JOURNAL OF
CHROMATOGRAPHY A

e F NP

ELSEVIE

R Journal of Chromatography A, 722 (1996) 33-40

Reversed-phase chromatographic study of the interaction of
non-ionic surfactants with sodium dodecyl sulfate

Tibor Cserhati*, Esther Forgacs
Central Research Institute for Chemistry, Hungarian Academy of Sciences, P.O. Box 17, 1525 Budapest, Hungary

Abstract

The interaction of 18 non-ionic surfactants (9 nonylphenylethylene oxide oligomers, containing in average 5, 6, 8,
9, 10, 11, 15, 23 and 30 ethylene oxide groups per molecule, and 9 tributylphenylethylene oxide oligomers,
containing in average 4, 6, 8, 10, 11, 13, 18, 30 and 50 ethylene oxide groups per molecule) with the anionic
surfactant sodiumdodecylsulfate (SDS) was studied by reversed-phase chromatography, and the relative strength of
interaction was calculated separately for each non-ionic surfactant-SDS pair. Stepwise regression analysis was used
for the determination of molecular substructures and physicochemical parameters accounting for the interaction.
The retention of non-ionic surfactants decreased in the presence of SDS indicating the formation of SDS-non-ionic
surfactant complexes. In each instance the SDS—surfactant complex was less hydrophobic than the surfactant itself.
The relative strength of interaction increased with increasing specific hydrophobic surface area of surfactants and
decreased with increasing number of polar ethylene oxide groups per molecule. This finding indicates that
hydrophobic forces are involved in the complex formation and the alkyl chain of SDS is bound to the hydrophobic
moiety of surfactants. The relative strength of interaction significantly decreased with the increasing concentration
of methanol in the solution, indicating the hydrophobic character of the interaction.

1. Introduction

Surfactants are extensively used in pharma-
ceutical [1]] and agrochemical formulations [2],
in cosmetics etc. which considerably improve the
application parameters [3.4] and biological ef-
ficiency of various drugs [S] and pesticides [6].
Surfactants exert beneficial effects in biotechnol-
ogy, i.e. they reduce the aflatoxin production by
the fungus Aspergillus flavus by 96 to 99% at 1%
(wt/vol) [7] and induce hydrogen production in
Cyanobacteria [8]. Surfactants increase the de-
composition of pollutants in soil [9], but on the
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other hand they are environmental pollutants.
Surfactants may also have adverse biological
effects, for example they show marked eye irrita-
tion potential [10,11].

Non-ionic and ionic surfactants are frequently
used together in a wide variety of formulations,
they can interact with each other [12-15] and
with the active ingredient or ingredients [16].
Thus, it has been established that the polar head
group of SDS is located in the ethylene oxide
region of a non-ionic surfactant [17]. The charac-
teristics of micelles formed of ionic and non-ionic
surfactants shows non-ideal behavior [18]. It was
established that hydrophilic forces are involved
in the binding of surfactants to each other [19].
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Reversed-phase thin-layer chromatography
has been previously used to study the interaction
on non-ionic surfactants with amino acids [20,21],
and with various cyclodextrin derivatives [22,23].
These studies used similar methodology, how-
ever, the interacting molecular species were
entirely different. The objectives of this work
were to study the interaction of some non-ionic
surfactants with sodium dodecylsulfate (SDS) by
means of reversed-phase thin-layer chromatog-
raphy, to determine the influence of sodium
chloride on the interaction and to elucidate the
role of molecular parameters in the complex
formation. The use of sodium chloride additive
was motivated by the fact that characteristics of
SDS are different in the presence of salt [24].

2. Experimental
The chemical structures of non-ionic surfac-

tants are listed in Table 1. DC-Fertigplatten
KIESELGEL 60 (Merck, Darmstadt, Germany)

Table 1
Chemical structures of non-ionic surfactants.

General structure
Q_O(CszzO)nc‘H

No. Common name

Q n, (average)
1 Arkopal N50 Nonylphenol 5
2 Arkopal N60 6
3 Arkopal N8O 8
4 Arkopal N90 9
5 Arkopal N100 10
6 Arkopal N110 11
7 Arkopal N150 15
8 Arkopal N230 23
9 Arkopal N300 30
10 Sapogenate T40  Tributylphenol 4
11 Sapogenate T60 6
12 Sapogenate T80 8
13 Sapogenate T100 10
14 Sapogenate T110 11
15 Sapogenate T130 13
16 Sapogenate T180 18
17 Sapogenate T300 30
18 Sapogenate T500 50

were impregnated by overnight predevelopment
in n-hexane—paraffin oil (95:5, v/v). The non-
ionic surfactants were separately dissolved in
methanol to give a concentration of 5 mg/ml and
2 ul of solution was spotted on to the plates. As
the object was to study the complex formation
between the non-ionic surfactants and SDS and
not the study of the effect of SDS on the
separation of surfactants, the surfactants were
separately spotted on the plates. Methanol-
water mixtures were used as eluents with the
methanol concentration varying between 45-65
vol.% in steps of 5 vol.%. SDS was dissolved in
the eluent in the concentration range of 0-70
mM. As the salts may modify the capacity of
non-ionic surfactants to interact with SDS each
experiment was run in salt free eluents and in
eluents containing 0.5 M NaCl (end concentra-
tion). Development was performed in sandwich
chambers (22 X 22 X 3 cm) at room temperature,
and the running distance was ca. 15 cm. The
chambers were not presaturated. After develop-
ment the plates were dried at room temperature
and the spots were detected by iodine vapours.
Each determination was run in quadruplicate.
The R,, value given by log(1/R,—1), which
characterizes the molecular lipophilicity in re-
versed-phase thin-layer chromatography was
calculated for each surfactant and eluent system.

To separate the effects of methanol and SDS
on the lipophilicity of surfactants and to take into
consideration the possible effect of methanol
concentration on the strength of interaction the
following equation was fitted to the experimental
data:

Ry=Ry,tb, Ci+b,C,+b,-C,-C, 1

where R,, =R, value for a surfactant deter-
mined at given methanol and SDS concentra-
tions; Ry, =R, value extrapolated to zero
methanol and SDS concentrations; b, = decrease
in the R, value caused by 1% increase in
methanol concentration in the eluent (related to
the specific hydrophobic surface area of surfac-
tants) [25]; b, = decrease in the R,; value caused
by 1 mg/ml concentration change of SDS in the
eluent (related to the relative strength of inter-
action); b, =common effect of methanol and
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SDS concentrations on the Ry, and C, and C, =
concentrations of methanol and SDS, respective-
ly. Eq. 1 was applied separately for each drug.
When the coefficient of variation of the parallel
determinations was higher than 6%, the data
were omitted from the calculations.

Stepwise regression analysis was applied [26]
to find the physicochemical parameters of non-
ionic surfactants which significantly influence
their capacity to interact with SDS. The relative
strength of interaction (b,) was the dependent
variable whereas the hydrophobicity (R,,,) and
specific hydrophobic surface area (b,) of Eq. 1,
the number of ethylene oxide groups per mole-
cule and the presence of nonylphenyl and tri-
butylphenyl moiety in the surfactant molecule,
were the independent variables, respectively.
According to the additivity rule the hydropho-
bicity of non-ionic surfactants has to depend
linearly on the number of ethylene oxide groups
per molecules. In this instances the use of both
hydrophobicity and the number of ethylene
oxide group in the calculation is redundant.
However, the ethylene oxide groups are more or
less in folded state in solution depending on the
length of the ethylene oxide chain. This folding
results in non-linear dependence of the hydro-
phobicity of surfactants on the number of ethyl-
ene oxide groups, therefore the inclusion of both

physicochemical parameters in the calculation is
justified. Calculation was separately carried out
for salt-free and salt-containing systems. The
number of accepted independent variables was
not limited and the acceptance limit was set to
the 99% significance level. In the common multi-
variate regression analysis the presence of in-
dependent variables exerting no significant in-
fluence on the change of dependent variable
considerably decreases the significance level of
the equation. Stepwise regression analysis selects
the independent variables which significantly
influence the dependent variable. This selection
procedure increases the reliability of the calcula-
tion.

To elucidate the effect of salt on the stability
of the non-ionic surfactants—SDS complexes
linear correlations were calculated between the
b, and b, values of Eq. 1 determined in salt-free
and in salt containing systems.

3. Results and discussion

The simultaneous effect of methanol and SDS
concentrations on the R,, values of surfactants 6
and 9 are shown in Figs. 1 and 2, respectively.
The R,, values decrease in each instance with
increase in methanol concentration, i.e. these

Fig. 1. Effects of methanol and sodium dodecylsulfate (SDS) concentrations on the R,, value of surfactant 6 in Table 1.
A =salt-free eluents; B = eluents containing 0.5 M NaCl (end concentration).
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Fig. 2. Effects of methanol and sodium dodecylsulfate (SDS) concentrations on the R,, value of surfactant 9 in Table 1.
A =salt-free eluents; B = eluents containing 0.5 M NaCl (end concentration).

compounds do not show any anomalous reten-
tion behaviour in this concentration range that
would invalidate the evaluation using Eq. 1. An
increase in the SDS concentration also caused a
decrease in R, values, indicating complex forma-
tion. Interaction of the more hydrophilic SDS
with the non-ionic surfactants decreases the
lipophilicity of the latter.

The parameters of Eq. 1 calculated for salt-
free eluents are compiled in Table 2. The equa-
tion fits the experimental data well, the signifi-
cance level in each instance being over 95% (see
calculated F wvalues). The ratios of variance
explained were about 65-93% (see r’ values).
Each surfactant interacts with SDS (the b, values
differ significantly from zero). The parameters of
Eq. 1 differ considerably, demonstrating that the
lipophilicity (R,,,), specific hydrophobic surface
area (b,) and the capacity of non-ionic surfac-
tants to form complexes with SDS (b,) differ
significantly. The differences between the inter-
active capacity of nonylphenyl and tributylphenyl
derivatives with the same number of ethylene
oxide groups are fairly low. This finding indicates
that both hydrophobic moieties have approxi-
mately the same possibility to bind to the apolar
alkyl chain of SDS. The interactive capacity of
surfactants with SDS decreases with increasing
concentration of methanol in the eluent (see b,

values) suggesting the hydrophobic character of
the interaction. The path coefficients (b;% val-
ues) indicate that the changes in methanol con-
centration have the smallest and changes in SDS
concentration the largest effect on the retention
behaviour of surfactants.

Stepwise regression analysis found a significant
relationship between the complex forming
capacity (b,) and the specific hydrophobic sur-
face area of surfactants (b;) and the number of
ethylene oxide groups per molecule (n,):

b, =122 +(0.72+0.08)- b,
—(3.69+0.67)-1077 - n, 2)

rP=09298 F=99.28

The results of Eq. 2 prove that the interaction
of SDS is stronger with non-ionic surfactants
having a shorter polar ethylene oxide chain and a
larger specific hydrophobic surface area. The
path coefficients indicated that the effect of
specific hydrophobic surface area is dominant in
the complex formation (61.34%). It can be
assumed that the apolar alkyl chain of SDS and
the hydrophobic moiety of the surfactants are
bound by hydrophobic forces. The ethylene
oxide groups being weak Lewis acids repulse the
acidic sulfate head of SDS decreasing in this
manner the stability of the complex.
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Table 2

Parameters of multilinear correlations between R,, values of non-ionic surfactants and concentrations of methanol (C,) and

sodium dodecylsulfate (C,) in the eluent (salt free systems).

Parameter Surfactant number
1 2 3 4 5 6 7 8 9
Ry 6.09 4.64 4.60 5.06 5.03 4.58 4,99 487 4.87
—b, 1077 8.63 6.34 6.26 6.86 6.81 6.29 6.73 6.36 6.54
5,,°107° 1.08 0.52 0.61 0.72 0.67 0.74 0.66 0.82 0.96
-b,-107° 7.83 5.94 5.63 5.78 5.66 5.41 5.36 4.69 4.56
Spy 1077 1.32 0.64 0.75 0.88 0.83 0.91 0.81 1.00 1.18
b, 107" 12.22 928 8.86 8.94 8.82 8.56 8.27 7.03 6.88
Sp 107* 2.33 1.13 1.33 1.56 1.46 1.61 1.43 1.77 2.08
b, % 13.47 13.09 13.51 14.40 14.51 12.77 15.11 16.32 17.05
b,% 47.41 47.60 4721 47.10 46.89 47.49 46.75 46.66 46.14
b % 39.12 39.31 39.28 38.50 38.60 39.47 38.14 37.02 36.81
r 0.8571 0.9328 0.9028 0.8969 0.9053 0.8614 0.9093 0.8679 0.8333
F 29.98 69.45 46.42 43.50 47.81 31.08 50.13 32.84 24.99
10 11 12 13 14 15 16 17 18

Ry 5.52 4.91 5.25 5.10 3.86 4.75 4.33 3.57 4.54
-b,-107° 7.54 6.62 7.22 6.88 5.05 6.37 5.62 4.18 5.94
s, 1077 0.75 0.75 0.79 0.82 0.54 0.60 0.69 1.07 0.88
—b, 107? 6.30 5.40 6.15 5.58 4.57 5.50 5.08 3.09 391
Spp° 10°° 0.92 0.92 0.97 1.01 0.66 0.74 0.85 1.31 1.08
b, 107" 9.58 8.09 9.60 833 7.05 8.61 8.02 4.51 5.65
5y, 10 “ 1.62 1.63 1.72 1.78 1.17 1.31 1.49 2.31 1.90
b, % 14.58 14.98 14.21 14.93 13.55 14.04 13.45 16.42 18.15
b, % 47.38 47.47 46.98 47.05 47.61 47.01 47.19 47.20 46.41
b % 38.04 37.55 38.81 38.02 38.84 38.95 39.36 36.38 35.44
r 0.9133 0.8950 0.8844 0.8755 0.8958 0.9102 0.8547 0.6465 0.8481
F 52.66 42.62 38.24 35.15 42.97 50.66 29.41 9.15 27.92

Numbers refer to non-ionic surfactants in Table 1. n = 19; s = standard deviation. Ry, =Ry, +b,-C, +b,-C,+b,-C,-C,.

The parameters of Eq. 1 calculated for eluents
with 0.5 M NaCl end concentration are compiled
in Table 3. The results are similar to those
compiled in Table 2: the equation fits the ex-
perimental data well, the significance level in
each instance being over 99.9% (see calculated F
values). The ratios of variance explained were
about 91-97% (see r’ values). Each surfactant
interacts with SDS, however, the relative
strength of interaction is markedly higher than in
salt-free eluents. This finding can be tentatively
explained by the following theoretical considera-
tions:

(a) salt exerts a salting-out effect on both types

of surfactants facilitating the occurrence of hy-
drophobic forces between the apolar molecular
substructures.

(b) salt probably is in a highly dissociated form
in the eluents. The free ions surround the acidic
sulfate group in SDS decreasing in this manner
the repulsive forces.

Methanol concentration exerts a similar effect
on the strength of interaction as in salt-free
eluent indicating also in these instances the
involvement of hydrophobic forces in the inter-
action.

The results of stepwise regression analysis
support our previous conclusions:
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Table 3

Parameters of multilinear correlations between R,, values of non-ionic surfactants and concentrations of methanol (C,) and
sodium dodecylsulfate (C,) in the eluent (0.25 M NaCl end concentration in the eluents)

Parameter Surfactant number
1 2 3 4 5 6 7 8 9
Ry 4.45 4.59 3.85 4.12 4.57 3.67 415 3.03 3.19
—b,- 10°° 5.76 6.12 4.79 5.09 5.85 4.75 5.29 3.23 3.52
Syt 1072 1.04 0.83 0.67 0.85 0.68 0.46 0.52 0.59 0.62
-b,- 1072 16.22 15.65 11.12 12.13 13.87 8.65 10.88 494 5.31
Spy” 1077 2.83 2.24 1.81 2.33 1.87 1.25 1.40 1.61 1.68
b,-10 - 2.53 2.42 1.66 1.83 2.13 1.26 1.65 0.66 0.71
Spyt ™ 5.18 4.12 333 4.28 3.42 2.29 2.57 2.95 3.09
b, % 6.65 7.30 8.10 7.88 7.85 10.20 8.98 12.29 12.44
b, % 50.61 50.41 50.79 50.69 50.29 50.17 49.94 50.81 50.76
b % 42.74 42.29 41.11 41.43 41.86 39.63 41.08 36.90 36.80
r 0.9457 0.9652 0.9675 0.9518 0.9720 0.9807 4.9727 0.9453 0.9488
F 69.71 111.07 119.01 79.04 138.86 203.68 179.03 69.17 74.15
10 11 12 13 14 15 16 17 18

Ry 4.76 3.66 3.32 3.95 4.66 3.81 4.67 375 3.95
—b,- 1072 6.03 4.28 3.82 4.75 6.21 4.44 6.15 4.50 4.98
s, 0107 ? 1.14 1.37 0.98 0.82 0.68 0.91 0.80 0.62 0.72
-b,- 1072 17.17 14.88 10.74 13.25 13.99 11.20 13.09 7.23 5.46
Spy* 1072 3.09 3.75 2.65 2.24 1.86 2.46 2.18 1.67 1.96
b, 107 2.67 2.25 1.55 2.00 217 1.65 2.05 1.05 0.82
Spy” 107* 5.68 6.82 4.86 4.11 341 4.51 4.00 3.07 3.59
b, % 6.59 5.52 6.88 6.81 8.18 7.55 8.60 11.42 15.69
b,% 50.69 51.89 52.17 51.30 49.83 51.39 49.48 49.53 46.49
b, % 42.72 42.59 40.95 41.89 41.99 41.06 41.92 39.05 37.82
r 0.9431 0.9158 0.9400 0.9614 0.97035 0.9465 0.9539 0.9570 0.9300
F 66.25 43.49 62.67 99.70 131.54 70.78 82.79 88.37 53.15

Numbers refer to non-ionic surfactants in Table 1. n = 16, s = standard deviation. Ry, =R, +b,-C,+b,-C,+b,-C, - C,.

b, =—1.30+(3.89 +0.65)- Ry
—(0.20+0.03)-107% - n, (3)

r’=08930 F=62.62

The overall molecular hydrophobicity in-
creases and the number of ethylene oxide groups
per molecule decreases the stability of the surfac-
tants complexes. In the presence of salt the
hydrophobicity and not the specific hydrophobic
surface area influences significantly the complex
formation. We assume that the folding of the
polar ethylene oxide chains of the surfactant
molecules is different in the presence of salt

resulting in modified capacity to interact with
SDS. Unfortunately, we have no experimental
prove to support this hypothesis. It cannot be
excluded that the stoichiometry of SDS-non-
ionic surfactant complexes is different in salt-free
and in salt-containing eluents. As reversed-phase
chromatography is not suitable for the determi-
nation of the stoichiometry of complexes, the
determination can be carried out only by other
physicochemical methods.

Significant linear correlations were found be-
tween the relative strength of interactions (b,)
and the effects of methanol concentration on the
strength of interaction (b,) determined in salt-
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Fig. 3. Relationship between the relative strength of inter-
action determined in salt-free (b,(H,0)) and in salt-con-
taining eluents (b,(NaCl).

free and in salt-containing eluents (Figs. 3 and
4). The data suggest that the interaction is
considerably stronger in the presence of salt, and
effect of methanol is similar in both eluent
systems. Although the relationships plotted in
Figs. 3 and 4 are statistically significant (F,,
values are 14.92 and 13.58 for Figs. 3 and 4,
respectively the tabulated F value corresponding
to 99% significance level being 8.68) the ratio of
variance explained are fairly low (48.25% and

by (NaCl)
b3 (NaCi)= -0.35 + 2.51 b3(H,0}
r=0.6775 Tg9ay, = 0.6055

3.0

06 08 10 12 14
b3 (Hy0)

Fig. 4. Relationship between the effect of methanol con-
centration on the relative strength of interaction determined
in salt-free [b,(H,0)] and in salt-containing eluents
[b,(NaCD)].

45.90% for Figs. 3 and 4, respectively). This
finding indicates that the these data are not
interchangeable and they have to be used sepa-
rately in future structure-activity relationship
calculations.

It can be concluded from the data that non-
ionic surfactants readily interact with SDS form-
ing complexes of undefined stoichiometry, and
the complex formation involves hydrophobic
forces.

Acknowledgement

This work was supported by a grant for
Cooperation in Science and Technology with
Central and Eastern European Countries: “En-
hanced removal and prevention of environmen-
tal pollution by attachment and immobilization
of bacteria at surfaces”.

References

[1] J.L. del Estal, A.L. Alvarez, C. Villaverde, A. Justel and
J.G. Prieto, Int. J. Pharm., 102 (1994) 257.
[2] T. Watanabe and 1. Yamaguchi, J. Pestic. Sci., 18 (1993)
99.
[3] T.M. Garrigues, M.J. Segura-Bono, MV. Bermejo, V.
Merino and J.M. Pla-Delfina, Int. J. Pharm., 101 (1994)
209.
[4] A.M. de Vos and R. Ringet, Eur. J. Pharm. Sci., 1 (1993)
89.
[5] E. Touitou, F. Levi-Schaffer, N. Dayan, F. Alhaique and
F. Riccieri, Int. J. Pharm., 103 (1994) 131.
[6] J.D. Nalewaja, Z. Woznica and F.A. Manthey, Weed
Technol., 5 (1991) 92.
[7] S.B. Rodriguez and N.E. Mahoney, Appl. Environ.
Microbiol., 60 (1994) 106.
[8] M. Famiglietti, A. Hochkoeppler and P.L. Luisi,
Biotechnol. Bioeng., 42 (1993) 1014.
[9] A. Tiehm, Appl. Environ. Microbiol., 60 (1994) 258.
[10] W. Yang and D. Acosta, Toxicol. Lett., 70 (1994) 309.
1[11] K.-P. Wilhelm, A.B. Cua, H.H. Wolff and H.I. Maibach,
J. Invest. Dermatol., 101 (1993) 310.

[12] V.E. Yushmanov, J.R. Perussi, H. Imasato and M. Tabac,
Biochim. Biophys. Acta, 1189 (1994) 74.

[13] Y. Morishima, M. Seki, S. Nomura and M. Kamachi,
Proc. Japan Acad., 69 (1993) Ser. B 83.

[14] Y. Morishima, M. Seki, Y. Tominaga and M. Kamachi, J.
Polymer Sci. Part A, 30 (1992) 2099.



40 T. Cserhdti, E. Forgdcs | J. Chromatogr. A 722 (1996) 33-40

[15] M. Seki, Y. Morishima and M. Kamachi, Macromole-
cules, 25 (1992) 6540.

[16] M. Alden, J. Tegenfeldt and E.S. Saers, Int. J. Pharm.,
94 (1993) 31.

[17] P. Baglioni, L. Dei, E. Rivara-Minten and L. Kevan, J.
Am. Chem. Soc., 115 (1993) 4286.

[18] PM. Holland and D.N. Rubingh, J. Phys. Chem., 87
(1983) 1984.

[19] P. Baglioni, CM.C. Gambi and D. Glodfarb, J. Phys.
Chem., 95 (1991) 2577.

[20] T. Cserhati, Biomed. Chromatogr., 8 (1994) 45.

[21] E. Forgacs, Biochem. Molec. Biol. Intern.. 30 (1993) 1.

[22] T. Cserhati and E. Forgdcs, J. Chromatogr. A, 665
(1994) 17.

[23] E. Forgacs and T. Cserhdti, Quant. Struct.-Act. Relat.,
13 (1994) 38.

[24] L. Shedlovsky, CW. Jakob and M.B. Epstein, J. Phys.
Chem., 67 (1963) 2075. ,

(25] C. Horvath, W.R. Melander and 1. Molnér, J. Chroma-
togr., 125 (1976) 129.

[26] H. Mager, Moderne Regressionsanalyse, Salle, Sauverlan-
der, Frankfurt am Main, 1982, p. 135.



