0.69 −1.43 1.23
CAPB 1.27 −2.21 3.33
APG 1.51 −3.98 3.81
Water 0.58 −1.43 0.85

Average 1.01 – –

methods. All results are within 0.07% of the expected val-
ues, the mean deviations for CDEA being 0.02% by CLS
and 0.03% by ILS, and for APG, 0.02% by CLS and 0.02%
by ILS. There is also no perceptible change of the random
dispersion along the surfactant concentration axis.

The normalization of the absorbance values of all spectra
by using water as the “internal standard” is a concept ap-
plied here to help to compensate minimum changes or fluc-
tuations in instrumental and environmental conditions and
assure higher accuracy.Table 6reveals that in most cases
deviations are slightly reduced after normalization to unity.
For the narrow range of water bracketed here, there is no
need to refine the normalization by taking into account the
water content found in the first calculation (last column of

F f the C ion in each
f l values

Table 6), although this may be necessary in samples where
the “internal standard” can vary in a wider range.

Tables 5 and 6show that, regardless of using CLS or ILS
as calculation method, good results are obtained for all com-
ponents. CLS was slightly, but not conclusively, better, but
may be preferred because its formulation is more conven-
tional and widely accepted. Anyway, there is no need to use
the more sophisticated PLS method, adopted by many au-
thors in quantitative analysis by FTIR, as well as NIR. The
advantage is that all calculations are fast and can be easily
implemented even in a universally available spreadsheet.

As it is, the method can be applied directly in the pro-
duction process of shampoo and liquid soap, just before the
final addition of fragrance. The presence of colorants in such
ig. 3. Comparison of absolute errors resulting from the application o
ormulation, expressed as % of total weight as a function of the actua
LS (�) and ILS (�) methods, for the surfactant in lowest concentrat
. CDEA in shampoo (left) and of APG in liquid soap (right).
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Table 6
Average relative error results of the different normalization procedures

Formulation Method Component Average of modulus of relative errors/%

Without
normalization

Normalized to
unity

Normalized to
water fraction

Shampoo CLS SLES 0.70 0.81 0.85
CAPB 1.43 0.94 1.02
CDEA 2.19 1.80 1.86
Water 0.69 0.32 0.29

Average 1.25 0.97 1.01

ILS SLES 0.91 1.03 1.13
CAPB 1.70 1.58 1.84
CDEA 2.43 2.42 2.41
Water 0.25 0.34 0.31

Average 1.32 1.34 1.42

Liquid soap CLS SLES 0.62 0.62 0.58
CAPB 2.39 1.78 1.79
APG 1.71 1.66 1.58
Water 0.93 0.44 0.39

Average 1.41 1.13 1.09

ILS SLES 0.58 0.68 0.67
CAPB 1.54 1.28 1.23
APG 2.08 1.51 1.53
Water 0.82 0.58 0.54

Average 1.26 1.01 0.99

formulations is sufficiently low to remain undetected in the
spectra, but perfumes may constitute a problem because they
can represent up to 1% of total mass, with inevitable spec-
tral interference. Due to the high price of perfumes, their
addition is the final step in the industrial production that can
be preceded by sample collection for surfactant determina-
tion. Analysis of the end product in factory may be consid-
ered by subtraction of the fragrance spectrum together with
the background, because the dosage of this expensive minor
component is relatively constant. For the analysis of products
taken from the shelf in a supermarket, the variability of the
fragrance concentration with time and from brand to brand
represents a problem, which is still under investigation.

4. Concluding remarks

It was shown for the first time that the combination of
ATR-FTIR with simple chemometrics like CLS or ILS is very
appropriate for the simultaneous analysis of three surfactants
and water in shampoo and liquid soap during the production
process. Minute amounts of samples, undiluted and without
any treatment, are employed; spectra are gathered rapidly and
a popular worksheet package suffices for the least squares
matrix calculations.

con-
s con-
v ining

a single component at a time, like titrations, potentiometry
with ISEs, or extraction followed by chromatography.

If HPLC or capillary electrophoresis methods for the si-
multaneous determination of this surfactant mixture appear
in the future (they are not yet available, to the best knowledge
of the authors), disregarding the effluent generation problem
of HPLC, in a production plant, they will hardly compete with
the combination of additional advantages of speed and ability
for concomitant determination of water, although in the case
of products taken from the shelf on the market, they may deal
better with the variability in the fragrance composition.
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alyst 125 (2000) 1733.
[23] B. Gu, J. Wang, Spectr. Lett. 31 (1998) 1053.
[24] J.M. Whittinghill, J. Norton, A. Proctor, J. Am. Oil Chem. Soc. 77

(2000) 37.
[25] X. Otte, R. Lejeune, L. Thunus, Anal. Chim. Acta 355 (1997) 7.
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