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Abstract The thickness of wetting films on a hydrophilic
silica surface was investigated using a microinterferometric
technique. Aqueous solutions of hydrophobically modified
inulin INUTEC®SP1) at various concentrations, in the
presence or absence of NaCl or Na,SO,4, were studied.
The equilibrium film thickness (/.q) showed a complex
dependence on INUTEC®SPI concentration. At low
electrolyte concentrations, /.4 decreased with an increase
in INUTEC®SP1 concentration, reaching a minimum at
107° mol dm™>. However, at high electrolyte concentra-
tions, this dependence became less pronounced. At any
given INUTEC®SP1 concentration, the equilibrium film
thickness decreased with an increase in electrolyte
concentration as a result of the compression of the
electrical double layer reaching a minimum value. After
that, the film thickness showed a small decrease with
further increase in electrolyte concentration. This indicates
that the electrostatic component of disjoining pressure can
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be neglected, and the steric repulsion of the loops and tails
of INUTEC®SP1 determined the film thickness.
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Introduction

The stabilization of dispersions of solid particles in an
aqueous solution is very important for many technological
applications, e.g., in paints, pigments, agrochemicals,
pharmaceuticals, etc. Polymeric surfactants are widely used
for stabilization of these dispersions [1, 2], particularly at a
high volume fraction and in the presence of high electrolyte
concentrations and temperatures. These polymeric surfac-
tants are of the AB, ABA block, BA,, or AB, graft types.
The block B to be referred to as the anchor chain is chosen
to be strongly adsorbed on the surface (with multipoint
attachment), and the A-block should be highly soluble in the
medium and strongly solvated by its molecules to provide
effective steric stabilization.

Recently, a novel graft AB,, copolymer has been designed
with A consisting of inulin (linear polyfructose backbone) on
which several alkyl groups are grafted [3]. This polymeric
surfactant that is referred to as INUTEC®SP1 has been
applied for stabilization of oil-in-water emulsions [4], latex
dispersions [5], and other pigment dispersions. The high
stability obtained by INUTEC®SP1 is due to the multipoint
attachment to the solid surface or the oil by several alkyl
chains leaving strongly hydrated loops and tails of linear
polyfructose that provide enhanced steric stabilization.
Evidence for the high repulsion obtained by this polymeric
surfactant was obtained from measurements of emulsion
films [6] as well as using atomic force microscopy [7].
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An alternative method for investigation of the stabiliza-
tion of solid surfaces by this polymeric surfactant can also
be obtained from the measurement of wetting films both on
hydrophilic and hydrophobic surfaces. In this paper, we will
only report the wetting films obtained on a hydrophilic silica
surface from aqueous solutions of INUTEC®SPI. In a
previous paper [8], we have reported experimental data of
the contact angles at the three phase contact gas/liquid/solid
for INUTEC®SP1 aqueous solutions, both on the hydro-
philic solid silica surface as well as on a hydrophobic surface
(obtained by treating the silica surface with dichlorodime-
thylsilane) [9]. These measurements could shed some light
on the adsorption and conformation of the polymeric
surfactant at the solid—liquid interface. The results obtained
could be used for analysis of the results obtained on wetting
films.

Experimental
Materials

The solid substrate used was a quartz glass smooth flat
plate that was very carefully washed with acid mixtures and
doubly distilled water; such a substrate had a hydrophilic
surface. The quartz glass surface was not characterized
using atomic force microscope or other similar techniques
because the wetting films studied were relatively thick (25—
70 nm) and the characteristic “macroscopically smooth”
was enough for our experiments. The main characteristic of
the solid surface was the contact angle 6 of pure water on it.
A drop of pure water put on this surface completely spread,
and no contact angle could be measured (6=0°).

The polymeric surfactant was inulin on which several
alkyl groups have been grafted INUTEC®SP1, ORAFTI,
Belgium). Its average molecular mass is approximately
4,500 g mol '. The inulin backbone (linear polyfructose)
has a degree of polymerization greater than 23. The
chemical structure of the polymeric surfactant has been
given before [8]. The chemical composition of the modified
polymer is not completely characterized there, as no such
data have been provided by the producer ORAFTI.
Aqueous INUTEC®SP1 solutions were prepared in the
presence and absence of clectrolytes: NaCl or Na,SOy,
(from Merck) were heated for 2 h at 500 °C to remove any
organic impurities. Doubly distilled water has been used for
preparation of all solutions.

Two groups of aqueous solutions of INUTEC®SP1(in
the range 2.5x107*~107> mol dm ) have been prepared at
various NaCl concentrations (in the range 0 to 2 mol dm )
and at various Na,SO, concentrations (in the range 0 to
1 mol dm ).

@ Springer

Methods

The experimental device for investigation of thin liquid-
wetting films on solid surface [10—12] has been improved. A
new experimental cell for the formation of the wetting films
and their studying (Fig. 1) has been constructed. The films
are formed between the horizontal surface of a smooth
polished plate (6 in the figure) of quartz glass (SiO,) and the
hemispherical gas bubble (5 in the figure), which emerges
from the orifice of a vertical capillary tube (3 in the figure)
forming a hemispherical meniscus. The meniscus is located
very close to the solid surface, using a micrometric syringe,
which creates a pressure difference between the gas phase in
the bubble and the liquid phase (4 in the figure) in the teflon
vessel (2 in the figure). The microscopic circular films are
observed in reflected light through the transparent bottom of
the cell using a vertical microscope (/ in Fig. 1; Fig. 2). The
light reflected from the film is measured using a photometric
device with an amplifier, and the dependence photocurrent/
time is recorded and further processed by a computer. The
thickness % of the microscopic thin liquid films is calculated
from the light intensity data, measured by the micro-
interferometric method developed by Scheludko and Exer-
owa [13], using the following equation [14]:

- 2m—i_lﬂ'—é—arcsin A
C 27my 2 2 1+4(1-A) VRiRy: ’
(1*VR12R23)
(1)
I— Imin

[max - Imin

«— |

Fig. 1 Schematic presentation of experimental cell used for investi-
gation of microscopic thin wetting films
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Fig. 2 Diagram arrangement of the microinterferometric apparatus

Here, m=0, 1, 2, 3,... determines the order of interference,
Lin and I, are the minimum and maximum intensities of
interfered light, respectively, and

(ny — n3)*
(n2 +n3)*

The following values of the refractive indices have been
used: n;=1.00 for air, n,=1.33 for aqueous solution, and ny=
1.46 for fused quartz (SiO,); 0 equals 0 because n3>n,>n;.
Because of the very low INUTEC®SP1 concentrations, the
same n, value (1.3336) has been measured for all aqueous
solutions.

The surface tension y of all solutions studied has been
measured using the Wilhelmy method [15]. The y-logC
data have been used for evaluation of the critical associa-
tion concentrations (CAC) of the INUTEC®SP1 aqueous
solutions at different electrolyte concentrations. A summary
of the measured surface tension y as a function of
surfactant and electrolyte concentration as well as the
CAC values obtained at various NaCl concentrations is
given in Table 1 of the study of Nedyalkov et al. [8]. The
measured 6 values for the solutions studied in the present
work are also presented in the same paper [8].

All measurements have been performed at a temperature
of 22 °C.

R (m— )’
y=-——> and Ry =

(ny 4 ny) ®)

Results and discussion

Influence of equilibration time (f.q) of the solid-liquid
and liquid—gas interfaces on the film thickness

The variation of film thickness with equilibration time (Z.q)
of the interfaces at the same INUTEC®SP1 concentration
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Fig. 3 Dependence of film thickness on the equilibration time (%.q) for
2x107° mol dm™> of INUTEC®SP1+10"* mol dm > of NaCl and 2 x
10~ mol dm™> of INUTEC®SP1+1072 mol dm™ of NaCl aqueous
solution

(2x107° mol dm>) and at two different electrolyte
concentrations (10™* and 107? mol dm) is shown in
Fig. 3. Each experimental point in this figure represents the
film thickness obtained after equilibration of the two
interfaces at the given times, and t.q is the time elapsed
between filling the cell with a solution and formation of a
wetting film. Figure 3 shows that the film thickness
decreases monotonically with the increase in the equilibra-
tion time of the interfaces, 7.4, reaching a constant value
above a critical equilibration time (Zeq.cr). The latter depends
on the electrolyte concentration, and f.q . is shorter at
higher electrolyte concentrations. This behavior reflects the
kinetics of adsorption of INUTEC®SPI at the solid—liquid
and air-liquid interfaces. One would expect adsorption to
be faster at a higher electrolyte concentration because of the
lower hydration of the molecule. f.q . may be identified
with the time required for saturation of adsorption at both
interfaces. The variation of 7.q ., with NaCl concentration is
presented in Fig. 4. Figure 4 clearly shows that the critical
time for saturation of both interfaces with INUTEC®SP1
decreases with increasing NaCl concentration, and a plateau
value is reached between 102 and 10~ mol dm>. This
behavior reflects the increase in the adsorption rate of

120 e B i
6 -®- 2x10° mol dm™ SPI

10°* 10* 10° 107 107 10°
C__Imoldm®
NaCl
Fig. 4 Dependence of critical equilibration time (fqr) on the NaCl

concentration for 2x 107> mol dm > of INUTEC®SP1
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Fig. 5 Dependence of equilibrium film thickness (%) on the
INUTEC®SP1 concentration in the presence of different NaCl
concentrations

INUTEC®SP1 with increase in NaCl concentration. To
insure that an equilibrium thickness is reached, all measure-
ments started 90 min after the solution was placed into the
cell. For each solution studied, up to ten single # measure-
ments have been performed, each of which outlasted about
10 min; that is, the duration of the % measurement
procedure was about 90 min after the initial 90 min
equilibration time.

Dependence of equilibrium film thickness (/¢q)
on the INUTEC®SP1 concentration

The variation of the equilibrium film thickness (A.q) with
INUTEC®SP1 concentration, both in water and at various
NaCl concentrations, is shown in Fig. 5. At Cnacr below
10" mol dm >, the film thickness of heq decreases with an
increase in INUTEC®SP1 concentration reaching a mini-
mum at 10 ® mol dm>. After which, heq increases with
further increase in polymeric surfactant concentration.

3
C'MI ! mol dm

Fig. 7 Dependence of equilibrium film thickness (4.q) on the NaCl
concentration for 2.5x107%, 107°, and 10* mol dm> of INU-
TEC®SP1

B

However, at and above 10! mol dm > NaCl, this minimum
at 10°® mol dm > becomes less pronounced, and the
increase in Ay above 10¢ mol dm™> of INUTEC®SP1 is
slower. All the dependencies in Fig. 5 shift to smaller /g
values as the concentration of NaCl increases. Similar
results are obtained for Na,SO, solutions; however, in this
case, at 102 and 1 mol dm > Na,SO,, the minimum
disappears all together (Fig. 6). In this case, the film
thickness shows a weak dependence on INUTEC®SP1
concentration.

The general trend of the variation of film thickness with
INUTEC®SP1 concentration is difficult to be explained.
Although not too large, the change of the film thickness is
significant and reliable. The following qualitative picture
could be drawn up on the basis of these data. It may be
rationalized in terms of the adsorption and orientation of the
polymeric surfactant at the solid-liquid and liquid-air
interface. At low INUTEC®SP! concentration, the INU
TEC®SP1 molecules adsorb with the hydrophilic poly-
fructose loops and tails pointing toward the silica substrate
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Fig. 6 Dependence of equilibrium film thickness (%.q) on the
INUTEC®SP1 concentration in the presence of different Na, SOy,
concentrations
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leaving the alkyl chains in solution. In contrast, at the air—
water interface, the alkyl chains are in the air leaving the
hydrophilic polyfructose loops and tails in the solution [16].
Contact angle measurements [8] showed a presence of a
maximum in the contact angle on a hydrophilic silica
surface at 10°® mol dm > INUTEC®SP1 [8]. This
maximum coincides with the minimum in film thickness.
However, it is difficult to visualize why the film thickness
should reach a minimum at this concentration. At a high
INUTEC®SP1 concentration, the INUTEC®SP1 molecules
form a bilayer with the hydrophilic polyfructose loops and
tails now pointing to the aqueous phase, and this was
illustrated schematically earlier (Fig. 7 in [8]). This bilayer
formation can explain the increase in film thickness with an
increase in INUTEC®SP1 concentration, which is also
accompanied by the decrease in the contact angle [8].

Dependence of the film thickness on the electrolyte
concentration

The variation of equilibrium film thickness with NaCl
concentration at three different INUTEC®SP1 concentra-
tions is presented in Fig. 7. The corresponding results for
Na,SO,4 are shown in Fig. 8. The general trend in both
cases is similarly a decrease in the film thickness with an
increase in electrolyte concentration reaching a minimum
value at a critical electrolyte concentration Cy . Above that
concentration, the /., dependency shows only a slow
decrease with an increase in electrolyte concentration. The
critical concentration at which a minimum of /. is reached
is lower for the Na,SO,4 solution (10™* mol dm) as
compared with the NaCl solution (10~ mol dm ). This
behavior (decrease in a film thickness with electrolyte
concentration) reflects the compression of the electrical
double layer at a higher electrolyte concentration as
described in the DLVO theory [17, 18]. It is interesting
that according to Figs 7 and 8, the ratio of the critical
electrolyte concentrations Cg, for NaCl and Na,SO, is
Crnact/Cnanso0a=20. This value is close to the value 2°
predicted by the Schulze—Hardy rule [15], which, however,
was derived for 1-1 and 2-2 electrolytes, while Na,SO, is a
1-2 electrolyte.

A similar behavior has been observed earlier with
emulsion films [19]. However, above a critical electrolyte
concentration, the significant compression of the double
layer means that the steric repulsion of the loops and tails of
the INUTEC®SP1 determines the film thickness. The slow
decrease in film thickness with increase in electrolyte
concentration above C, . may be caused by some
dehydration of the polyfructose loops and tails.

Conclusion

Wetting films from aqueous solutions of hydrophobically
modified inulin polymeric surfactant (INUTEC®SP1) on
hydrophilic silica surfaces were studied using a micro-
interferometric technique. These wetting films showed a
significant reduction in equilibrium film thickness with an
increase in electrolyte concentration as a result of the
compression of the electrical double layer. The film thickness
reached a minimum value above a critical electrolyte
concentration that depends on the nature of the electrolyte.
The film thickness shows a small decrease with further
increase in electrolyte concentration. The film thickness at
high electrolyte concentrations is determined by the steric
repulsion of the hydrophobically modified inulin surfactant.
These results explain the stabilizing mechanism of solid
particles in liquid dispersions stabilized using INUTEC®SP1.
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