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Abstract
The structural properties of a nonionic surfactant polyoxyethylenesorbitan monopalmitate (C62H122O26, commercial
names Tween 40®, Polysorbate 40) in aqueous solutions in the temperature range between 15 and 45 °C have been
studied by small-angle X-ray scattering (SAXS) technique. Low concentration experimental data were evaluated using
the model free indirect Fourier transformation method (IFT), whereas at higher concentration a generalized indirect
Fourier transformation method (GIFT) based on the simultaneous determination of intra- and interparticle scattering
contributions was applied. It was found that in Tween 40® aqueous solutions globular micelles with maximum distance
within one particle of about 9 nm and radii of the hydrophobic core between 2.1–2.4 nm are present. The concentration
and the temperature do affect neither the size nor the shape of the micelles considerably, however the presence of the
non-spherical and/or elongated aggregates at higher concentrations at all temperatures could be assumed.
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1. Introduction
Although microemulsions have been known for a

long time, there are only few commercial products based
on them. Recently, an astonishing statment could be read1

that there are no food products based on microemulsions.
One of the reasons that prevent the incorporation of these
systems in foods has been ascribed to the lack of sufficient
food-grade types of surfactants that can form large
isotropic regions. In this aspect, Tweens (ethoxylated 
derivates of sorbitan esters) are an interesting family of
surfactant. The ability of Tweens to form microemulsions
for pharmaceutical2,3,4,5 and food products6,7 applications
has been studied by few authors. Recently, a pharmaceuti-
cally usable microemulsion system prepared from water,
isopropyl myristate with Tween 40®, and Imwitor 308® as
possible drug delivery system has been investigated thor-
oughly in our laboratories.8,9,10

Tween 40® (polyoxyethylenesorbitan monopalmita-
te, Polysorbate 40) is a strongly hydrophilic surface active
agent. It is used as an emulsifier, often in combination
with sorbitan esters, and its structure (Scheme 1) also 
enables it to fulfil other functions, such as the modifica-
tion of fat crystallization.11 Within the European Union it

is labelled as a food additive with the number E 43412 and
is permitted in food (in fat emulsions for baking purposes,
desserts, ice-cream, sugar confectionery, emulsified sau-
ces, soups, dietary food supplements, chewing gum etc.)
and in non-food applications (cosmetics, animal feed,
plastic industry).

Scheme 1: Schematic representation of a nonionic surfactant Tween
40® (the total number of oxyethylene units: x + y + z = 20).
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Although a considerable number of papers on 
microemulsion systems involving Tweens have appeared
in the literature, there are only few systematic studies on
their micellar properties in aqueous solution,13 mixed sol-
vents14,15,16 or in the binary and ternary surfactant mix-
tures.17,18,19 However, there is no structural investigation
on these systems which could contribute to better under-
standing of the structure-function relationship.

In order to obtain a more complete understanding of
the micellar properties of Tween 40® in aqueous solution
we have studied the effect of the concentration and tem-
perature on the size, shape, internal structure and interpar-
ticle interactions in solution by small-angle X-ray scatter-
ing (SAXS) technique.

2. Materials and Methods

2. 1. Materials
The surfactant Tween 40® was purchased from

Fluka (Chemie GmbH, Switzerland) and used as received.
Solutions were prepared by weighing of the surfactant and
triple distilled water and were stored at room temperature
in plastic sample holder.

2. 2. Small Angle X-ray Scattering (SAXS)

SAXS measurements were performed with an evacu-
ated Kratky compact camera system (Anton Paar, Graz,
Austria) with a block collimating unit, attached to a con-
ventional X-ray generator (Bruker AXS, Karlsruhe, Ger-
many) equipped with a sealed X-ray tube (Cu-anode target
type) producing Ni-filtered Cu Kα X-rays with a wave-
length of 0.154 nm. The tube was operating at 35 kV and
35 mA. The samples were transferred to a standard quartz
capillary placed in a thermally controlled sample holder
centered in the X-ray beam. The scattering intensities were
measured with a linear position sensitive detector (PSD
50m, M. Braun, Garsching, Germany) detecting the scat-
tering pattern within the whole scattering range simulta-
neously. Measurements were performed at 15, 25, 35 and
45 °C. For each sample, five SAXS curves with a sampling
time of 15000 seconds were recorded and subsequently 
averaged to ensure reliable statistics, smoothed, and cor-
rected for solvent scattering. The absorption of the solu-
tions was determined by using the šmoving slit’ method.20

The smeared data were corrected for experimental
broadening by numerical de-smearing based on the mea-
sured beam cross-section profiles. The result of these cal-
culations is a desmeared scattering function and the pair-
distance distribution function p(r):

(1)

which is the Fourier transform of the scattering function:21

, (2)

where q is a scattering vector defined as q = (4π/λ)sin(θ/2),
λ is the wavelength of X-rays, θ is the scattering angle be-
tween the incident beam and the scattered radiation, and r
is the distance between the two scattering centers within
the particle.

p(r) was evaluated from the measured I(q) using the
Indirect Fourier Transformation Method (program
IFT)22,23 and its extension Generalized Indirect Fourier
transformation method GIFT.24,25,26,27

IFT as a completely model-free method which can
only be applied for the “dilute” systems where interpar-
ticle interactions can be neglected. At higher concentra-
tions of scattering particles interparticle correlations
strongly affect the scattering intensity I(q) and must be
taken into account during the evaluation procedure using
recently developed GIFT technique.

GIFT is based on the assumption that the scattering
intensity I(q) can be represented as a product of the intra-
particle scattering contribution P(q) (form factor) with
p(r) as its Fourier transformation and the interparticle
scattering contribution S(q) (structure factor) describing
the interparticle interactions in reciprocal (q) space:

I(q) = nP(q)S(q) (3)

where n is the number density of particles. P(q) represents
the scattering of a free particle that is given by Eq. 2. In 
real (r) space the interparticle interactions are described
by the total correlation function h(r)=g(r)–1, with g(r) be-
ing the radial distribution function and r the distance be-
tween the centers of two particles.28 Since the connection
between the functions from q and r space is a Fourier
transformation, S(q) and h(r), similarly as P(q) and p(r),
form another Fourier transform pair:28

(4)

Equation 3 is exact only in the case of monodisperse
isotropic dispersions of spherical particles. However, it
has been shown with many examples that by introducing
the “averaged structure factor”, Save(q), or more exact 
“effective structure factor”, Seff(q), one can obtain good 
results also for polydisperse spheres or cylinders26 and
even for inhomogeneous particles.24,25,29,30

The GIFT evaluation technique simultaneously de-
termines the P(q) that remains model-free, and S(q),
which has to be calculated according to the model for 
interparticle interactions by finding the global mean devi-
ation minimum.27 In the present work, a polydisperse sys-
tem of hard spheres is chosen as a model, and a Percus-
Yevick approximation is used as a method for the calcula-
tion of S(q). The resulting averaged structure factor, with



average taken over the weight contributions of partial
structure factors for individual monodisperse systems,
Save(q), is described by three parameters: the volume frac-
tion φ, the interaction radius R and the polydispersity µ.

In the case of spherical symmetry p(r) simplifies in-
to: p(r) = r2∆ρ� 2(r)31,32 where ∆ρ� 2(r) is the spatial averaged
autocorrelation function (convolution square) of the elec-
tron density fluctuations given by the general expression32

(5)

in which ∆ρ(r) represents the local scattering contrast,
that is the difference between the local scattering parti-
cle’s electron density ρ(r) and the average electron densi-
ty of the sample ρ−. The scattering contrast profile ∆ρ(r) of
the scattering particles that provides valuable information
on the internal structure of scattering particles can be cal-
culated from p(r) function by a convolution square root
operation utilizing the DECON program.33,34,35,36

3. Results and Discussion

In the Figure 1 the experimental scattering curves
(symbols) of the Tween 40® aqueous solutions at various
surfactant concentrations are shown after subtraction of
solvent scattering in a plot of intensity versus scattering
vector q.

Figure 1a shows the SAXS spectra with the lines
representing a fit to the experimental data as obtained by
the indirect Fourier transformation method IFT method
for the solutions with lower concentration of surfactant
(w = 0.01 and 0.025) and by the generalized indirect
transformation method GIFT for all other solutions. The
results of the IFT procedure are the pair-distance distri-
bution functions p(r), whereas at the GIFT procedure 
also the structure factors Save(q) are obtained. They are
shown in Figures 2b and 3b and discussed in more details
below.

As seen in Figure 1a the overall scattering intensity
is increasing with the increasing surfactant concentration
related to the growing number of particles in the scattering
volume. In parallel, the inner central peak (at low q valu-
es) is gradually disappearing, indicating the increasing 
role of interparticle interactions.

In Figure 1b the SAXS curves are normalized to the
unit surfactant concentration and the effect of increasing
intensity with growing number of particles is eliminated
(see Eq. 3). Evidently, the height of the central peak and
the intensity at low q regime, respectively, are decreasing
with increasing surfactant concentration. This is a charac-
teristic of the dominating repulsive (liquid-type) interac-
tions among the scattering particles. The side maximum
(at approximately q = 1 nm–1), which is related to the par-
ticle form factor, stays at the approximately same posi-

tion. Assuming that the shape of the particles remains the
same upon change in the concentration, nearly constant
particle dimensions are expected.
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Figure 1. 
a) Experimental SAXS spectra of Tween 40® aqueous solutions

with different surfactant concentrations at 25 °C (symbols). w =
weight fraction of the surfactant in the solution. Lines represent
the IFT (w = 0.01 and 0.025) and GIFT fits (w ≥ 0.05) to the
experimental data.

b) The same SAXS spectra but normalized to unit surfactant con-
centrations.

c) Temperature dependent experimental SAXS spectra of Tween
40® aqueous solutions with the weight fraction of surfactant, w =
0.1. The curves were shifted for the sake of clarity. Lines repre-
sent the GIFT fits to the experimental data.



455Acta Chim. Slov. 2007, 54, 452–459

Be{ter-Roga~:   Micellar Properties of Nonionic Surfactant Tween 40® ...

As shown in Figure 1c, the general shape of the scat-
tering curves for Tween® micellar aqueous solutions 
remains almost unaltered for all temperatures considered
at constant composition: the position of the side maxi-
mum is constant indicating that the dimensions of the par-
ticles are not affected by the temperature considerably. A
slight difference can be observed at low q regime of the
scattering curves, reflecting the interparticle interference.

Essential information on the particle geometry can
be obtained from the pair distance distribution function
p(r). Experimental SAXS spectra of Tween 40® aqueous
solutions (Figure 1) were evaluated utilizing the IFT and
GIFT methods. The resulting p(r) functions and the corre-
sponding structure factors Save(q) are presented in Figures
2a and 2b.

The shape of the p(r) functions is characteristic for
the heterogenous spherical micelles with the difference in
the core and the shell scattering contrast.25,29 It could be
seen that p(r) curves are not symmetric at higher concen-
trations, which would suggest the presence of non-spheri-
cal aggregates or elongation. Interpreted as such also rela-
tively high values of polydispersity at w = 0. 15 and 0.2,
resulting from the fitting procedure to the hard sphere
model for structure factor, seem reasonable.

One can estimate the maximal distance Dmax within
one particle from the abscissa value where p(r) function
vanishes.

The corresponding structure factors are presented in
Figure 2b. The Save(0) value decreases considerably with
increasing concentration indicating the increasing volume
fraction of the scatttering particles. At the same time the
interaction peak becomes sharper and moves toward high-
er q values, reflecting the decreasing mean distance 
between neighboring particles.

The distribution of the electron density contrast
within the Tween 40® micelles resulting from the decon-
volution33,34,35,36 of the corresponding p(r) function pre-
sented in Figure 2c shows two regions of opposite sign.
By taking into account the molar volumes of the 5-mem-
bered ring and oxyethylene chains, the electron density
of the polar part of the Tween 40® molecule can be esti-
mated to be approximately 424 e– nm–3. The correspon-
ding electron densities of the nonpolar part (C15) and
pure water are 298 and 334 e– nm–3, respectively, which
means that the the C15 hydrophobic core has a negative
and the polar shell a positive scattering contrast against
water.

Furthermore, these estimations suggest higher valu-
es of the positive scattering contrast than those observed
experimentally (Figure 2c). Since the hydrated water may
substantially decrease the average electron density of the
polar shell, the observed deviation may be ascribed to a
strong hydration of the oxyethylene chains in the shell of
the micelles. Similar behavior has been observed at some
poly(ethylene glycol) monooctyl ethers (C8Ej)

39 and Brij
3529,30 in aqueous solutions.

Figure 2. The results of the IFT (w = 0.01 and 0.025) and GIFT 
(w ≥ 0.05) evaluation of the scattering curves from Figures 1a and
1b together with the corresponding electron density contrast pro-
files at 25 °C.
a) Pair-distance distribution functions normalized to unit surfactant

concentration. Inset: the same functions but without normaliza-
tion.

b) Averaged structure factors Save(q). Inset: parameters of the mo-
deled Save(q), volume fraction φ, interaction radius R, and poly-
dispersity µ.

c) Electron density contrast profiles ∆ρ(r) of Tween 40® micelles in
aqueous solutions, normalized by the square root of surfactant
concentration.

Inset: An example of the comparison between input p(r) and its ap-
proximation as obtained by the convolution square root operation.

The radius of the hydrophobic core can be estimated
from the abscissa value where the scattering contrast



changes sign (Figure 2c). Estimates of the Tween 40® mi-
celle hard-core radii were obtained from the intersection
of these profiles with the abscissa at r ≈2.4 nm (w = 0.01

and 0.025) and r ≈ 2.1 at higher concentrations. The 
obtained values are in reasonable agreement with the the-
oretically calculated length of the fully stretched C15 chain
(= 1.92 nm)40 and the unhydrated radius for the Tween
40® micelles, obtained from density measurements (=
2.51 nm).14

In the literature the micellar aggregation number, N
= 91 ± 1, obtained from the fluorescence study at 25 °C
for Tween 40® is reported.41 Assuming that the micelles
are spheres, the aggregation number can be calculated
from the molar volume of the lipophilic part of surfactant
(V(–CH3) = 19.2 cm3 mol–1, V(–CH2–) =16.1 cm3 mol–1)37,38

and the volume of the micellar core. For r = 2.1 nm the ag-
gregation number N ≈ 95 could be estimated, which is in
good agreement with the reported value.

Next, the effect of the temperature on the micellar
properties of aqueous solutions was investigated. The
pair-distance distribution functions p(r) and structure fac-
tors Save(q) in Tween 40® aqueous solution (w = 0.1), 
obtained from experimental SAXS spectra (Figure 1 c)
are presented in Figure 3.

As shown in Figure 3a, the qualitative shape of the
pair-distance distribution function, p(r), i.e., the shape of
the Tween 40® particles formed in the solution, does not
change significantly upon varying the solution composi-
tion or temperature.

The variation of the excess density profile with tem-
perature is shown in Figure 3c. Since the input pair-dis-
tance distribution functions do not differ significantly, the
resulting excess electron density profiles have the same
shape at all measured temperatures. Due to the dehydra-
tion of ethylene oxide chains, a change in the electron
density with the temperature is to be expected, but this 
anticipation is not confirmed. Moreover, the intercepts of
the contrast profiles coincide perfectly at r ≈ 2.1 nm, con-
firming that the temperature does not affect the shape and
size of the Tween 40® micelles in aqueous solutions sub-
stantially.

Similar behaviour was observed at some other poly-
oxyethlyene surfactants (C8Ej) aqueous solutions.39

The corresponding structure factors are presented in
Figure 3b. The Save(0) value decreases with decreasing
temperature, at the same time the interaction peak beco-
mes slightly sharper at lower temperatures, but moves har-
dly to higher q values. As anticipated in the presence of a
repulsive interaction, the compressibility (reflected in
Save(0)) dimnishes. Evidently the repulsive interactions are
stronger at lower temperatures.

In Figure 5 concentration dependence of the volume
fraction of the scattering particles, φ, and interaction ra-
dius, R, as derived from the structure factors are presented
at all investigated temperatures.

At lower temperatures (15, 25 °C), the effective vol-
ume fractions, φ, are very close to the weight fractions 
of disperse phase (surfactant weight fractions in the 
solution), and they are lower at higher temperatures (35, 
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Figure 3. The results of the GIFT evaluation of the scattering
curves from Figures 1c and corresponding electron density contrast
profiles.
a) Pair-distance distribution functions normalized to unit surfactant

concentration.
b) Averaged structure factors Save(q). Inset: parameters of the mod-

eled Save(q), volume fraction φ, interaction radius R, and polydis-
persity µ.

c) Temperature dependence of the electron density contrast profiles
∆ρ(r) of Tween 40® micelles in aqueous solutions. Inset: An
example of the comparison between input p(r) and its approxi-
mation as obtained by the convolution square root operation.
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45 °C). This indicates a weak hydration of the micelles,
although from the electron density a strong hydration of
polyoxyethylene parts (Scheme 1) is evident. It could be
assumed that the polar chains are hydrated and folded
tightly in the polar shell of the micelles. Presumably the
polyoxyethylene chains are linked together via hydrogen
bonds forming a compacter structure as observed at some
other polyoxyethylene surfactants (C8Ej, Brij 35),29,39 pos-
sessing only one polyoxyethylene chain. While at C8Ej

39

and Brij 3529 aqueous solutions the vanishing point of the
corresponding contrasts in the electronic density could not
be read distinctively due to the strong hydration shell of
micelles,29,39 no evidence for a strong hydration for Tween
40® micelles in the aqueous solution was found.

It is known, that the hydration is weaker at higher
temperatures resulting presumably in lower values of the
effective volume fraction, φ.

The effective interaction radius, R, is the half of the
center-to-center distance between two micelles at closest
approach. In our case, at lower concetrations R appears to
be much larger than half the maximum dimensions from
the pair-distance distribution functions. Upon increasing
concentration R decreases and at w > 0.15 the interaction
radii are very close to the values obtained from the pair-
distribution functions at all investigated temperatures.

Large R values do not necessarily indicate large mi-
celles; they rather suggest long range interactions result-
ing from i.e. hydration shells. It could be concluded that at
lower concentrations these long range interactions are
more pronounced. Somehow this finding is in agreement
with the larger radii of the no-polar core of the micelles
estimated for the solutions with w = 0.01 and 0.025. At
lower concentrations the surfactant molecules associate in
the micelles but the packing obviously is still rather loose.
The hydrated polyoxyethylene chains presumably are not
packed very close yet and some could penetrate into the

surrounding continuous phase resulting in the long range
interactions.

The effective interaction radius, R, is decreasing as
the fraction of the disperse phase is growing at all temper-
atures. At w = 0.25 its values agrees well with the half the
maximum dimensions from the pair-distance distribution
functions. It could be assumed, that at higher concentra-
tions the polyoxyethylene chains are folded more tightly
in the polar micelle shell. Thus less polar tails are embed-
ded in the surrounding water and the long range interac-
tions are less pronounced.

At the same time the effective volume fractions
are increasing in accordance with the weight fraction of
the surfactant in the solution. It is known that hydrated
water has a considerable influence (increase) on the 
effective micellar volume fraction and the resulting 
decreased osmotic compressibility of the system, mani-
fested by a decreased Save(0) value. However, a table
shown as an inset of the Figure 2b indicates that esti-
mated volume fraction by GIFT can be accounted for by
intrinsic volume of surfactant only, as if a micelle is in a
šdry’ state at room temperature. Supposing that these 
results of the GIFT analysis have a physical meaning,
this might indicate a compensation between an incre-
ased excluded volume by hydrated water and a weak
intermicellar adhesive (attractive) interaction that may
be specific to Tween 40, although in general, it is known
that poly(ethylene glycol) based surfactants show a
nearly hard sphere interaction. A strongly reduced
effective volume (less than 0.02 at 45 °C) is too small
for the experimental 10% surfactant weight fraction and
this discrepancy could not be attributed solely to dehy-
dration. Because no diminishing forward intensity at
high temperature was observed an induced attractive
interaction related to critical phenomena in the solu-
tions at higer temperatures could be assumed.

4. Conclusions

In this paper we reported small-angle X-ray scatte-
ring (SAXS) study of the surfactant Tween 40® in aqueous
solutions in the temperature range between 15 and 45 °C.
The experimental SAXS data were evaluated using indi-
rect Fourier transformation method, IFT, and the generali-
zed indirect Fourier transformation method, GIFT met-
hod. The first one (model free) was applied analyzing the
SAXS data of diluted solutions, whereas the GIFT met-
hod made possible the evaluation of the data in concentra-
ted systems with interacting scattering parameters. In this
way, the size and shape of interacting scattering particles
in real space were deduced.

In the Tween 40® aqueous solutions (surfactant con-
centrations from 1 to 25 weight %) globular micelles with
maximal distance Dmax within one particle at about 9 nm
were found.

Figure 4. The structural parameters, effective volume, φ, and the
interaction radius, R, for the averaged Percus-Yevick structure fac-
tor Save(q) of Tween 40® in aqueous solutions as a function of con-
centration of surfactant and temperature. The connecting lines are
shown as guides to the eye.



At higher concentrations the formation of non
spherical or elongated aggregates also could be assumed.

The shape and the size of the micelles show no 
explicit temperature dependence. At low concentrations
slightly larger radii of the hydrophobic core around 2.4
nm were found indicating the looser formation of the mi-
celles in diluted solutions. The radii of the hydrophobic
core at higher concentrations are about 2.1 nm.

The parameters of the averaged structure parameters
Save(q), the volume fraction of the scattering particles, φ,
and interaction radius, R, indicating a rather weak micelle
hydration shell, that is even lessen with the increasing
temperature.
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Povzetek
Z metodo ozkokotnega rentgenskega sipanja smo raziskovali strukturne lastnosti neionskega surfaktanta polioksietilen
sorbitan monopalmitata (C62H122O26, komercialno ime Tween 40® ali Polysorbat 40) v vodnih raztopinah v temperatur-
nem obmo~ju med 15 in 45 °C. Eksperimentalne krivulje rentgenskega sipanja smo za razred~ene raztopine ovrednotii-
li z metodo indirektne Fourierovo transformacije (IFT). Pri vi{jih koncentracijah pa smo uporabili posplo{eno (genera-
lizirano) indirektno Fourierovo transformacijo. (GIFT), ki je osnovana na simultani dolo~itvi intra- in itermolekularne-
ga prispevka k celotnemu sipanju. Ugotovili smo, da Tween 40® v vodnih raztopinah tvori globularne micele tipa hidro-
fobno jedro-hidrofilna lupina z maksimalno dimenzijo 9 nm in radijem hidrofobnega jedra 2.1–2.4 nm. Velikost in obli-
ka micel se bistveno ne spreminja s temperaturo, pri vi{jih koncentracijah pa je mo`no predvideti tudi pojav nesferi~nih
ali podolgovatih agregatov.


