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a b s t r a c t

A two-step HPLC separation that combines isocratic and gradient elution has been developed for the
analysis of trace impurities in fatty alcohol ethoxylates (FAEs). Quantitative estimates of the early eluting
impurities were obtained from a calibration curve based on the responses of an evaporative light scattering
detector (ELSD). Isocratic conditions were used to elute the impurities and gradient conditions for the
main FAE components. In this manner, an acceptable compromise was obtained between resolution and
analysis time. Fractions were collected and the impurities identified using MALDI-TOF mass spectrometry.
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. Introduction

Fatty alcohol ethoxylates (FAEs) are widely used surfactants,
ith many applications in the health, personal care, detergent and

leaning industries. These products are typically manufactured by
he ethoxylation of naturally derived fatty alcohols. During this pro-
ess, ethylene oxide reacts with moisture from a variety of sources
including catalysts, atmosphere, etc.) to produce polyethylene gly-
ol (PEG). These compounds are known common impurities in FAE
ontaining products and are present at concentrations dependent
n the initial moisture levels in the reaction vessel. The ability to
etermine the presence of PEGs is important as this can significantly
ffect the hydrophobicity/lipophilicity balance values of these FAE

roducts and hence their effectiveness as surfactants, particularly,
s emulsifiers and dispersants. In the context of formulation chem-
stry, the formulator typically uses a triangular phase diagram, with

ater, surfactant and oil at the three corners. Within this diagram,

Abbreviations: ELSD, evaporative light scattering detector; FAE, fatty alco-
ol ethoxylate; HPLC, high-performance liquid chromatography; MALDI/TOF MS,
atrix-assisted laser desorption ionization time-of-flight mass spectrometry; PEG,

olyethylene glycol.
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the formulator will identify a region in which the ratios of the three
components will result in an emulsion and a desired effect. In a
given formulation, free PEG, as a polar impurity, would be expected
to compete with the surfactant for the more polar phases and addi-
tives. Although these impurities are suspected of being present
at low concentrations (0.1–5%), their molar concentrations will
be significantly higher. More importantly, it has not been clearly
established how such concentrations affect the physico-chemical
properties of such formulations.

Clearly, the development of an analytical method for analyz-
ing these impurities would facilitate a greater understanding of
their role in the performance of the desired products. There are
numerous publications on the separation of polyalkane ethoxy-
late oligomers using HPLC techniques and, most recently, capillary
zone electrophoresis [1–4]. The most commonly used techniques
are reversed phase and normal phase chromatography, liquid chro-
matography at critical condition, and liquid exclusion–adsorption
chromatography. Normal phase chromatography does not appear
suitable for our particular application because the conditions under
which they are formed lead to impurities that are of similar molec-
ular weight to the desired product [5]. Therefore, in normal phase

chromatography, the oligomeric distributions of the fatty alcohol
ethoxylate and that of the free PEG tend to overlap, making quan-
titation impossible [6].

Liquid chromatography at critical condition allows all macro-
molecules with the same alkyl alcohol functional groups to elute

http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:krwillia@mines.edu
dx.doi.org/10.1016/j.aca.2009.04.032
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registered as a large off-scale peak. The initial mobile phase of 60%
methanol in water yielded a major peak between 20 and 25 min
that represents the elution of ethoxylated stearyl alcohols. In addi-
tion, the low-intensity oligomeric peaks observed at early retention
0 D. Lee et al. / Analytica C

rom a column as a discrete peak. Using this technique, Pasch
nd Trathnigg demonstrated that by carefully selecting the ace-
onitrile/water mobile phase composition, it was possible to use
standard C18 column to elute a fatty alcohol attached with a vari-
ty of polyethylene glycols (of differing molecular weight) as one
eak [5]. They went on to demonstrate how this technique could be
pplied to separate both PEGs and polypropylene glycols (PPGs) in
arious surfactants. Although this technique has an obvious appeal
n its ability to separate the various components as discrete peaks,
he elution of the free PEG impurities at the column void time poses
ifficulty for quantitation. For example, the mismatch of the solvent
omposition between sample solution and mobile phase would
ause a bias in the signal response at the void elution time. This
roblem is particularly severe when a refractive index detector is
sed. The response from the bias would completely mask the signal

rom the analytes.
Liquid exclusion–adsorption chromatography can accurately

uantify the individual oligomers present in fatty alcohol ethoxy-
ates [7,8]. The free PEG impurities will elute in the size exclusion

ode and will have a retention time that is usually indistinguish-
ble from the column void time (because of the low MW of these
mpurities and the limited column pore volume). Consequently, the
roblem will be similar to that encountered with liquid chromatog-
aphy at critical condition.

Reverse phase chromatography holds the best promise for
eparating the impurities from both the column void time and
he main component, fatty alcohol ethoxylates. A solvent gra-
ient, however, is usually required to elute both free PEGs and
AEs in a reasonable time frame because of their dramatic dif-
erence in hydrophobicity. As a result of the application of
radient elution, evaporative light scattering detection (ELSD)
as to be used. Gradient elution will complicate quantitation
ecause the ELSD response factor is different for different mobile
hase compositions [9]. To overcome this problem, a separation
sing both isocratic and gradient elution is employed. The iso-
ratic mode is used to elute the PEG impurities and the gradient
ode is used to speed up the elution of the main FAE compo-

ents. This study will demonstrate the results of this combined
trategy.

. Experimental

.1. Materials

PEG standard and 2,5-dihydroxybenzoic acid (DHB) were from
ldrich (St. Louis, MO, USA). HPLC grade methanol was obtained

rom Pharmco (Brookfield, CT, USA) and deionized water was
btained from a water purification system (Aquamax, APS Water
ervices Corporation, Van Nuys, CA). All FAEs, denoted as C18EO10
stearyl alcohol ethoxylates with an average EO = 10), C18EO20
stearyl alcohol ethoxylates with an average EO = 20), C16EO10
cetyl alcohol ethoxylates with an average EO = 10), C16EO20 (cetyl
lcohol ethoxylates with an average EO = 20), C9C9EO10 (oleyl
lcohol ethoxylates with an average EO = 10), and C2C14EO20
isohexadecyl alcohol ethoxylates with an average EO = 20), were
roducts manufactured by Croda Inc. FAE samples were prepared

or analysis by dissolving in methanol/water 80/20 (V/V) mixture.
he concentrations were approximately 0.1 g mL−1.

.2. Chromatography
The chromatographic system consisted of a Waters 600E pump
ith a controller, a Rheodyne 7125 injector, and a Sedex 55 evapo-

ative light scattering detector. The ELSD detector was set with the
ebulization air pressure at 2.5 bar and the heating temperature at
Acta 654 (2009) 59–63

40 ◦C. The column was Spherisorb C1 (4.6 mm × 150 mm). Mobile
phase A was a mixture of H2O/methanol 80/20 (V/V). Mobile phase
B was methanol. The flow rate was 1.0 mL min−1.

2.3. MALDI/TOF MS

The mass spectra were obtained with a Voyager DE-STR mass
spectrometer manufactured by Applied Biosystems (Framingham,
Massachusetts). The spectrometer was operated in the reflector
mode. The accelerating voltage was +20,000 V and the grid volt-
age was 76%. The delayed extraction time was 100 ns. The laser
(N2, 337 nm) intensity was 2200 in the range of 0–2400 scale. The
spectra are averages of 100 laser shots.

Ten milligram dihydroxybenzoic acid and 1 mg of NaCl were dis-
solved in 2.0 g of a methanol/H2O mixture (50/50, V/V) to form the
matrix solution. Approximately 15 mg of the matrix solution was
added to the collected LC fraction and the fraction was evaporated to
1/3 of its original volume. One microliter of the concentrated sam-
ple fraction was deposited on the gold plate and dried at ambient
conditions in preparation for MALDI-TOF MS analysis.

3. Results and discussion

3.1. Separations

The major impurity expected to be present in the FAEs is PEG
with hydroxyl end groups (denoted as free PEG). Initial studies
with a C18 column resulted in long analysis times (results not
shown). A C1 column was subsequently selected because it has
been previously demonstrated to have the highest peak capacity
in the isocratic mode separation of oligomeric components of PEG
[10]. In this study, isocratic elution is desired for the purpose of
quantitation. Fig. 1 shows the separation of C18EO10 using three
initial mobile phase compositions—60, 64, and 68% methanol in
water. Isocratic elution was employed in the first 10 min to sepa-
rate impurities from the void peak. This was followed by gradient
elution to a final mobile phase composition of 88% methanol. The
ELSD sensitivity was set at an optimum level to detect the elution
of the low-concentration impurities and thus the elution of FAEs
Fig. 1. Separation of C18EO10 at three elution conditions. Conditions: flow rate,
1.0 mL min−1; injection volume, 20 �L. Elution: (A) 60% methanol from 0 to 10 min,
60–88% methanol from 10 to 15 min, 88% methanol from 15 to 25 min; (B) 64%
methanol from 0 to 10 min, 64–88% methanol from 10 to 15 min, 88% methanol
from 15 to 25 min; (C) 68% methanol from 0 to 10 min, 68–88% methanol from 10 to
15 min, 88% methanol from 15 to 25 min.
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s of C18EO10 eluted in 64% methanol. The numbers indicate the DP.
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Fig. 2. (A and B) MALDI-TOF analyses of the separation fraction

imes and the fronting shoulder at ∼20 min correspond to impu-
ities. Increasing the initial mobile phase to 64% resulted in the
esired separation of the impurities from the void peak and the
ain FAE peak. Increasing the initial mobile phase composition to

8% resulted in partial overlap of the impurities and void peak. All
ubsequent experiments were performed using an initial mobile
hase composition of 64% methanol in water; isocratic conditions

or 10 min; 64–88% methanol gradient from 10 to 15 min; and 88%
ethanol from 15 to 25 min.

.2. Identification

.2.1. C18EO10 and C18EO20
Fractions eluting from the LC column were collected at 1-min

ntervals for the first 10 min and MALDI-TOF was used to identify
he components in each fraction. The impurities that were identi-
ed are listed in Table 1. Fig. 2 shows the MALDI analysis results
f fractions collected at 4–5 and 6–7 min intervals. Fig. 2A shows
hree peaks at m/z corresponding to free PEGs with a degree of
olymerization (DP) of 19, 20, and 21. Fig. 2B shows two peaks
orresponding to free PEGs with DP equal to 24 and 25. These
esults indicate that free PEGs are the major impurities present in
18EO10.

Fig. 3 shows the chromatogram of C18EO20. All the impurities

ere eluted within 5 min. MALDI-TOF analyses of fraction 2–3 and

–4 min confirmed that free PEGs are the impurities (Table 1). It is
nteresting to point out that the free PEGs of C18EO10 have higher
verage MW than that of C18EO20. This is in contrary to the PEG
lock distribution in the two fatty alcohol ethoxylates. A deeper

able 1
mpurities identified in the FAEs by MALDI-TOF.

Elution time 2–5 min 5–10 min
18EO10 Impurities HO(EO)nH HO(EO)nH

Elution time 2–5 min 5–10 min
18EO20 Impurities HO(EO)nH Nonea

Elution time 2–4 min 4–10 min
16EO10 Impurities HO(EO)nH HO(EO)nH, Cm(EO)n, m < 16

Elution time 2–5 min 5–10 min
16EO20 Impurities HO(EO)nH HO(EO)nH, C14H27(EO)n

Elution time 2–4 min 4–10 min
9C9EO10 Impurities HO(EO)nH HO(EO)nH, C12(EO)n

Elution time 2–7 min 7–10 min
2C14EO20 Impurities HO(EO)nH,

C14H27(EO)n
Nonea

a No significant amount of impurities were detected.
Fig. 3. Separation of C18EO20. Conditions: flow rate, 1.0 mL min−1; injection volume,
20 �L; gradient, 64% methanol from 0 to 10 min, 64–88% methanol from 10 to 15 min,
88% methanol from 15 to 25 min.

investigation into this disparity may shed light on the preparation
process of the two products.
The peaks appearing at retention times shorter than column void
time (less than 2 min) in Fig. 3 may be due to column overload-
ing. Approximately 2 mg of sample was injected into the column in
order to observe the impurity peaks.

Fig. 4. Separation of C16EO10. Conditions are the same as those in Fig. 3.
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Fig. 5. Separation of C16EO20. Conditions are the same as those in Fig. 3.

.2.2. C16EO10 and C16EO20
Figs. 4 and 5 show the chromatograms of C16EO10 and C16EO20.
hese samples yielded bimodal distributions in the impurities. Fur-
hermore, these impurities cannot be fully separated from the main
omponent peaks. All fractions from 2 to 10 min were analyzed
y MALDI-TOF. Fig. 6 shows the mass spectra of fraction 2–3 and

ig. 6. MALDI-TOF analyses of the separation fractions of C16EO10 eluted in 64%
ethanol. The numbers indicate the DP.

Fig. 7. MALDI-TOF analyses of the separation fractions of C16EO
Fig. 8. Separation of C9C9EO10. Conditions are the same as those in Fig. 3.

8–9 min as examples of MALDI analysis of C16EO10. In addition to
the free PEG impurities, the peaks corresponding to short chain
fatty alcohol ethoxylates are also identified in the spectra. The FAEs
found in the first 10 min of elution are hexyl, decyl, and dodecyl
alcohol ethoxylate (Table 1).

In the early (2–3 min) and late HPLC fractions of C16EO20, free
PEGs are the major components. In the middle fractions, impurities
other than free PEGs are present (Fig. 7). The m/z values correspond
to two possible ‘hits’: heptadecanyl alcohol ethoxylates (C17EOn)
and tetradecenyl alcohol ethoxylates (C14H27EOn). Based on reten-
tion time, the latter is likely the case. C17EOn should be retained
longer than free PEG impurities.

3.2.3. C9C9EO10
Fig. 8 shows the chromatogram of C9C9EO10. The impurity

peaks are separated into two groups. One is from 2 to 5 min and
the other is from 5 to 10 min. MALDI-TOF analyses of the HPLC
fractions indicate that the early fraction (2–3 min) contains mostly
‘free’ PEGs. Dodecyl alcohol ethoxylates dominate the middle to late
fractions (6–9 min) (Table 1).

3.2.4. C2C14EO20
Fig. 9 shows the chromatogram of C2C14EO20. The impurity

peaks are fully separated from the main peak. Both free PEGs and
C14H27EOn are present in the collected fractions (Table 1).
3.3. Quantitative estimates

PEG700 (Mn = 700 g mol−1) was used to establish calibration
curves for quantitation because it most closely matched the

20 eluted in 64% methanol. The numbers indicate the DP.
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Fig. 9. Separation of C2C14EO20. Conditions are the same as those in Fig. 3.

Table 2
Quantitation of the PEG impurities in the FAEs.

Relative amount of PEG
impurities (%)a

C16(EO)10 1.8 ± 0.1
C16(EO)20 0.64 ± 0.01
C18(EO)10 1.9 ± 0.1
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Two-dimensional separation of fatty alcohol ethoxylates, J. Chromatogr. A 922
C18(EO)20 0.45 ± 0.10
C2C14(EO)20 10 ± 5
C9C9(EO)10 4.9 ± 1.5

a Relative to the injected sample mass.

bserved distribution. The calibration curve was described by the
quation: log(injection amount, �g) = −0.660 + 0.697 × log(peak
rea, mV s), R2 = 1.0. The peaks were integrated from 1 to 10 min to
stimate the amount of impurities in the samples discussed above.

Table 2 summarizes the quantitative estimates of PEG impurities
n the FAE samples. The relative amounts of impurities are between
.6 and 10% and relative standard deviations were between 2% (for

ow-impurity levels) and 50% (highest impurity level). This trend in
tandard deviation is due to the nature of the non-linear response
f evaporative light scattering detection. Other potential sources of
rrors are: (1) the PEG700 standard is not fully representative of
he oligomeric mass distribution and/or chemical composition of
he impurities, (2) baseline resolution of the impurities from the
ample main components was not fully achieved, which caused
rrors in the subsequent peak integrations, and (3) there may be a
ependence of ELSD response on molecular weight. Nevertheless,
he impurity levels of all the samples were satisfactorily determined
nd the amounts were in the expected range.

Two-dimensional chromatography may provide more accurate

uantitation [11,12]. The first dimension could be liquid chromatog-
aphy at critical condition to separate the components based on
he fatty alcohol head groups. The second dimension could be
ormal phase chromatography and/or liquid exclusion–adsorption
hromatography with differential refractometer to quantify the

[

Acta 654 (2009) 59–63 63

individual oligomers in each head group. However, the analysis
time will be significantly longer than the approach presented in
this study.

4. Conclusions

This study describes an approach to characterizing impurities
present in FAEs and addresses a previously unresolved analytical
problem. The combined use of isocratic and gradient HPLC is a prac-
tical compromise between analysis time and accuracy. The use of
an ELSD detector enabled gradient elution and faster analyses with
an acceptable compromise in quantitation results.

The combined HPLC with MALDI-TOF MS analysis effectively
identified the impurities present in a series of different FAEs
and provided a quantitative estimate. These results will provide
guidance to synthesis and formulation scientists and lead to the
improved end products.
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