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Abstract: The adsorption behaviour of linear poly(oxyethylene) alkyl ether (C,EOn) is best described
by a reorientation model. Based on a complete set of experimental data, including the adsorption
kinetics, the equilibrium surface tension isotherm and the surface dilational visco-elasticity, the
thermodynamic and kinetic adsorption parameters for some C,EOp, at the water/air interface were
determined. For the study, six ChEOn, surfactants were selected (1 = 10, 12 and 14 and m = 4, 5 and 8)
and were studied by bubble profile analysis and maximum bubble pressure tensiometry. A refined
theoretical model based on a reorientation-adsorption model combined with a diffusion-controlled
adsorption kinetics and exchange of matter allowed us to calculate the surface layer composition
by adsorbing molecules in different orientations. It turns out that at larger surface coverage, the
adsorption rate decreases, i.e., the apparent diffusion coefficients are smaller. This deceleration can
be explained by the transition of molecules adsorbed in a state of larger molar surface area into a
state with smaller molar surface area.

Keywords: poly(oxyethylene) alkyl ether; adsorption kinetics; surface tension isotherm; dilational
surface visco-elasticity; diffusion-controlled adsorption; reorientation model

1. Introduction

Surfactants are substances that find applications almost everywhere in our life. A
huge number of technologies are simply based on the action of surface-active molecules
and would not properly work without them. Prominent examples of their application
include the production of detergents, personal care and the many emulsifiers and foaming
agents used for various industrial and consumer products. The global market for the
largest application, detergents and cleaners, corresponds to more than USD 10 billion
annually. About 50% of the total surfactant production [1] are non-ionic surfactants, and
among these, poly(ethoxylated) molecules are the most frequent, such as Tweens or Tritons.
These technical surfactants are not chemically pure but consist of many components with
different size distributions of the alkyl chain [2] and ethylene oxide chain [3,4].

The adsorption behaviour of various types of poly(ethoxylated) surfactants was
analysed in great detail in [5], including also technical surfactants. In contrast to the
technical non-ionics, the linear poly(ethylene glycol) alkyl ethers with the general structure,
ChEOm consist of a single compound only. Surfactants of this type are well studied
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and the properties of their adsorption layers at the aqueous solution/air interface have
been quantitatively characterised. Some of the first systematic studies were published
about 20 years ago [6-8] and it was shown, mainly via dynamic and equilibrium surface
tension data, that the adsorption layers of these surfactants are excellently described by
a reorientation model [2] rather than by the classical adsorption models of Langmuir [9]
or Frumkin [10]. In [11-13], the dilational visco-elasticity of C,EOn, was investigated and
discussed on the basis of existing theoretical models. Fundamental work on the adsorption
of these non-ionic surfactants was also published for water/oil interfaces [14], however,
an additional complication appears in this case—their solubility in both adjacent liquid
phases. Therefore, we will not discuss water/oil interfaces here.

For the equilibrium state of CLEOy, adsorption layers, the reorientation model is
superior for describing the experimental data. Now the question arises as to whether this
model can also best describe the dynamics of the adsorption process and the exchange of
matter in response to external perturbations of C,EOy, adsorption layers. In [6], it was
clearly stated that a diffusion-controlled adsorption of the molecules is found only when a
reorientation model is assumed. When analysing the dilational surface visco-elasticity of
aqueous C14EQOg solutions [11], a diffusion-controlled exchange of matter combined with a
reorientational adsorption model was also used and a good description of the experimental
data was achieved.

So far, however, no systematic investigation of several compounds of this surfactant
type has been performed that covers all the surface properties of C,EOn, adsorption layers,
including simultaneously adsorption kinetics, surface tension isotherms and dilational
visco-elasticity. Instead, studies for a single surfactant have usually been presented, such
as for C10E08 in [15,16], C10E05 in [17], C12EO5 in [18], C12E08 in [19], C14E08 in [10], or
for other surfactants of this type following different aspects of surface science [20-23]. A
broad investigation and analysis of all available results by a suitable adsorption model
with a single set of model parameters is able to provide additional insight into the structure
formation of C,EOy, interfacial layers. Hence, a combined study would allow a much more
precise determination of the dynamic and thermodynamic model parameters than a single
investigation of an individual compound.

The aim of the present work was to analyse the experimental data for six selected
CrEOn, surfactants with n = 10, 12 and 14 and m =4, 5 and 8. Due to the impact of #n and m
on the surface activity of the compounds, the selected surfactants cover a broad range of
surface activity, ranging from C1pEOg with a critical micelles concentration (CMC) of about
1073 mol/L to C14EO, with a CMC of about 10~° mol/L [2], i.e., two orders of magnitude.
The experiments were performed by bubble pressure tensiometry in the range of short
adsorption times and bubble profile analysis tensiometry for longer adsorption times.
The obtained results are in excellent agreement with those published earlier [19,24-27].
A thermodynamic model combined with a diffusion-controlled mechanism for the ad-
sorption kinetics and the exchange of matter response to harmonic surface perturbations
was further refined and applied to the existing data in order to better understand the
peculiarities of the interfacial dynamics of this type of non-ionic surfactants at the aqueous
solution/air interface.

2. Theoretical Model

When the molecules of ethoxylated alcohols adsorb at the air/water interface, their
flexible hydrophilic parts (ethoxylated chains) can either attach to the interface or detach
and remain in the solution, depending on the available space depending on the surface
coverage. This peculiarity of the ethoxylated surfactants can be well accounted for by the
reorientation-adsorption model [28]. This model assumes that the adsorbed molecules
can exist in two different states, which are given by the two characteristic molar areas w;
and w (it is assumed here that w; > w1). The model also assumes, similarly to what was
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first proposed in [29] for the Frumkin model, that an intrinsic compressibility exists for the
molecules in state 1:

w; = wi(l—e]]6) D

where I1 = vy — v is the surface pressure, yg and y are the surface tensions of pure
solvent and surfactant solution, respectively, 0 is the surface coverage, and ¢ is the intrinsic
compressibility coefficient. It should be noted that the results obtained with the model
proposed here are close to those reported in [25]; however, the present model provides a
more realistic description of the situation in the surface layer.

In a two-dimensional solution model, the solvent molecules (water) are also assumed
to be present at the surface as part of the adsorption layer [30]. In the version of the
model considered here, the area per solvent molecule is equal to the area of the surfactant
molecule in state 1 (with the ethoxylated chain immersed in the solution) at infinite dilution
of adsorbed monolayer, wig. The molecules adsorbed in state 2 (with the ethoxylated chain
adsorbed at the surface) have a constant molecular area, w,. There exists also an interaction
between the adsorbed molecules, which, similarly to the Frumkin model, is accounted
for by the interaction constant a. Under these assumptions, the equation of state of the
adsorption layer can be written as:

~ TTwig
RT

:1n(1—9)+e(1—%)+a92 @)

where 6 = wI is the total surface coverage by adsorbent molecules, w is the average
molecular area, and I is the total adsorption of the surfactant. The expression for the
adsorption isotherm is obtained assuming the adsorbing system is comprised of two
subsystems each corresponding to the j-th state of adsorbing molecules (j = 1, 2), and for
each subsystem its adsorption isotherm equation reads:

bic = — 110 2a-g), (j=1,2 3
jC—(1_9)—w1/wl[]exp*awi10 (G =12 ®)

where b; and T are the surfactant activity coefficient (in m3/mol) and partial adsorp-
tion (surface concentration in mol/m?) for the j-th subsystem, c is the surfactant bulk
concentration. The total adsorption is

I'=Ir1+1» (4)

where the partial adsorptions I'; and I'; are related to the respective molecular areas and
determine the total surface coverage:

0 = wl = w1 + wyly (5)

The model assumes that the surfactant activity coefficients are related to each other
via the expression [30]
by /by = (wa2/w1)® (6)

which introduces the model parameter « reflecting the degree of the surfactant activity
increase with the molecular area increase. Using the above relations, one can eliminate by
between the two equations (3) to obtain the relation that expresses the equilibrium between
the “subsystems” of the molecules adsorbed in the states 1 and 2:

I (wz ) * Lo -y { Wy — w1 }
<= (== 1-0) “10 exp|2a——0 7
5= o) 079 L —— @)

As it is seen from the equations above, the model includes a number of physical
parameters, which have different effects on the dependencies of the total and partial
adsorbed amounts I', I';, and I'y, the surface tension v, and visco-elasticity modulus E on
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the surfactant concentration and on time. In particular, the interaction constant 4 has a
stronger effect at smaller concentrations, i.e., when the adsorption layer is in a state far
from saturation. In contrast, the effect of the molar areas w1y and w, is more significant for
higher surface coverages, when the concentration exceeds 1/b. The intrinsic compressibility
¢ only slightly influences the surface tension vs. concentration dependence, but has a strong
effect on the adsorbed amounts, and especially, on the visco-elasticity modulus for surface
coverage approaching 1.

Additional information about the model used here can be found in [28-35] and the
references therein. In particular, the model introduced in [35] assumes an average molar
area w instead of w; and wjg in Equations (2) and (3). Also, the actual number of states of
adsorbed molecules could exceed 2; in fact, we are presently elaborating the theory for any
finite number of such molecular states of surfactants in the surface layer.

The set of Equations (1)—(7) is sufficient to calculate the dependencies of the total
adsorbed amount I' and the surface tension y as a function of the surfactant bulk con-
centration for each non-contradictory set of model parameters b = b1, w1p, wy, a, x and
e. With these quantities, the surface dilational visco-elasticity modulus for the surfactant
solutions, measured in the regime of small-amplitude oscillations of the surface area, can
be calculated according to the Lucassen—van den Tempel (LvT) equation [31]:

-1/2
[B| = B (1420 +222) (8)

where Eg(c) = —dy/d(InT) is the limiting elasticity, { = /@p/2® is a frequency de-
pendent parameter with @ = 27f, where £ is the frequency of the generated oscillations,
@p(c) =D-(dr/ dc)_2 is the characteristic frequency of diffusion relaxation, and D is the
diffusion coefficient of surfactant molecules in the solution bulk.

Equation (8) describes the dilation rheology of surfactant layers adsorbed at flat sur-
faces. However, for oscillations of small bubbles in surfactant solutions at low frequencies
the actual bubble size can have a remarkable impact on the measured surface visco-elasticity.
The respective equation, derived by Joos [32], reads:

-1
E(o) :Eo{l—iDdC(l—i—nR)} ©)

@R dl'
with n = v/i@/D, and R is the bubble radius.

The application of Equation (9) to the results for sufficiently small bubbles, as com-
pared with a flat surface, yields a decrease in the modulus and increase in the phase angle.
However, even for a frequency of 0.001 Hz for bubbles with a diameter of 3-4 mm, the
module values differ by no more than 5%. Note, bubbles of this size are already slightly
non-spherical, which can also contribute slightly to the error in the determined rheological
quantities. However, all in all, the effect of the curved interface in our bubble experiments
is small enough to be neglected, and therefore, the experiments have been interpreted here
only by Equation (8).

The dynamic surface tension of surfactant solutions was calculated by solving the
diffusion equation numerically:

oc 9%c  20dc
at—D(arz—!—rar> (10)
with the boundary condition
dr(t) ac(r, t)
@ - P ()

where a spherical coordinate system is assumed with the origin in the bubble centre, t
is the time, ry is the bubble radius, and r is the distance from the origin. We assume
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here that the transition between the two states is fast enough, so that a quasi-equilibrium
holds for the molecules adsorbed in the states 1 and 2 during the adsorption process.
A quasi-equilibrium is also assumed between the adsorption layer and the subsurface.
Additional information about the model used here can be found in [28-32] and in the
references therein.

Note, to obtain the optimum value of the diffusion coefficient D for describing the
experimental data, we have to consider that it is responsible not only for the time variation
of all adsorption layer characteristics (v, I, I', I';, w, E), but also for the dependence of the
visco-elasticity modulus on the surfactant concentration (or on the surface pressure I1). In
the analysis of the dynamic data, D is varied while all parameters of the adsorption model
are kept constant, i.e., the values obtained for the best fit of the surface tension isotherms
(see Tables 1 and 2).

Table 1. Parameters of the isotherms of C,EO,, solutions for the reorientation model.

CLEOm w1 (105 m2/mol) w> (105 m2/mol) @ a ¢ (m/mN) b (103 m3/mol)
C19EOs 3.5 53 0.6 0.1 0.005 0.272
C10EOg 3.9 7.2 1.0 0.2 0.005 0.224
C1,EOs 42 6.2 14 0.3 0.005 3.4
C1,EOq 35 7.0 17 0.2 0.004 15
C14EOy 4.2 7.0 23 0.4 0.004 8.15
C14EOq 44 8.1 26 0.4 0.0046 20

Table 2. Parameters of the isotherms of C,,EOy, solutions for the Frumkin model.

Surfactant wy (10° m?/mol) a ¢ (m/mN) b (m3/mol)
C10EOg 35 0.0 0.003 4.136 x 102
C14EOg 4.0 0.3 0.004 7.361 x 10%

3. Experiments

The experiments were performed with the bubble/drop profile analysis tensiometer
PAT-2 (SINTERFACE Technologies, Berlin, Germany), the principle of which was described
in [12,17,18]. The temperature of the measuring cell with a volume of V = 20 mL was kept
constant at 25 °C. The effect of temperature in multi-component systems can be rather
complicated [36] as temperature influences not only the surface tension of the pure solvent
Yo, but also other parameters characterising the adsorption behaviour of the surfactant,
i.e., the surfactant activity coefficients, the interaction constant, the molar areas and the
intrinsic compressibility. However, the variation of these parameters with temperature is
outside the scope of the present study.

In this study, we used a buoyant (oblate) bubble formed at the bottom tip of a vertical
Teflon capillary with an external diameter of 3 mm. For the studies of the non-ionic
surfactants, we used bubbles with a volume of 23-25 mm?® and a corresponding surface
area of 33-35 mm?. The bubble surface area was kept constant by the PAT software (version
1.5.0.736) during the whole experiment. Due to the decrease in surface tension the bubble
volume decreased by not more than 1-2 mm?3. The studies of the adsorption layer dynamics
were carried out for adsorption times starting from a few seconds until the adsorption
equilibrium was established. This adsorption equilibrium was established for C;oEOs
solutions after 2000-5000 s, and for C14EQOg solutions after 20,000-40,000 s, depending on
the surfactant bulk concentration.

The dilational visco-elasticity modulus E was measured after the adsorption equi-
librium at the bubble surface was reached. Harmonic oscillations of the bubble surface
were generated via bubble size oscillations produced by the syringe dosing system. The
frequencies of oscillations were between 0.005 Hz and 0.2 Hz while the amplitude of surface
area oscillation was in the range of 5-7% in order to stay in the linear range of the surface
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layer response. The obtained harmonic surface tension data were analysed by a Fourier
transformation available as part of the PAT software:

(12)

Here A is the initial bubble surface area, AA is the generated area oscillations, and
Ay is the resulting surface tension oscillation.

Dynamic surface tensions at short adsorption times (between 10 ms and 100 s) were
measured by the bubble pressure tensiometer BPA-1 (SINTERFACE Technologies, Berlin,
Germany) with a measuring cell of 20 mL. The ethoxylated alcohols C10EOg, C19EOs,
C12EQOg, C12EOs, C14EO4 and C14EOg were purchased from Sigma Chemicals (Merck
KGaA, Darmstadt, Germany) and used without further purification. All aqueous solutions
were prepared in Milli Q water (Sigma-Aldrich Chemie Gmbh, Munich, Germany). The
surface tension of the water was constant at 72.0 £ 0.2 mN/m (25 °C) over a time interval
of up to 28 h. The solution pH was in the range between 5.5 and 7. The six selected
CnhEOm samples are non-ionic surfactants, therefore the pH variation (in the given range)
and the salt content in the bulk solution do not measurably influence the adsorption
layer properties.

4. Results and Discussion

The measured surface tension isotherms for solutions of the six selected C,EOm,
(n =10,12,14; m = 4, 5, 8) are shown in Figure 1. The experimental data for concentrations
smaller than the respective CMC were fitted by the reorientation model, and are shown as
solid lines. Table 1 summarises the respective parameters of the isotherms obtained by best
fitting. It can be seen from Table 1 that the molecular area in state 2, w5, increases with the
length of the oxyethylene chain. For C;pEOg and C14EQg, the isotherms calculated for the
standard Frumkin model are also presented (dash-dotted lines). One can see easily that the
reorientation model fits the experimental data much better than the Frumkin model (the
fitting error is 2-3 times larger for the Frumkin model). The sensitivity of parameter values
obtained in the best fit procedures is shown in the Supplementary Materials.

Surface tension (mN/m)

0.01 0.1 1 10 100 1000
Concentration (umol/L)

Figure 1. Experimental surface tension isotherms for solutions of six selected C,EOn surfactants
(symbols) and the respective theoretical isotherms (solid lines) calculated with the reorientation
model and the parameter sets given in Table 1. The theoretical isotherms for C;gEOg and C14EOg
calculated with the Frumkin model and the parameter sets presented in Table 2 (dash-dotted lines)
are also presented for comparison. The dotted lines are guides for the eye.
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Figures 2—4 show the dynamic surface tensions for C14EOg and C;9EOg solutions with
different concentrations measured by two methods: PAT-2 (for times longer than 2-5 s)
and BPA-1 (for short times below 30 s). As seen from Figure 2, the reorientation model also
describes the dynamic curves much better than the Frumkin model.

70

60

Surface tension (mN/m)

40 " L PR SR S |

C14EOg

il

10 100

1000 10000
Time (s)

Figure 2. Experimental surface tensions as a function of time measured by PAT-2 for a 1 umol/L C14EOg solution (symbols)

and the respective theoretical curves calculated for the reorientation model (blue line) and the Frumkin model (red line),

respectively, with a diffusion coefficient of 8 x 1010

m2/s.

70

C14EOg

=
> 60
E 2 pmol/L
=
2
2
8 50
8
€
7 5 pmol/L

40

30 " L L PR S | P |

10 100 1000 10000

Time (s)

Figure 3. Experimental surface tensions as a function of time measured by PAT-2 for two C14EQOg solutions with concentra-

tions of 2 pumol/L and 5 umol/L (symbols), respectively, and the corresponding theoretical curves calculated according

to the reorientation model with different diffusion coefficients: 8 x 10719 m2/s for both 2 and 5 umol/L (blue lines),
6 x 10710 m? /s for 2 umol/L (red line), and 4 x 10710 m? /s for 5 umol /L (green line).
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Surface tension (mN/m)
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70

65
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Figure 4. Experimental surface tensions as a function of time measured by PAT-2 (black symbols) and BPA-1 (open symbols)

for C1pEOg solutions with concentrations of 10 pmol/L and 50 umol/L, respectively, and the corresponding theoretical

curves calculated according to the reorientation model with different diffusion coefficients: 8 x 10~10 m?2 /s for 10 umol /L
and 7.5 x 10719 m? /s for 50 pmol/L (blue lines), 4 x 10719 m? /s for 10 umol/L and 2.5 x 10719 m? /s for 50 pmol/L

(red lines).

It should be noted that the dynamic curve for the C14EOg solution with the concen-
tration of 1 pmol/L (Figure 2) is described sufficiently well by the reorientation model,
with the same diffusion coefficient for short and long adsorption times. In contrast, for
C14EQg solutions of higher concentrations and for C;19EOg solutions (Figures 3 and 4) the
dynamic curves show different behaviour for short and long times: at short times a larger
diffusion coefficient provides a better fit to the experimental curve than for long times.
Thus, we can say that we observed an apparent deceleration of the adsorption process
at longer adsorption times. This apparent deceleration can be related to the transition of
molecules from state 2 with larger surface area to state 1 with smaller surface area due to
the increasing surface coverage. Note, as the diffusion coefficient must be constant, we
should better speak here about an apparent diffusion coefficient, its change during the
adsorption process includes the effect of the transition between the two adsorption states.

Initially, most of the molecules adsorb in the state with larger surface area because
there is sufficient space at the surface. These molecules have a larger surface activity, as
discussed above, and they reduce the surface tension more strongly than the molecules in
a state with a smaller surface area. Therefore, the surface tension should initially decrease
faster than for molecules adsorbed in only one state and reaching the same equilibrium
surface tension. However, subsequently, the molecules with larger area are forced to
transfer into the state with smaller surface area, that is, as soon as the surface coverage
gradually increases. In the adsorption state with smaller surface area, the molecules have a
lower surface activity and reduce the surface tension less. As a result, the surface tension
continues to decrease, as soon as additional molecules are adsorbed, but this decrease is
slowed down.

This mechanism takes place even in a quasi-equilibrium process, when the transition
from one state to another occurs infinitely fast, in the absence of any kinetic barrier. If
there is a kinetic barrier for the transition, then the molecules remain for a certain time in
the state with a larger surface area, and the surface tension in the initial stage decreases
more strongly. With time, the transition should still occur, but this process is delayed,
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and the surface tension should decrease more slowly as compared to the situation in
quasi-equilibrium.

A good illustration of this mechanism was presented in [6], where a two-state model
was considered, which accounts for a kinetically limited transition between the two states.
The calculations performed with this model have shown that the initial surface tension
decrease can be more significant for both situations, i.e., in a quasi-equilibrium process
and a kinetically limited process compared to the one-state (Langmuir) model. However,
the model proposed in [6] does not account for possible kinetic barriers related to the
adsorption/desorption processes in each of the two states, which also can influence the rate
of surface tension decrease. A more general kinetic model was presented in [33] where both
the kinetic limited transition between the two states and the kinetic barrier for adsorption
from the sublayer are accounted for. This kinetic model predicts qualitatively similar
behaviour of the dynamic surface tension of reorienting surfactants. The application of this
model is, however, quite complex due to the required additional kinetic coefficients, which
are unknown.

The reorientation model, given by Equations (1)—(6), allows us to calculate the adsorp-
tion of a surfactant in states 1 and 2 as a function of its bulk concentration. These theoretical
dependencies are shown in Figures 5 and 6. For a diffusion-limited adsorption process,
a local equilibrium can also hold within the adsorption layer under dynamic conditions.
Then, the dependences shown in Figures 5 and 6 should preserve their validity for the
surfactant adsorption in states 1 and 2 as a function of the subsurface concentration (which,
however, is different from the constant concentration in the bulk). Initially, the surface
pressure and the surface coverage are small, and accordingly, the subsurface concentration
is also small. Therefore, initially the surfactant is preferentially adsorbed in state 2 char-
acterised by a larger molecular area. With time, the surface coverage increases, and the
surface becomes oversaturated by molecules in state 2, so that the molecules are forced to
transfer from state 2 into state 1. This is seen in Figures 5 and 6, where the adsorption in
state 2 initially increases and then decreases. The adsorption in state 1 initially increases
more slowly compared to state 2, but then it increases faster due to the transition of the
molecules previously adsorbed in state 2. If the adsorption and transition processes are
kinetically limited, then the molecules should remain for a longer time in state 2, and the
surface tension should be reduced in the initial stage because the molecules in state 2 have
a larger surface activity, as discussed above.

1x10-6 4x1076
8x10~7
3%x10°6
& >
£ &
= o
g 6x1077 3
i )
[Z 2x1076 o~
S p
B 4x1077 g
L°] B
< 2
1x10-6
2x10~7
0 [ s s anl .’.......r NPT | MRy M | PPN O
0.001 0.01 0.1 1 10 100 100

Concentration (umol/L)

Figure 5. Adsorption in states 1 (I';, dashed lined) and 2 (I';, solid lines) of C1pEOs (green lines),
C12EOs (red lines) and C14EOy (blue lines) calculated according to the reorientation model with the
parameter values presented in Table 1.
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1x1076 4x1076
8x10~7 ‘
4 3x1076
& >
E o
= ] &
g 6x1077 =
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8 4x1077 5
S 1 =
< 8
Z N
4 1x1076
2x1077
0 AR S MR, 0
0.001 0.01 0.1 1 10 100 100

Concentration (pumol/L)

Figure 6. Adsorption in states 1 (I';, dashed lined) and 2 (I';, solid lines) of C19EOg (green lines), C1,EOg (red lines) and
C14EOg (blue lines) calculated according to the reorientation model with the parameter values presented in Table 1.

Figures 7-12 show the frequency dependencies of the surface dilational visco-elasticity
modulus for different surfactant solutions. The experimental results are compared to
the theoretical dependencies obtained by using the LvT equation, Equation (8), with the
parameters Ey(c) and wp(c) calculated for each concentration by using the reorientation
model, Equations (1)—(6), with the parameter values summarised in Table 1. The diffusion
coefficient is taken to be equal to 5 x 1079 m? /s for all calculations of the visco-elasticity
modulus. The results presented in Figures 7-12 show a good qualitative agreement between
the experimental data and the simplest LvT model, which does not account for a possible
delay in the transition between the two states of adsorbed molecules. A more complicated
model was elaborated in [34], where a dynamic balance between the molecules in the
two states is taken into account along with other possible relaxation processes. There is,
however, no data on the characteristic time of the conformation transition between the
two adsorption states, which complicates the application of this model. If this time is
much shorter than the oscillation period, then the transition mechanism should not have a
significant effect on the values of dilational visco-elasticity modulus. On the other hand,
a kinetic barrier for adsorption and desorption of the molecules in the two states would
influence the surface visco-elasticity modulus.
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Figure 7. Experimental visco-elasticity modulus vs. frequency for C;oEO5 solutions of different concentrations (5, 10, 20,
and 50 umol/L, as indicated by numbers) and the respective theoretical curves calculated with the LvT equation, Equation
(8), with Eg(c) and wp(c) calculated for the reorientation model, Equations (1)—(6), with the parameter values presented in
Table 1. Dotted lines are guides for the eye.
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Figure 8. Experimental visco-elasticity modulus vs. frequency for C19EOg solutions of different concentrations (10, 20,
50, and 100 umol/L, as indicated by numbers) and the respective theoretical curves calculated with the LvT equation,
Equation (8), with Ey(c) and wp(c) calculated by using the reorientation model, Equations (1)-(6), with the parameter values
presented in Table 1. Dotted lines are guides for the eye.
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Figure 9. Experimental visco-elasticity modulus vs. frequency for C;,EOs5 solutions of different concentrations (1.8, 3.5,
14.4, and 58.0 pumol/L, as indicated by numbers) and the respective theoretical curves calculated with the LvT equation,
Equation (8), with Ey(c) and wp(c) calculated by using the reorientation model, Equations (1)-(6), with the parameter values
presented in Table 1. Dotted lines are guides for the eye.
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Figure 10. Experimental visco-elasticity modulus vs. frequency for C1,EOg solutions of different concentrations (5, 15,
25, and 50 umol/L, as indicated by numbers) and the respective theoretical curves calculated with the LvT equation,
Equation (8), with Ey(c) and wp(c) calculated by using the reorientation model, Equations (1)-(6), with the parameter sets
presented in Table 1. Dotted lines are guides for the eye.
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Figure 11. Experimental visco-elasticity modulus vs. frequency for C14EO; solutions of different concentrations (0.01, 0.1,

0.5,1.0, and 2 umol/L, as indicated by numbers) and the respective theoretical curves calculated with the LvT equation,

Equation (8), with Ey(c) and wp(c) calculated by using the reorientation model, Equations (1)-(6), with the parameter values

presented in Table 1. Dotted lines are guides for the eye.
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Figure 12. Experimental visco-elasticity modulus vs. frequency for C;4EOg solutions of different concentrations (0.2, 0.5,
1.0, and 2.0 pmol/L, as indicated by numbers) and the respective theoretical curves calculated with the LvT equation,
Equation (8), with Ey(c) and wp(c) calculated by using the reorientation model, Equations (1)-(6), with the parameter values

presented in Table 1. Dotted lines are guides for the eye.



Colloids Interfaces 2021, 5, 16

14 of 16

5. Conclusions

The adsorption layers of six selected ethoxylated glycol ethers (C1oEOg, C10EOs,
C12EQOs, C12EOs, C14EO4 and C14EOg) were studied by two dynamic surface tension
methods: bubble profile analysis and maximum bubble pressure tensiometry. These
experimental methods allowed us to obtain equilibrium surface tension isotherms, dynamic
surface tension curves and dilational surface visco-elasticity moduli. As shown, the surface
tension isotherms can be fitted with good accuracy by the reorientation model, which
accounts for the possibility for the surfactant molecules to adsorb in two states characterised
by different surface areas (with ethoxylated chains either adsorbed or partially immersed in
the solution). Via the fitting procedure, the values of the model parameters were obtained,
which showed that the molecular area in the state with larger area correlates with the
length of the ethylene oxide chain.

The same sets of model parameters were used to describe the dynamic surface tensions
and dilational surface visco-elasticity moduli. In the case of dynamic surface tension, the
apparent surfactant diffusion coefficient was varied to obtain optimum agreement with the
experimental data. It was found that to fit the experimental curves for C14EOg solutions
with larger concentrations and for C;oEOg solutions in the range of short adsorption times,
a larger diffusion coefficient is required than for long adsorption times. This apparent
deceleration of the process can be related to the transition of molecules from the adsorption
state with larger surface area to the state with smaller surface area caused by the increasing
surface coverage. The molecules in a state with larger area have a higher surface activity,
and they reduce the surface tension more strongly than the molecules adsorbed in a
state with smaller surface area. However, the transition of the molecules between the
two states leads to a slower surface tension decrease. A possible kinetic barrier for this
transition process can produce an additional delay in the surface tension decrease at longer
adsorption times.

The frequency dependencies of the surface dilational visco-elasticity modulus for
different surfactant concentrations were calculated by using the Lucassen—van den Tempel
equation with a constant diffusion coefficient (5 x 1071 m?/s). Comparing the calculated
dependencies with the experimental ones, we can conclude that a diffusion-limited adsorp-
tion mechanism describes very well the observed visco-elasticity moduli. However, kinetic
barriers for adsorption and desorption of the molecules in the two adsorption states or for
a direct transition between the two states can influence the surface modulus depending on
the time scale of surface oscillations.

Supplementary Materials: The following are available online at https://www.mdpi.com /2504
-5377/5/1/16/s1, Figure S1: The interface of the computer program used to perform the model
calculations described in the article; Figures S2-512: The response of surface coverage, surface tension
and visco-elasticity modulus to the deviations of model parameters. Reference [37] is cited in the
supplementary materials.
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