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Adsorption of Anionic Surfactant on Porous
and Nonporous Polyethylene Terephthalate Films

We study the adsorption of anionic surfactant, sodium dodecyl diphenylox-
ide disulfonate (SDDD) on three types of polyethylene terephthalate (PET) sub-
strates from aqueous solutions of SDDD of different concentrations. Neutral elec-
trolyte (KCl) was added to the solutions to vary the ionic strength. Three types
of substrates were used: 1) original PET film; 2) etched nonporous film, obtained
from pristine film by chemical etching and bearing negative charge on the surface;
3) etched porous membranes, fabricated from pristine film by ion irradiation and sub-
sequent chemical etching. The membranes have negative charge on the flat surface
and on the inner pore walls. The comparison shows that the negative charge on the
flat surface has weak effect on adsorption of the anionic surfactant, and the SDDD
adsorption on the inner walls of pores is much weaker than on flat surface, even if
the pore radius is significantly larger than the Debye length. This “exclusion” effect
strongly depends on ionic strength of solution.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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INTRODUCTION

The mechanisms of track evolution during chemical treatment are the subject
of intensive research that is aimed at the development of nano- and microstruc-
tures with pre-determined characteristics [1]. Nano- and micropores of controlled
size and shape are important for a variety of applications, such as micro- and
ultrafiltration membranes, molecular sensors, optical filters, the template synthe-
sis of nanotubes and nanowires, nano- and microfluidics, and others [2]. The
use of surfactants enables one to produce track-etched membranes (TMs) with
improved flow rate characteristics compared with those having cylindrical pores
of the same nominal pore diameter. Furthermore, incorporating the surfactants
provides control over the pore shape in TMs, thus, optimizing their retention and
permeation properties [3].

When etching, the surfactant molecules form a quasi-solid adsorption layer,
which partially protects the surface from chemical attack and leads to a reduction
in the bulk etch rate of the solid. In general, this protective effect depends on the
alkali concentration, temperature and type of surfactant. Surfactants with a larger
molecular length provide a stronger reduction in etch rate, and the protective
effect of surfactants decreases at higher temperatures. The effect of a surfactant
on the etching of pores in ion-irradiated polymer foils was studied in [1, 3]. It has
been suggested that a plug forms at the pore neck, which becomes impermeable
to large molecules. The resulting pore profile depends on the rate of etching,
the etching time, and the size of the surfactant molecules. In other words,
the interplay of diffusion, adsorption, protection, and dissolution determines the
evolution of the etched pore channel. The hindered diffusion of surfactants into
restricted volumes seems to be a key factor in the formation of track-etched pores
that are tapered towards the surface. The present study is aimed at gaining further
understanding of the interaction between surfactant molecules and a porous matrix
filled with an electrolyte solution. It is known that polyethylene terephthalate
(PET) acquires a negatively charged surface due to carboxylic groups created by
chemical etching [4]. The density of surface charges has been determined to be
equal to approximately 0.5 elementary charges per square nanometer [5, 6]. Thus,
we expect that a nonionic surfactant, which has an electrically neutral hydrophilic
head, and an anionic surfactant with a negatively charged hydrophilic head may
adsorb differently on the negatively charged PET surface. We also expect that
the electrolyte concentration can strongly influence the interaction between the



anionic surfactant molecule and the chemically etched PET surface due to the
screening of electric charges.

The adsorption of ionic surfactants in pores of polycarbonate track-etched
membranes has already been studied. It has been shown that both cationic and
anionic surfactants are able to adsorb in the pores and alter the pore-wall sur-
face properties, namely, the (-potential [7, 8]. The counter-ion surfactant actively
adsorbs within pores creating a monolayer near the critical micelle concentra-
tion (CMC) and a bilayer above the CMC. In contrast, the co-ion surfactant is
unable to provide sufficient coverage of surface because of the electrostatic repul-
sion between the surface carboxylate groups and the negatively charged ions of
surfactant. To our knowledge, surfactant adsorption on track-etched membranes
of polyethylene terephthalate (PET) has never been studied in detail. The elec-
trokinetic properties of PET track membranes were investigated after the sorption
of different surfactants and a subsequent rinsing in water [9]. The observed al-
terations in surface charge were found to be unstable over time, which indicated
a gradual desorption of the surfactant, especially anionic, from the pore walls.

In this paper, we use sodium dodecyl diphenyloxide disulfonate (SDDD) as
an anionic surfactant to study adsorption on different PET substrates with different
electrolyte concentrations. We compare three types of PET substrates: an original
film, an etched nonporous film, and an etched porous film. The comparison of two
nonporous films — original and nonetched — is expected to show the effect of a
negatively charged flat surface on the adsorption of surfactant. The comparison
of etched porous and etched nonporous films is aimed at distinguishing between
adsorption on a flat film surface and on inner pore walls. Thus, the influence
of the curvature of the charged surface on the adsorption of surfactant molecules
can be studied. For this purpose, we employ porous substrates having different
pore radii. Additionally, the use of porous films allows us to increase the total
surface area and, consequently, the amount of adsorbed substance, which reduces
the experimental error. We present our fitting of the experimental data by the
Langmuir adsorption model.

1. EXPERIMENT

1.1. Polymer Films Characteristics. Polyethylene terephthalate (PET) films
with a thickness of 23 pm (Hostaphan RNK from Mitsubishi Polyester Films) and
with a thickness of 10 and 20 pum (of USSR production) were used as pristine
substrates. Two types of pre-treatment were applied for pristine PET films to
modify their surface and structural properties: the etched nonpore films were
prepared from pristine PET films by chemical etching under the conditions of
1 M NaOH, 70°C, 7 min. The etching procedure applied to the etched nonporous
film provided the removal of a layer approximately 0.025 pm thick from each
side of the film. The etched porous films were produced by the track-etched



membrane manufacturing process [10], i.e., PET films were first irradiated with
Kr ions (250 MeV) at the U400 cyclotron. Then, the films were sensitized by
ultraviolet irradiation from a source with its maximum intensity at 310-320 nm.
The chemical etching was performed in alkaline aqueous solutions.

The etched porous samples were imaged with a scanning electron microscope
(JSM-840, JEOL, Japan). The average pore diameters on the surface and the pore
densities were estimated from SEM pictures. The airflow rates were measured
at a pressure difference of 0.01 MPa. A special computer code allowed us to
determine the effective pore diameter (D.g) based on the sample surface area,
pore density, sample thickness, and airflow rate measured at an arbitrary Knudsen
number. The total surface area of 1 g of a porous sample (S;) was found as the
sum of two flat areas of film surface (Sy) and the area of inner pore walls (Sp)
for 1 g of the film. S, was calculated as

Sp = Degg X ™ x N % (S§/2) x L.

Characteristics of original, etched nonporous, and etched porous films are shown
in Table 1. We show the thicknesses of the etched films (L), the effective pore
diameters (Def), pore densities (/N), and the surface areas. The pore channels
in the prepared etched porous samples were different in shape. In the case of
noncylindrical pores, Do means the diameter of a cylindrical pore with the same
airflow rate.

Figure 1 shows SEM images of membranes A-D and the sketches of cross
section for membranes A and B. Membrane A was etched in a surfactant-doped
etchant. As a result, cigar-like pore channels were formed. Average pore diameter
on the surface was approximately 0.2 pum, while the inner pore diameter was
larger. This is quite a common pore configuration in membranes of this type [1].
The value of D.g (0.28 um for membrane A) constitutes an estimate of the

Table 1. Characteristics of the original, etched nonporous, and etched porous films
(membranes A, B, C, and D)

Effective Specific surface
. Thickness, pore Por.e area. m2/
Film . density, ’ g
pm diameter, om=2 Flat Pore

pm surface | walls | Total
Original 23 — — 0.0601 — 0.0601
Etched nonporous 10 — — 0.145 — 0.145
Membrane A 20 0.28 2.8-10% | 0.098 | 2.41 2.51
Membrane B 20 0.26 4.8-10% | 0.101 4.00 4.10
Membrane C 20 0.48 1.6-10% | 0.103 2.46 2.56
Membrane D 22 1.02 1.0-107 | 0.072 | 0.218 | 0.290




Fig. 1. a) SEM images of membranes A, B, C, and D. Scale bars: 1 um. b) Sketches of
cross section for membranes A and B

diameter averaged over the pore length. The D.g can be used to calculate the
area of the pore wall surface. In contrast, the pores in membranes B, C, and D
were etched using a surfactant-free alkaline solution. Because of a high track-
to-bulk etch rate ratio, the channels were almost cylindrical in shape, which is
evidenced by the fact that their surface pore diameters coincide with the effective
pore diameters within an experimental error of approximately +5%. As seen
from Fig. 1, the surface pore diameter in membrane B is markedly larger than
that in membrane A. At the same time, the effective pore diameter is practically
the same, which means that single pore channels in these membrane samples have
almost identical area of wall surface.

1.2. Surfactant Characterization. Adsorption experiments were performed
with the anionic surfactant Dowfax 2A1 (Dow Chemicals), which is an aqueous
50% solution of sodium dodecyl diphenyloxide disulfonate (SDDD). The mole-
cular weight of SDDD is 541.6. Its molecular structure is shown in Fig.2.
The molar absorption coefficient of SDDD is (15.64 + 0.16) - 103 L/mol - cm at
A = 238 nm. It was found by fitting the experimentally measured optical ab-
sorbance as a function of concentration in Fig.3. The CMC in 0.1 M NaCl at
25°C is 0.007 g/100 g water (0.1292 mmol/L) [11].

CioHaps 0

SO3 SO3
Nat Nat

Fig. 2. Chemical formula of sodium dodecyl diphenyloxide disulfonate (SDDD)
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Fig. 3. Calibration plot used for the determination of the molar absorption coefficient
of SDDD

1.3. Adsorption Measurements. Several solutions of SDDD with a grad-
ual decrease in concentration were prepared with deionized water. To increase
the ionic strength, we added different quantities of the electrolyte, potassium
chloride (KCl), to some solutions of SDDD.

Each sample was prepared in the following way. The PET film was cut into
small pieces of 2-3 cm? area. The pieces of PET film were washed 3 times
with 50 mL of deionized water (total 150 mL). It has been confirmed that the
three-time washing was enough to remove impurities that absorb in the range
of 220-330 nm. The SDDD solution (20 mL) and washed PET film were put
into the beaker. The beaker was shaken with a frequency of 40 min~—! for
24 h to reach the equilibrium adsorption. The resulting solutions were put into
quartz cells with a thickness of 1 cm. Optical absorption spectra were measured
using a Specord M40 spectrophotometer (Carl Zeiss Jena, Germany) in the range
of 220-310 nm. The concentration of the surfactant was determined from the
absorbance at A = 238 nm. We calculated the amount of adsorbed surfactant on
the PET films from the difference in concentration between the initial solution and
the equilibrium solution. Usually, three samples were prepared under identical
experimental conditions.

2. RESULTS

2.1. Dependence of Adsorption on the Electrolyte Concentration. Let us
first present the results of the adsorption of SDDD on the original film. Figure 4,a
demonstrates the effect of the electrolyte KCI concentration on the adsorption
isotherm as a function of the SDDD concentration in the solution. In Fig. 4, b, we
show the average area occupied by an SDDD molecule on the film surface. The
area for one molecule of SDDD attains a value of 1 nm? at high concentrations
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Fig. 4. a) Adsorption isotherms of SDDD on the original film. b) Average area occupied
by an SDDD molecule on the original film, as a function of the surfactant concentration
at three different concentrations of the electrolyte in aqueous solutions: (/) 0 M KCI,
(2) 0.1 M KCl, and (3) 1.0 M KCI. The lines show the fitting of the experimental data by
the Langmuir adsorption model

of the surfactant and the electrolyte. Thus, the adsorption layer of SDDD is not
as dense as the adsorption layer formed by the nonionic surfactant nonylphenyl
decaethylene glycol (the area for one molecule is 0.5 nm?) [1]. The negatively
charged sulfonate groups disturb the hydrophobic interaction between the PET
surface and the surfactant. The increased concentration of KCl leads to the higher
adsorption of SDDD on the film because counter ions (K™) suppress the repulsion
between sulfonate groups of neighboring adsorbed surfactant molecules. Based on
the nature of anionic surfactants [12, 13] and the existing data in literature [14, 15],
one should expect this result. Small-angle neutron scattering measurements have
shown a remarkable enlargement of SDDD micelles with increasing electrolyte
concentration [16]. The growth of micelles and the formation of denser adsorption
layers are both a direct result of the suppression of electrostatic repulsion, so
that the hydrophobic interaction manifests itself in the aggregation of surfactant
molecules to a greater degree.

The effect of the electrolyte KCI concentration on the adsorption isotherm as
a function of the SDDD concentration on the etched nonporous film is presented
in Fig.5,a. Similar to the case of the original film, the increased concentration
of KCl leads to the higher adsorption of SDDD. Figure 5, b presents the average
area occupied by an SDDD molecule on the etched nonporous film. Although the
surface of the etched film has a higher negative charge than that of the original
film, its adsorption isotherms are quite close to each other; this shows that the
electrostatic repulsion between the carboxylic groups on the PET surface and the
hydrophilic heads of the surfactant do not prevent adsorption events. At the same
time, the difference between adsorption in 0 M KCl and in 0.1 M KClI solutions
is larger in the case of the etched film. This indicates that the interaction between
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Fig. 5. a) Adsorption isotherms of SDDD on the etched nonporous film. b) Average
area occupied by an SDDD molecule on the etched nonporous film, as a function of
the surfactant concentration at three different concentrations of the electrolyte in aqueous
solutions: (/) 0 M KCl, (2) 0.1 M KCl, and (3) 1.0 M KCI. The lines show the fitting of
the experimental data by the Langmuir adsorption model

surface carboxylic groups and the sulfonate groups of SDDD plays a certain role
in decreasing adsorption in the absence of electrolyte.

Figure 6, a presents the influence of the electrolyte KCl concentration on the
adsorption isotherm of SDDD on the surface of an etched porous film (mem-
brane B). We observe a strong effect: the increase in the concentration of KCI
leads to a significant increase in the adsorption of SDDD. We found that there
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Fig. 6. a) Adsorption isotherms of SDDD on the etched porous film (membrane B).
b) Average area occupied by the SDDD molecule on the etched porous film (membrane
B), as a function of the surfactant concentration at four different concentrations of the
electrolyte in aqueous solutions: (/) 0 M KCl, (2) 0.1 M KCl, (3) 1.0 M KCI, and
(4) 3.0 M KCI. The lines show the fitting of the experimental data by the Langmuir
adsorption model



is practically no adsorption within the pores in the absence of the electrolyte at
surfactant concentrations below 0.1 mmol/L. Thus, the exclusion effect for co-
ions [17] has a great influence on the adsorption of the doubly charged SDDD
anion within negatively charged pores. Figure 6,5 shows the average area oc-
cupied by the SDDD molecule on membrane B as a function of the surfactant
concentration in an aqueous solution in the presence of the electrolyte. Here, one
has to note that total surface area of membranes mostly represents the pore walls
as is seen from Table 1. This is especially true for membrane B. Therefore, the
data shown in Fig. 6 illustrate the situation within the pores quite accurately. The
surfactant is distributed extremely heterogeneously. Thus, it is mostly on the flat
surfaces and less in the pores, especially at low electrolyte concentrations.

2.2. The Results of Data Fitting. The Langmuir adsorption model relates
the coverage or adsorption of molecules on a solid surface to the concentration of
a medium above the solid surface at a fixed temperature. The equation is stated as

V = KCViax /(1 + KC), (1)

where V' is the amount adsorbed; C' is the concentration of adsorbing molecules
in bulk solution; K is the Langmuir adsorption constant, which increases with an
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increase in the binding energy of adsorption and with a decrease in temperature;
Vinax 1s the maximum amount adsorbed as C' increases, i.e., the monolayer satura-
tion capacity. The Langmuir equation can be fitted to data by linear regression or
nonlinear regression methods. The double reciprocal of the Langmuir equation is

1/V = 1/‘/IIIaX + 1/(KC‘/max)- (2)

A plot of (1/V) versus (1/C) in Fig.7 yields a slope equal to 1/(Vi,axK) and
an intercept 1/Vj ax. The obtained parameters Vi,.x and K are shown with their
tolerance intervals in Table 2.

The errors are quite large, which is partially caused by the specificity of the
experimental procedure. It is difficult to accurately measure a small difference
in the optical absorbance of two surfactant solutions with a relatively high and
almost identical concentration. However, the wide tolerance ranges of the K and
Vinax values can also result from the fact that the adsorption does not necessarily
obey the Langmuir law. The aggregation of surfactant molecules on a substrate
surface occurs in a complicated way and strongly depends on whether the CMC
has been reached or not [15]. At a KCI concentration of 3 mol/L, the V.«
value of 8.9 umol/m? corresponds to an area of 0.2 nm? per surfactant molecule.
This number does not seem to be realistic and is likely caused by the above-
mentioned reasons. However, at least on a semi-quantitative level, the behavior
of parameters K and Vj,,x is consistent and demonstrates that the coverage

Table 2. Parameters for the Langmuir equation calculated from the experimental data
for the original, etched nonporous, and etched porous films (membrane B)

. Electrolyte concentration (KCI)
Film, parameter
0 0.1 1 3
Original film:
K, L/mmol 26 33 — —
Tolerance range of K 21-32 28-40 — —
Vinax, pmol/m? 1.37 1.89 — —
Tolerance range of Vinax 1.22-1.57 | 1.74-2.07 — —
Etched nonporous film:
K, L/mmol 13 12 — —
Tolerance range of K 8-19 10-15 — —
Vinax, pmol/m? 1.24 2.8 — —
Tolerance range of Vimax 0.97-1.72 2.5-3.2 — —
Etched porous film (membrane B):
K, L/mmol — 12 8.8 5.4
Tolerance range of K — 5-23 5.8-12.0 | 1.3-10.2
Vinax, pmol/m? — 0.48 2.3 8.9
Tolerance range of Vimax — 0.31-1.06 1.7-3.3 5.1-33.4




of the surface with adsorbed surfactant molecules systematically increases with
electrolyte concentration. At high salt concentrations, the formation of a dense
adsorption layer also takes place in the pores. The layer is able to weaken
chemical attack of the surface in case an aggressive agent is present in the
solution.

In the framework of this interpretation, the strong dependence of the shape of
track-etched nanopores on the alkali concentration in etchants doped with SDDD
(~ 1 mmol/L), as reported in [18], is well understood.

2.3. Difference in Adsorption on the Original, Etched Nonporous, and
Etched Porous Substrates. Figure 8 shows the adsorption of SDDD on three
types of substrates for 0.1 mol/L of KCIl concentration, at room temperature.
The adsorption was normalized to the total area, including the inner pore walls in
the case of the etched porous film (mem-

3 .l brane B). We can see that the adsorption

‘\5\5 o2 isotherms for the two nonporous films
'é 5 A3 does not differ much, i.e., the etching
3 does not strongly influence the adsorp-
g“ tion of the surfactant. However, there
‘é 14 is a difference. The effect of a nega-
_§ tive electric charge on the etched sur-
< - face leads to slightly lower adsorption
swe " , at low SDDD concentrations in the so-

0 0.1 0.2 lution. On the contrary, at higher sur-
Concentration, mmol/L factant concentrations (> 0.1 mmol/L)

the adsorption of SDDD on the etched
Fig. 8. Adsorption isotherms of SDDD  nonporous film appears to be higher than
from the aqueous solutions with 0.1 M KCl 14t on the original film. This is prob-
onto (7) membrane B .(2) the etched 1M ably due to the roughness of the etched
porous, and (3) the original films, as a func- .
tion of the surfactant concentration surface. Indeed, the rough relief has a

larger surface area and can host more

surfactant molecules. On the nanometer
scale, the etched surface of semicrystalline PET is remarkably rough and there-
fore possesses a significantly larger effective area [19]. The porous substrate
with pores that are 0.26 pum in diameter exhibits significantly lower adsorption
for the whole range of surfactant concentrations. Note that the surface area of
the pore walls accounts for approximately 97% of the total surface (see Table 1).
Therefore, the adsorption inside the pores is much lower than that on the flat
surface because the negatively charged pore walls repel the SDDD di-anions. In
spite of the fact that the pore radius is much larger than the Debye length (which
is approximately 1 nm at this ionic strength, 0.1 M KCl), the charged pores are
found to significantly hinder the ability of doubly charged surfactant molecules to
penetrate and adsorb inside. On the one hand, this phenomenon seems surprising;
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on the other hand, a very strong suppression of the transport of doubly charged
ions through Nuclepore membranes with relatively large pores has been observed
before [20] and appears to be directly relevant to our results on the adsorption of
SDDD in pores.

2.4. The Effect of Pore Size and Shape. Figure 9 shows the adsorp-
tion isotherms of SDDD for the porous substrates with different pore sizes and
shapes. All of the isotherms were measured at the same concentration of elec-
trolyte (0.1 M KCI). The data are characterized by a wide scatter because the
adsorption values were often obtained

1

as a relatively small difference between AA

two large numbers, which introduced ‘g 0g4 °B 4
a large error. However, we can con- 3 ;S ;

clude that the two membranes with al- g 0.6 £

most identical effective pore diameters g

(membranes A and B) behaved differ- "5 0.4 X o

ently at low concentrations of surfac- _g 024 o %

tant (< 0.05 mmol/L). The membrane < Bm°

with pores tapered towards both ends L :
showed a lower adsorption (triangles 0 0.05 0.1 0.15
in Fig.9) compared with the membrane Concentration, mmol/L

with a larger pore opening (squares in

Fig.9). This probably indicates that Fig. 9. Adsorption isotherms of SDDD
the narrow pore necks enhance the ex- from the aqueous solutions with 0.1 M KCl
clusion effect due to the Coulomb in- ©nto four etched porous films (membranes
teraction. At higher SDDD concentra- A, B, C, and D)‘With different pore sizes
tions this phenomenon vanishes. For the ij OS gzpeos '26le)ellrga\;r;%eogoremdlameters
membranes B, C, and D having cylindri- o s

cal (or slightly doubly conical) pores, the adsorption from diluted SDDD solu-
tions systematically increases with increasing pore radius. The membrane with
the largest pores (membrane D, asterisks in Fig.9) shows the highest adsorption
because the exclusion effect is the least pronounced.

3. CONCLUSIONS AND OUTLOOK

We studied the diffusion and adsorption of sodium dodecyl diphenyloxide
disulfonate on three types of PET substrates: the original film, the etched non-
porous film, and the track-etched membranes. Experiments clearly show that
adsorption of the anionic surfactant in pores with negatively charged walls is
significantly lower than the adsorption on flat surfaces of the original and the
etched nonporous films. This phenomenon is caused by the co-ion exclusion
effect, which plays a significant role in solutions of low ionic strength. The
negatively charged carboxylic groups on the flat surface of etched PET have a

11



much weaker effect on the adsorption. It was also shown that the adsorption of
anionic surfactants on all three types of substrates (original, etched nonporous,
etched porous) significantly increases with increasing electrolyte concentration.
The repulsion between the negatively charged sulfonate groups of the surfactant
molecules is neutralized by the addition of an electrolyte. As a result, the anionic
surfactant forms a denser adsorption layer.

The obtained results are important for a better understanding of the processes
of the adsorption and diffusion of ionic species and molecules in nanocapillaries
with an electrical charge on the walls. We plan to concentrate future work on
the diffusion of anionic surfactants through nanopores. The data on adsorption
and diffusion are expected to complement each other, such that a model for
surfactant-controlled track etching can be built.
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