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The retention behavior of homogeneously ethoxylated alcohols (CnE8) and nonylphenols (NPEm) has been investigated 
by reversed-phase high performance liquid chromatography (RPLC) on octadecyl-silica columns with methanol-water 
and acetonitrile-water eluents. The effects of mobile phase composition, the alkyl chain length (n) and the EO group 
number (m) of the surfactants have been considered. The retention plots (log k’ vs. organic solvent concentration) of 
CnE8 were linear with methanol-water and acetonitrile-water eluents while those of NPEm were linear only with 
methanol-water. For the acetonitrile-water eluent, the deviation from linearity increases with the ethoxylation degree. 
In both elution systems, the retention plots had a tourning point at about 20 % (vol.) water in the eluent. To explain the 
irregularities observed in the behavior of NPEm, the variation of molar refraction and dielectric constant of the hydro-
organic mixtures was investigated. For both elution systems, the excess molar refraction (RE) was negative on the 
whole composition range. The values were more negative for acetonitrile than for methanol, indicating a stronger 
modification of the polar interactions between the water molecules and those of the former organic modifier. The 
values of the excess dielectric constant (εE), were negative except those in the water-rich region of the methanol-water 
mixture. For acetonitrile-water, two regions of positive values bordered the negative εE data. The changes in the 
physical properties of solutions were related to the investigated retention behavior of the surfactants. The retention 
mechanism involved in the studied systems was also discussed.  

INTRODUCTION∗ 

Nonionic ethoxylated surfactants are widely 
used in various industrial and household 
applications as detergents, emulsifiers, wetting 
agents, lubricants, cosmetic additives, enhanced oil 
recovery agents, etc. They are amphiphilic 
substances having in molecule a non-polar alkyl or 
alkyl-aryl part and a polar poly(ethylene oxide) 
(PEO) moiety. The properties and applications of 
these compounds greatly depend on the 
equilibrium between the hydrophobic and the 
hydrophilic segments of the molecule. In contrast 
with commercial products that are complex 
mixtures having similar hydrophobic part but 
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different PEO chain lengths, the homogeneous 
ethoxylated surfactants have well determined 
number of ethylene oxide units in the molecule. In 
aqueous solution, the critical micelle concentration 
(CMC) and the head-group area of the formers 
decrease linearly with the width of ethoxymers 
distribution.1 The surface tension at the CMC for 
technical surfactants is lower than for pure 
oligomer species, due to the selective adsorption of 
the shorter ethoxymers at the surface. There are 
situations, especially in the oil-water systems, 
when each molecular species manifest individual 
adsorption tendencies leading to ethoxymers 
fractionation, which seriously affects the phase 
behavior and the partition.2,3 Therefore, it is 
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important to investigate and compare the behavior 
of homogeneous and polydisperse ethoxylated 
compounds under these conditions.  

High-performance liquid chromatography 
(HPLC) is particularly useful for characterization 
of ethoxylated nonionic surfactants.4 The normal-
phase liquid chromatography (NPLC) allows 
separation of surfactants upon the PEO chain 
length5-8 whereas, the reversed-phase liquid 
chromatography (RPLC) gives information on the 
hydrophobic tail.7,8 Using proper combinations of 
stationary and mobile phases, the separation of the 
ethylene oxide (EO) oligomers of the surfactants 
was also achieved in RPLC.9-11  

In reversed-phase chromatographic systems 
with alkyl-bonded stationary phases and hydro-
organic eluents, the retention of ethoxymers may 
increase with the EO group number, decrease or 
remain unchanged depending on the organic 
modifier and its mixing ratio with water.8,9,12-14 The 
retention increases with temperature being different 
from that of other organic polymers.15-17 To explain 
these irregularities and the inversion point of 
elution several attempts have been made.8,9,17 
However, it seems that ethoxylates retention is 
difficult to elucidate, because it depends on their 
interactions with both the stationary and the mobile 
phase. Besides that, the stationary phase, the 
organic modifier and its concentration, the 
temperature, the length of the alkyl and PEO 
chains also affect the surfactant behavior. 
Therefore, the retention mechanism of ethoxylated 
surfactants in RP-HPLC is still a topic of debate. 

In our previous studies we demonstrated that 
the hydrophobic interactions govern the ethoxylated 
surfactants retention on reversed-phase systems 
with alkyl-silica columns and methanol-water 
eluents.13,14 We found out good correlations 
between the retention data and the hydrophobicity 
parameters such as the hydrophile-lipophile 
balance (HLB) and the oil/water partition 
coefficient (Kow). The enthalpy-entropy compensa-
tion results indicated that the mechanism of 
retention is similar for homogeneous18,19 and 
polydisperse ethoxylated surfactants.20 In the 
behavior of polydisperse ethoxylated nonylphenols 
on the octadecyl-silica column, we have observed 
differences when methanol was replaced with 
acetonitrile in the mobile phase.21 The change of 
surface tension (γ) as a function of composition of 
the hydro-organic eluents was not adequate to 
explain the irregularities in the retention of 
ethoxylates. The viscosity deviation (∆η) indicated 

that acetonitrile interacts more feebly with water 
than methanol, and affects the solvation of the 
stationary phase and its interaction with the 
ethoxylates.21  

The objective of this paper is to extend the 
above mentioned investigations to homogeneous 
ethoxylated fatty alcohols and nonylphenols. The 
effect of hydrophobic chain length of the 
homogeneously ethoxylated fatty alcohols (CnE8) 
and that of the EO group number of 
homogeneously ethoxylated  nonylphenols (NPEm) 
will be evaluated. The surfactants will be eluted 
with methanol-water and acetonitrile-water mixtures 
and the results compared. To get more insight in 
surfactant retention, measurements of molar 
refraction and dielectric constant of the eluents will 
be done and related to the observed irregularities in 
surfactant retention. Finally, considerations about 
the retention mechanism of these compounds will 
be put forward.  

EXPERIMENTAL PART 

Chemicals 

Homogeneously ethoxylated fatty alcohols (CnEm) with 
different alkyl chain lengths (n = 10, 12, 14, and 16) and the 
same PEO moiety (m = 8), and homogeneously ethoxylated 
nonylphenols (NPEm, m = 7 – 15) with the same hydrophobic 
part and different PEO chain lengths were purchased from: 
Fluka Chemie AG, Buchs, Switzerland (C10E8 and C14E8) and 
Nikko Chemicals Co. Ltd., Tokyo, Japan (C12E8 and C16E8). 
They were used without purification. To be detectable by UV, 
they were derivatized by reacting with phenyl isocyanate.5,14 
Ethoxylated nonylphenols with definite grade of ethoxylation 
were obtained as previously reported.7 The methanol and the 
acetonitrile were HPLC-grade reagents. Double distilled water 
having an electrical conductivity lower than 1.5 µS/cm was 
employed. To remove particulate matter, the water was passed 
through 4612 Acrodisc filters (Pall Gelman Sciences, Vienna, 
Austria). 

Methods 

Chromatography 
The chromatographic measurements were carried out as 

reported elsewhere,7,13,14 and on a modular Varian HPLC 
system made of Prostar 240 quaternary pump, Prostar 410 
autosampler, Prostar 335 PDA diode array detector and 
operated by Workstation Softvare. The mobile phase consisted 
of various hydro-organic mixtures with methanol and 
acetonitrile as organic modifier, and the flow rate was 
1mL/min. The running solutions for HPLC had a 
concentration of 10 mg/mL. They were prepared in methanol-
water and acetonitrile-water mixtures (4:1, v/v) and stored at  
4°C. The injected volume was of 10 µL. 

The retention time (tr) of every surfactant was obtained as 
a mean of at least three individual determinations. For each 
chromatographic system, the dead time (t0) was measured with 



 Retention behavior of ethoxylated nonionic surfactants 773 

 

deuterium oxide. The capacity factor (k') was calculated 
according to k’ = (tr - t0)/t0.  

Molar refraction 
The molar refractions (Rm) of the eluents were determined 

from their refractive index (n) and density (ρ) values 
according to Lorenz-Lorentz equation:22  

 Rm = [(n 2-1) M ]/[n 2+2]ρ   (1) 

where, M is the average molar mass of the mixture. 
Densities, ρ, of the pure liquids and their binary mixtures 

were measured at 40 °C by using a pycnometer having a bulb 
volume of 10 cm3. An average of triplicate measurements was 
considered, and these were reproducible within ± 0.0001 g cm-3. 
The refractive indices, n, for the sodium-D line were measured 
with an Abbé refractometer, at 40 °C. The choice of this 
temperature was related to the working temperature of the 
chromatographic system. The reproducibility in the refractive 
index data was within ± 0.2%. 

The excess molar refraction (RE) of solutions was 
calculated from the Lorenz-Lorentz mixing rule:23 

 RE = Rm - ϕ R1 - (1-ϕ) R2 (2) 

where, Rm is the molar refraction of the mixture determined by 
using equation (1), R1 and R2 are the molar refraction of pure 
water and of organic solvent respectively, and ϕ is the volume 
fraction of water in the hydro-organic mixture. 

Dielectric measurements 
Measurements of electrical capacitance at fixed frequency 

(10 MHz) of hydro-organic eluents were carried out with a 
Hewlett Packard impedance-analyzer, model 4194 A. The 
measuring cell was an open-ended coaxial line previously 
described.24 The dielectric constant is related to the measured 
capacitance through equation (3): 

 ε = C/k (3) 

The cell constant (k = 0.00235 m) was determined by 
calibration with water, for which the permitivity is known. 
Final permitivity data were obtained by averaging at least 200 
values for each sample. The standard deviation of data was 
less than 1%. The values of excess dielectric constant, εE, of 
the hydro-organic solutions were calculated using Decroocq’s 
simplified formula:25   

 εE = εm - ϕ ε1 + (1 - ϕ) ε2 (4) 

where, εm is the measured dielectric constant of binary 
mixture, ε1 and ε2 are the dielectric constants of pure water 
and organic solvent, and ϕ is the volume fraction of water in 
the hydro-organic mixture. 

RESULTS AND DISCUSSION 

Figure 1 illustrates the semilog plots of the 
capacity factor of ethoxylated fatty alcohols (CnE8) 
as a function of methanol concentration. For 
surfactants having the same PEO chain but 
different methylene group number, the retention 
increases with the length of the alkyl chain. Within 
the investigated range of eluent composition, the 
retention increases linearly for all the surfactants 
with the water content of the mobile phase. Figure 

2 also shows a linear dependencies of the CnE8 
retention with acetonitrile-water mixtures as 
mobile phases. Our log k' values vs. eluent 
composition obey equation (5) previously proposed 
by Snyder:26  

 log k' = log kw - b . φ (5) 

where, φ is the organic modifier concentration in 
the eluent, and the intercept, kw, is the capacity 
factor with pure water as standard eluent. The 
slope, b, stands for the variation of the retention 
factor when φ changes with 1% (vol.) and 
characterizes not only the strength of the eluent but 
also the interactions between eluite, and stationary 
and mobile phases. Table 1 summarizes the 
obtained parameters together with the correlation 
coefficients, r. The negative slopes indicate the 
decrease of retention by increasing the less-polar 
solvent content of the eluent. In absolute value, the 
slopes increase with the alkyl chain of the 
surfactant as previously noticed for ethoxylated 
fatty alcohols in RPLC.14,27 

One may observe that for the same surfactant, 
at a given eluent composition, the retention 
parameter, log k’, is smaller when acetonitrile is 
used as organic modifier. This can be explained by 
a smaller polarity of acetonitrile and hence a higher 
solvent strength in comparison with methanol.28  

For each elution system, log kw increases with 
the alkyl chain length of the surfactant. The linear 
relationships between log kw and the alkyl carbon 
number of the surfactants attest the important 
information content of log kw about the 
hydrophobic character of eluite. Therefore, it may 
be considered as a reliable parameter of the 
hydrophobicity in RPLC. The slope represents the 
contribution of the alkyl methylene group to the 
log kw, and allows calculation of the methylenic 
increment of the standard free energy (∆∆G°) of 
transfer from water as mobile phase to the non-
polar stationary phase. The ∆∆G° value obtained in 
the present study for C10-16E8 series on octadecyl-
silica column and methanol-water eluent is equal 
to –2.93 kJ/mol. It is quite close to that of –2.53 
kJ/mol for homogeneously ethoxylated fatty 
alcohols14 and of –2.81 kJ/mol for polydisperse 
ethoxylated alcohols,27 on octyl-silica columns and 
methanol-water mobile phase. In the case of 
acetonitrile-water system, the ∆∆G° value is equal 
to -2.30 kJ/mol, which is lower than that of 
methanol-water system. All these results are in 
agreement with the methylene group contribution 
to the free energy of transfer from water to non-
polar stationary phase of hydrophobic compounds 
in RPC.29  
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Fig. 1 – The retention factor (k’) vs. methanol concentration in water for 
homogeneously ethoxylated fatty alcohols C10E8 (○), C12E8 (●), C14E8 (□) and 
                                          C16E8 (■), on RP-18 column.  
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Fig. 2 – The retention factor (k’) vs. acetonitrile concentration in water for 
            C10E8 (○), C12E8 (●), C14E8 (□) and C16E8 (■), on RP-18 column.  

 
Table 1 

The best fit parameters obtained from simulations with eq. (5) of homogeneously ethoxylated  
fatty alcohols with methanol-water and acetonitrile-water eluents. 

Organic modifier Surfactants log kw - b x 102 sb x 102 (a) r(b) 

C10E8 5.09 5.55 0.31 0.9985 
C12E8 5.73 6.02 0.48 0.9968 
C14E8 6.87 7.08 0.82 0.9934 

Methanol 

C16E8 7.96 8.06 1.01 0.9923 
C10E8 2.21 2.34 0.22 0.9960 
C12E8 2.98 2.97 0.23 0.9971 
C14E8 3.76 3.63 0.20 0.9985 

Acetonitrile 

C16E8 4.51 4.22 0.12 0.9996 
(a) Standard error of fit;  (b) Correlation coefficient. 
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Figure 3 presents the retention behavior of 
homogeneous ethoxylated nonylphenols with 7 
and, respectively, 14 EO units in the molecule. The 
elution was done with methanol-water mixtures. 
We showed the data for only two surfactants 
because the retention plots of the NPEm 
compounds having different number of ethylene 
oxide groups in the molecule are linear and very 
closed to each-other. However, the slopes change 
gradually with the ethoxylation degree of the 
surfactants. Moreover, at 90 % (vol.) methanol, the 

retention decreases slowly with the EO unit 
number of the surfactants whereas, at 75 % (vol.) 
methanol in eluent, a slight increasing of retention 
with ethoxylation degree is observed. In between, 
namely at about 20 % (vol.) water in the eluent, the 
retention has an inversion point. The computed log 
kw values of NPEm are summarized in Table 2 
together with the slopes and the correlation 
coefficients of fit. The log kw values are very 
closed to each-other, which denotes similar 
hydrophobic properties of these compounds. 
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Fig. 3 – The plots of retention factor (k’) vs. methanol concentration in water 
for homogeneous ethoxylated nonylphenols with 7 (NPE7) (○) and 
       respectively, 14 (NPE14) (●) ethylene oxide units in the molecule. 

 
We observed a small increasing trend of the 

retention with the EO unit number of the NPEm. This 
phenomenon was also noticed for homogeneous and 
polydisperse ethoxylated nonylphenols on reversed-
phase systems.13,14 It is rather unusual because kw is 
regarded as a standard chromatographic parameter of 
hydrophobicity. Other reports showed that the 
linearity of the retention plots in RPLC are not valid 
for a wide range of mobile phase composition and the 
extrapolated log kw values are different from those 
experimentally measured.30 To overcome this, we 
used another parameter, namely the chromatographic 
hydrophobicity index, φ0, originally introduced by 
Valko and Slégel.31 The φ0 data summarized in Table 
2 reveal that in contrast with kw, the values of φ0 
slightly decrease with the EO number and denote that 
φ0 is more appropriate to characterize the 
hydrophobicity of ethoxylates than kw. 

Figure 4 shows the change of log k’ with 
acetonitrile concentration for NPEm. One observes 
a different trend from that recorded when eluting 
with methanol-water. The retention plot was 
almost linear only for NPE7. For surfactants with 
higher ethoxylation degree, the linearity holds only 
for water contents in the eluent higher than 20 % 
(vol.). In the eluent range rich in acetonitrile, the 
longer the PEO chain, the higher is the deviation 
from linearity. At 90 % and 85 % (vol.) acetonitrile 
in the eluent, the retention increases with the EO 
unit number of the surfactant, which is a reverse 
situation to that in the methanol-water system. 
When the acetonitrile content equals 80 % (vol.), 
the log k’ values become almost the same. At 
smaller content of acetonitrile the retention of 
ethoxylates reverses and at 75 % (vol.) acetonitrile 
it slowly decreases with the PEO chain length. 
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This behavior is similar to that observed for 
polydisperse ethoxylated nonylphenols in RPLC.21 
In that case, the inversion point was at about 80 % 
(vol.) acetonitrile in the eluent although the 
retention plots of the surfactants crossed gradually 
in a range of eluent composition not so narrow as 
for homogeneous ethoxylates. This difference was 
related to the distribution of PEO chain length. By 

comparing the behavior of NPEm in methanol-
water and acetonitrile-water elution systems (see 
Figures 3 and 4), one observes a tendency of 
changing the retention with the water content of 
the eluent, the effect being very strong in the case 
of higher ethoxylates.  

  

 
Table 2 

The best fit parameters obtained from simulations with eq. (5)  
of homogeneously ethoxylated nonylphenols with methanol-water mobile phase 

Surfactants log kw - b x 102 sb x 102 (a) r (b) φ0 
NPE7 4.63 5.05 0.42 0.9932 91.68 
NPE8 4.57 4.98 0.46 0.9916 91.83 
NPE9 4.62 5.03 0.44 0.9925 91.76 
NPE10 4.64 5.06 0.53 0.9894 91.57 
NPE11 4.72 5.16 0.46 0.9923 91.40 
NPE12 4.82 5.27 0.44 0.9932 91.36 
NPE13 4.86 5.33 0.45 0.9932 91.18 
NPE14 4.91 5.40 0.43 0.9937 90.95 
NPE15 4.95 5.45 0.41 0.9944 90.79 

(a) Standard error of fit; (b) Correlation coefficient. 
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Fig. 4 – The dependence of retention factor (k’) on the acetonitrile concentration in 
water, for NPE7 (○), NPE8 (●), NPE9 (□), NPE10 (■), NPE11 (∆), NPE12 (∇), NPE13 
                     (▲), NPE14 (▼) and NPE15 (◊), on the RP-18 column.  

 
The results obtained by us for ethoxylated 

nonionic surfactants in RPLC show that retention 
is related to the eluent, a phenomenon that is well 
described by the solvophobic theory29,32 or its 
simplified form.33 According to these theories, the 
retention is a reversible hydrophobic association of 

the eluite with the solvated hydrocarbonaceous 
chains bonded to the stationary phase. This effect 
manifests itself as the tendency of the non-polar or 
weakly polar eluite to reduce its surface area 
exposed to water. The magnitude of retention 
depends on the energy balance of the eluite and of 
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eluent with the stationary phase, and on the 
interactions between eluite and the eluent. The 
analysis of the retention data shows that the last 
two interactions and the solvation, in which the 
effect of the mobile phase is involved, play a 
dominant role in the chromatographic process. 
Previously, we put forward a relationship between 
the retention behavior of polydisperse ethoxylated 
nonylphenols in RPLC and the surface tension and 
the viscosity of the eluent.21 Although the surface 
tension alone was not able to explain the surfactant 
retention, the corroboration with viscosity data 
indicated a weaker interaction between acetonitrile 
and water than between methanol and water. 
Therefore, we decided to investigate other 
parameters characterizing the eluent such as the 
molar refraction, R, and the dielectric constant, ε, 
and to correlate them with surfactant retention.  

It is known that the molar refraction is a 
measure of electronic polarization of the 
molecules. The excess molar refraction (RE) 
indicates changes in the electrical properties of the 

solution by alteration of its composition.22,23 The 
dependence of RE on the composition of methanol-
water and acetonitrile-water mixtures is shown in 
Figure 5. The RE values are negative for both 
mixtures, which proves a deviation from the 
ideality and a modification of polar interactions 
between the organic solvent and the water 
molecules. One may observe that in the region rich 
in organic solvent, RE decreases linearly for both 
eluents when the water content increases. The 
phenomenon lasts up to a water content of about 
35 % (vol.). In the case of acetonitrile-water 
mixture, RE is more negative indicating a stronger 
change in the polarity of the mixture. This 
distinction seems to indicate different structural 
modifications appearing in the eluent mixtures by 
changing their composition. However, the 
comportment of RE in this range does not offer 
satisfactory information about the structural 
modifications appearing in the eluents, which 
could be related to the unusual behavior of 
surfactants.  
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Fig. 5 – The change of the excess molar refraction (RE) with the hydro-organic 
                  mixture composition, at 40°C: acetonitrile (○), methanol (●). 

 
Figure 6 illustrates the deviation of the excess 

dielectric constant, εE, from ideality for the eluent 
mixtures used by us. In the case of methanol-water, 
the εE values are negative in the range of 0 to 80 % 
(vol.) water and positive for higher water 
concentrations. For methanol-rich solutions, the εE 
values decrease with the water content up to about 
40 % (vol.). Then, εE increases and reaches a 
maximum at 90 % (vol.) water. The results are in 

good accord with the previously published data 
indicating changes in the structure of the methanol-
water clusters.34,35 For methanol molar fractions, 
xM, smaller than 0.3, the mixture consist of 
tetrahedral-like water clusters, at 0.3 < xM< 0.7, the 
water cluster are gradually replaced by methanol 
clusters without significant disruption of the water 
lattice and for xM > 0.7, the chain clusters of 
methanol become predominant.35  
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Fig. 6 – The excess dielectric constant (εE) as a function of water volume fraction, at 40°C: 
                                              acetonitrile (○), methanol (●). 

 
As regards the acetonitrile-water mixtures, the 

change of εE against the water volume fraction 
forms two regions of positive values and one of 
negative ones, which indicate several structural 
regions. Although acetonitrile is completely water-
miscible, various physical and chemical techniques 
like the excess volume, viscosity, dielectric 
constant and acid-base properties revealed three 
main structurally different regions.25,36 The data 
presented in Figure 6 also suggest the existence of 
such structural regions. In the acetonitrile-rich 
region there is a maximum of εE at about 8 % (vol.) 
water, and one may reasonably assume that the 
original structure of acetonitrile is progressively 
disturbed by addition of water. At higher water 
content, εE becomes lower, and attains a minimum 
at about 20 % (vol.) water. This point is probably 
the limit of that range of compositions called 
"microheterogeneity region" in which aggregates 
of acetonitrile molecules coexist with the aqueous 
lattice. The nature of solution structure in the 
microheterogeneity region has not exactly been 
established, but some arguments support the 
supposition that in the water microclusters the H-
bonded structure is enhanced relative to that of 
pure water.37 In the water-rich range, namely at 
water contents above 80 % (vol.), we observed a 
decrease of εE which allows to assume the raising 
of the aqueous framework with acetonitrile filling 
the cavities inside the water structure.  

Although the methanol-water and acetonitrile-
water eluents are generally thought binary mixtures 
on the macroscopic level, on the microscopic scale 
they are ternary mixtures consisting of organic 
solvent molecules, organic solvent-water associated 
molecules, and water molecules. The ternary 
nature of the aqueous mixtures must be taken into 
account in attempting to explain the retention of 
eluite in reversed-phase liquid chromatography. It 
is known that the methanol and acetonitrile differ 
in the solvent strength for alkyl chains and in their 
hydrogen-bonding ability.38 Thus, methanol is able 
to form hydrogen bonds by accepting or donating 
protons, whereas acetonitrile is unable to form 
them to any appreciable extent. Consequently, in 
the region rich in organic solvent, the chain-like 
clusters of methanol including water form a 
network through hydrogen bonding between 
different chains. In the acetonitrile-water mixtures, 
individual water molecules interact with individual 
acetonitrile molecules with little disruption of the 
weak dipole-dipole framework of the main 
component. Unlike acetonitrile, the hydrogen-
bonding solvents such as water and methanol 
solvate very slowly the non-polar alkyl chains.  

The organic solvent and the mobile phase 
composition affect the character of the stationary 
phase. At high modifier concentration, the solvent-
chain interactions overcome the intra- and 
intermolecular interactions of the alkyl chains and 
their structure becomes brush-like. It gives a larger 



 Retention behavior of ethoxylated nonionic surfactants 779 

 

carbon surface area to the solvent molecules and 
confers to the eluites a stationary phase more “non-
polar” than the mobile phase.38 Due to these, in the 
reversed-phase liquid chromatography the stationary 
phase is considered as a ternary combination of 
bonded organic moiety, adsorbed solvent 
molecules and residual silanols on the silica 
surface, but its formation is a dynamic process 
controlled by the mobile phase. During solvation, 
the bonded alkyl layer can be selectively enriched 
in organic modifier through dispersion interaction 
and the amount of modifier depends on its strength 
for alkyl chains and the concentration in the mobile 
phase. Some reports showed that the compositions 
of both stationary and mobile phases are similar for 
methanol as organic modifier, but the stationary 
phase contains an excess of organic solvent in 
comparison to its amount in the mobile phase for 
acetonitrile even at low acetonitrile concentrations.39  

The organic modifier extracted by the stationary 
phase as a consequence of hydrophobic expulsion 
from the aqueous mobile phase also interacts with 
the eluite molecule. This makes the RPLC 
retention process much more complex than the 
simple interaction of eluite with the bonded alkyl 
chains. In the ethoxylated surfactant series 
investigated by us the members have various non-
polar alkyl and polar PEO chain length and their 
overall hydrophilic-lipophilic properties are 
different. As a consequence, the interactions 
between the surfactants and the components of the 
mobile and stationary phase change as well. 
Taking into account the amphiphilicity of 
ethoxylated surfactants one may admit that the 
hydrophobic alkyls can penetrate in-between the 
bonded non-polar octadecyl chains of the fur-like 
stationary phase whereas the hydrophilic PEO 
chains are oriented towards the bulk polar mobile 
phase. The very closed retention values of C10E8 
and NPEm with methanol-water (see Tables 1 and 
2), denote comparable hydrophobic character of 
these ethoxylates. The linear increase of retention 
with the alkyl carbon number of the CnE8 for both 
eluting systems proves the dominant role of 
hydrophobic interactions and suggests a retention 
mechanism involving a deeper insert of longer 
alkyl of surfactants between the chains bonded to 
the stationary phase. However, the retention values 
of CnE8 in acetonitrile-water are lower than in 
methanol-water, which denotes a higher solvent 
strength of acetonitrile in comparison with methanol, 
and a better solvation of the hydrophobic segments 
of eluite molecule.  

As shown in Figures 3 and 4, the retention 
behavior of NPEm in methanol-water is different 
from that in acetonitrile-water. Alhough in both 
systems, the retention of ethoxymers inverses at 80 
% (vol.) organic solvent in the eluent, the retention 
order and the linearity of the plots are different for 
methanol and acetonitrile. For eluites differing 
only by the EO group number, we deduced some 
irregularities in the interaction between the 
hydrophilic PEO chain and the species of the 
elution systems. These irregularities were previously 
explained by using the two-state conformation of 
PEO chain.9 According to this theory, the extended 
“zigzag” and the compact “meander” conformers, 
have different retention properties, which are 
influenced by the number of EO units, the nature 
and composition of hydro-organic eluent, and 
temperature. On the other hand, the retention of 
ethoxylates is associated to effects of solvation and 
polarity, which depend on the water content in the 
eluent. As the present molar refraction and 
dielectric data show, the increase of water content 
in the hydro-organic mixtures entails changes in 
eluent polarity and in solvation of PEO chain and 
consequently, the retention of ethoxymers gradually 
changes. The number of EO groups favors the 
solvation of PEO chain with methanol and water 
molecules by hydrogen bonds and this could 
explain the decrease of surfactant retention as a 
function of their ethoxylation degree at 90 % (vol.) 
methanol. With acetonitrile such interactions are 
not possible, and at the same mobile phase 
composition the retention increases with the EO 
group number. Such an irregular behavior in 
reversed-phase chromatography was also noticed 
for some crown ethers containing EO groups in 
their molecule.40 It has been explained as being the 
result of both solvophobic (hydrophobic) effect 
and silanophilic interactions; the latter occurring 
between the oxyethylene chain and the residual 
silanol groups, provided no specific solvent effects or 
conformation changes are involved. The 
conformational modifications of the alkyl-bonded 
phase towards the stretched form within the 
acetonitrile-water eluent allow the access of polar EO 
groups to the residual silanols of the stationary phase.  

The irregular influence of the mobile phase 
composition on the behavior of polyethoxylates 
with acetonitrile as organic modifier was also 
thermodynamically evaluated.16 The changes in the 
thermodynamic parameters depend on the solvation 
of PEO chains by the mobile phase, their con-
formational modification, the interactions with 
silanols, or effects associated to these processes. 
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All of them are affected by the acetonitrile-water 
ratio. Thus, the modification of solvation induces 
the change of conformation and the conformers 
have different stationary-mobile-phase distribution. 
Recently, the unusual temperature dependence of 
ethoxylated fatty alcohols in RPLC was attributed 
to the opposite contribution of alkyl and PEO 
chains to the retention.17 The retention was 
enthalpically favorable for alkyl, unfavorable for 
PEO, entropically favorable for PEO and 
unfavorable for alkyl, and allowed explaining the 
inversion point of ethoxymer retention.  

CONCLUSIONS 

In the investigated reverse-phase chromatographic 
systems, the retention of ethoxylated fatty alcohols 
(C10-16Em) increases with the alkyl chain length of 
the surfactants and with the water concentration in 
the eluent. The effect of the ethoxylation degree on 
the retention of ethoxylated nonylphenols (NPE7-

15) is influenced by the nature of the organic 
modifier (methanol or acetonitrile) and by the 
eluent composition. To explain these, the changes 
of excess molar refraction (RE) and of excess 
dielectric constant (εE) as a function of eluents 
composition were considered. The differences in 
the behavior of these parameters indicate structural 
changes of the hydro-organic mixtures, which 
affect the interactions between the ethoxylates and 
the mobile and the solvated stationary phase. The 
hydrophobic interactions, the associated solvation 
and polarity effects, the concurrent contribution of 
the alkyl and PEO chains to the chromatographic 
process as well as the silanophilic interaction 
between the PEO units and the accessible residual 
silanols were used to explain the behavior of 
ethoxylated surfactants.  
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