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Abstract: Polyamide 6.6 is one of the most widely used polymers in the textile industry due to
its durability; however, it has rather limited modification potential. In this work, the controlled
surface modification of polyamide 6.6 fibres using the solvent system CaCl, /H,O/EtOH was studied.
The effects of solvent composition (relative proportions of the three components) and treatment time
on fibre properties were studied both in situ (with fibres in solvent) and ex situ (after the solvent was
washed off). The fibres swell and/or dissolve in the solvent depending on its composition and the
treatment time. We believe that the fibre—solvent interaction is through complex formation between
the fibre carbonyl groups and the CaCl,. On washing, there is decomplexation and precipitation of
the polymer. The treated fibres exhibit greater diameters and surface roughness, structural difference
between an outer shell and an inner core is observable, and water retention is higher. The solvent
system is more benign than current alternatives, and through suitable tailoring of the treatment
conditions, e.g., composition and time, it may be used in the design of advanced materials for storage
and release of active substances.
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1. Introduction

Polyamide 6.6 (PA 6.6) is one of the most widely used polymers in the textile industry. Because of
their outstanding mechanical properties, PA 6.6 fibres are used in apparel, in technical textiles, and as
reinforcement in textile-based composites. PA 6.6 fibres show very smooth surfaces with low surface
energies and are inert towards chemicals. It makes the fibres, in turn, less suitable for applications
requiring high adhesion to other compounds or higher sorption capability. In such cases, surface
treatment techniques are usually applied. Chemical and physical methods are commonly used to
change surface properties such as wettability, biocompatibility, adhesive bonding, and dye sorption.
Methods such as plasma treatment [1-7], chemical grafting [8-10], and enzymatic hydrolysis [11,12]
are applied. For example, Li et al. [5] utilised atmospheric plasma to improve the hydrophilicity
of PA 6.6 fabrics, depending on the discharge conditions. Other researchers [6] reported on better
interfacial adhesion between the polyamide 6 (PA 6) matrix and polyurethane adhesive layer in
polymer—carbon fibre composites by treating PA 6 with plasma. Zhao et al. [9] applied chemical grafting
of 2-hydroxyethyl methacrylate onto PA 6.6 fabric, also to improve its hydrophilicity. A protease from
the bacterium Bacillus licheniformis has been investigated as a biocatalyst for the modification of PA 6.6
fibres with respects to dyeability [11]. Another modification method is the formation of an acid-base
complex between Lewis acids, such as GaCl; and AlCl3, and the Lewis base sites, the carbonyl groups
(C=0) in polyamides [13-17]. The use of CaCl, with methanol as the mediator to form a complex with
the PA 6.6 structure is also reported by other groups [18-20]. Li et al. used a mixture of CaCl, /EtOH to
modify the surface properties of aromatic polyamide fibres (Kevlar), in order to improve the interfacial
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adhesion in fibre composites [21]. The integration of a Lewis acid into the polymer structure leads to
modified crystallisation behaviours and therefore changes polymer properties [15,22,23].

The focus of this work was the modification of PA 6.6 fibres with special emphasis on the swelling
of PA 6.6 fibres. This enables the modification of the physical surface properties such as roughness,
sorption behaviour, and changes of the fibre diameter. The treatment was achieved by using solvents
containing CaCl, /EtOH/H,0 in different compositions. Compared to the already known solvents
such as MeOH/CaCly,, phenols, and formic acid, these solutions are less toxic and less environmentally
harmful. In situ and ex situ microscopic studies were performed in order to investigate the effect of
solvent composition and the treatment time on the fibre modification. The modified PA 6.6 fibres
were investigated using Fourier transform infrared spectroscopy (FTIR). The topography and line
roughness of the formed surface layer were determined using confocal 3D laser-scanning microscopy.
Furthermore, the liquid sorption capability of the modified fibres was characterised by water retention
value (WRV) measurements.

2. Materials and Methods

2.1. Materials

Throughout this work, PA 6.6 filaments with circular cross-sections and an average diameter
of 15.6 pum, kindly supplied from Schoeller GmbH & CoKG, Hard, Austria, were used as
received. Calcium chloride dihydrate (analytical grade), ethanol (99.9% for analysis, Osterreichische
Agrar-Alkohol HandelsgesmbH., Spillern, Austria), and deionised water were used to prepare the
treatment solvents.

2.2. Sample Preparation

2.2.1. Mapping of Solvent Quality as a Function of Composition

Calcium chloride dihydrate was dissolved in absolute ethanol and deionised water. The exact
composition was calculated from the weighted masses of all three components used for the preparation.
Twenty-six different solvent compositions were tested (Table 1). The observations were performed on
an object slide where the fibres were attached. A maximum of four fibres was attached to the surface of
one object slide. The fibres were completely covered with an excess of solvent. To prevent evaporation,
a coverslip was placed on top of it. The fibres were allowed to stay in the solvents for several hours at
ambient temperature. During that time, the fibres were examined under an Olympus CX 41 optical
light transmission microscope (Olympus Corporation, Tokyo, Japan) to observe whether the solvents
dissolve, swell, or have no effect on the fibres. Based on the results of the observations, we mapped
areas of “no effect” (area I), “dissolution” (area II), and “swelling” (area III) in a ternary phase diagram.

2.2.2. In Situ Measurement

To investigate the effects of swelling and dissolution on the PA 6.6 fibres, one solvent representative
of each of areas II and III was chosen. The swelling solvent (abbreviated SW) from area III was
composed of 12.50 mol % CaCl,, 68.75 mol % H;O, and 18.75 mol % EtOH (Solvent 2, Table 1).
The dissolving solvent (abbreviated DISS) from area Il was composed of 12.50 mol % CaCly, 25.00 mol %
H,0, and 62.50 mol % EtOH (Solvent 17, Table 1). These solvents were the best swelling and dissolving
solvents found in the previous experiment. All further experiments in this work were carried out
with these two solvents. For the in situ measurement, one fibre was attached to an object slide and
covered with an excess of solvent. Another shortened object slide was placed on top to prevent the
evaporation of ethanol. The fibres were placed under an optical light transmission microscope of
10x magnification (Reichert Biovar Austria). Pictures were taken with a digital camera attached to
the microscope. The diameter changes were documented in 5 min steps by recording images, and
measurements were performed with image analysis using Adobe® Photoshop® CS 4 Extended. (Adobe
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Systems Incorporated, San Jose, CA, USA 2008). The results were the mean of five measurements for
each solvent and the corresponding standard deviation.

2.2.3. Measurement after Washing

After the fibres were soaked in SW and DISS for 5 to 60 min with 5 min steps, they were rinsed
with deionized water to remove the solvent and examined under an Olympus CX 41 optical light
transmission microscope (Olympus Corporation, Tokyo, Japan) at 40 x magnification. The diameter
measurements were performed with image analysis using the onboard software. The results are the
mean of 20 measurements and the corresponding standard deviation.

2.2.4. Fibre Bundle Treatments

A bundle of PA 6.6 fibres of 1 g was weighed and covered with 20 g of solvent for 3, 5, 7, and
10 min. The treatments were performed with the SW and DISS solvent. After the treatment, the fibre
bundle was removed and immediately washed in excess deionized water. The complete removal of
CaCl, was ensured by titrimetric calcium analysis (data not given). The fibres were then allowed
to dry.

2.3. Analytical Methods

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier transform infrared spectra (FTIR) of the fibres were recorded using the attenuated
total reflectance (ATR) unit equipped with a diamond crystal, using the FTIR spectrometer (Bruker
Vector 22, Karlsruhe, Germany) with the spectral range 4000 to 500 cm !, resolution 2 em~!, and
128 scans.

2.3.2. Water Retention Value Determination

The fibres were conditioned in a climate room with 20 & 2 °C and 65% = 4% RH for at least 24 h,
after disentangling fibre bundles when necessary. They were then weighed (m.) and immersed in
deionized water for 24 h. The soaking wet fibres were placed in filtration tubes (10 um porosity) and
centrifuged at 2500 G for 10 min in a laboratory centrifuge (Heraeus Multifuge, 1 L, Hanau, Germany).
The fibres were reweighed immediately after centrifugation (1) and the water retention value (WRV)
was calculated as follows:

WRV = [(m. — my)/mc] x 100 1

2.3.3. Confocal 3D Laser-Scanning Microscopy

The virgin PA 6.6 fibres and fibres washed after treatment with SW solvent for 10 min were
examined with a confocal 3D laser-scanning microscope (Keyence VK-X150, Keyence, Japan).
Their surface roughness was determined on images recorded at 100x magnification using the onboard
software. The mean of five independent measurements is presented.

3. Results and Discussion

3.1. Swelling and Dissolution Behaviour of PA 6.6 Fibres in CaCl,/H,O/EtOH Solvents

For the qualitative observation of swelling and dissolution behaviour, 26 different compositions
of CaCl, /EtOH/H,0O were prepared and their effects on PA 6.6 fibres were investigated (Table 1).

When PA 6.6 is added to the alcoholic solution, the carbonyl group approaches the calcium-alcohol
complex. As the affinity of calcium is higher towards the oxygen of the carbonyl group than the
hydroxyl, a transfer occurs. Thus, a complex between calcium and PA 6.6 forms and the alcohol
becomes free again (Figure la). Due to the complex formation, hydrogen bonds are disrupted
(Figure 1b) and dissolution of PA 6.6 takes place. The mechanism shown in Figure 1 has been
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proposed by Sun based on methanol/CaCl, [24]. The concept of the disruption of the hydrogen bonds
between the polyamide chains by Lewis acids has also been reported by other authors [13-15,18].
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Figure 1. Proposed complexation mechanism of polyamide 6.6 (PA 6.6) in CaCl, /EtOH/H;0O solvent:
(a) Complex formation; (b) Disruption of hydrogen bonds in PA 6.6 in the presence of CaCl, according
to [24].

In this case, hydrolysis due to alkaline pH medium can be excluded because the formal pH
measured in the concentrated solution was observed at 3.2, which is in agreement with the Lewis acid
character of CaCl,. However, it must also be taken into consideration that the concept of pH is only
valid in diluted aqueous solutions. In our case, we have concentrated ethanolic solutions, hence the
pH value cannot be utilised to characterize the solution system. Essentially, the dissolution process
in polymers is based on two different transport processes; diffusion and chain disentanglement [25].
The dissolution starts when the polymer comes into contact with a suitable solvent. Then the solvent
starts to penetrate into the polymer and interactions between the polymer chains are broken; this is the
diffusion process, which induces swelling. In the swollen polymer, the chains are still entangled,
and the chain disentanglement proceeds at the interface between the swollen polymer and the
solvent. Depending on the velocities of these two processes, either swelling or dissolution occurs.
The photomicrographs in Figure 2 show the different behaviours: (a) no effect of the solvent on the
fibres; (b) dissolution of the fibre surface leading to fibre thinning; and (c) formation of a swollen shell.

(@) Areal

(b) Area ll

(c) Area lll

Figure 2. Pictures of the PA 6.6 fibres treated with solvents of the corresponding area: (a) No effect of the
solvent on the fibres; (b) Dissolution of the fibre surface leading to fibre thinning (DISS); (c) Formation
of a swollen shell (SW).
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Table 1. Compositions of different solvents for the dissolving and swelling observation.

Sample CaCl, H,O EtOH H,O/EtOH Observation
Number (mol %) (mol %) (mol %) Mole Ratio
1 10.00 70.00 20.00 3.50 swelling
2 12.50 68.75 18.75 3.67 swelling
3 13.33 73.33 13.33 5.50 swelling
4 17.16 62.13 20.71 3.00 swelling
5 18.00 69.50 12.50 5.56 swelling
6 11.11 77.78 11.11 7.00 swelling
7 8.33 58.33 33.33 1.75 dissolving
8 12.50 56.25 31.25 1.80 dissolving
9 12.50 62.50 25.00 2.50 dissolving
10 15.20 30.40 54.40 0.56 dissolving
11 15.97 49.28 34.75 1.42 dissolving
12 6.64 40.37 52.98 0.76 dissolving
13 16.50 27.00 56.50 0.48 dissolving
14 12.50 12.50 75.00 0.17 dissolving
15 19.00 12.50 68.50 0.18 dissolving
16 6.25 18.75 75.00 0.25 dissolving
17 12.50 25.00 62.50 0.40 dissolving
18 8.33 75.00 16.67 4.50 no effect
19 8.33 66.67 25.00 2.67 no effect
20 10.00 85.00 5.00 17.00 no effect
21 6.36 78.32 15.32 5.11 no effect
22 3.94 48.57 47.49 1.02 no effect
23 0.00 46.01 53.99 0.85 no effect
24 4.63 28.50 66.88 0.43 no effect
25 4.80 22.30 72.90 0.31 no effect
26 3.70 10.00 86.30 0.12 no effect

50f 14

The observed results were plotted in a ternary phase diagram (Figure 3) with different symbols
representing the behaviours of polyamide fibres in the different solvents.

Figure 3. Ternary phase diagram of the CaCl, /H,O/EtOH system for PA 6.6 fibre treatment.
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It is reported in the literature that adding small amounts of non-solvent to a solvent changes the

dissolving and swelling behaviour of a polymer [25]. In the case of the mixture of calcium chloride and

ethanol, the addition of water caused an increase of the swelling rate of PA 6.6 fibres. It was found that

not only the calcium chloride content plays an important role, but also does the amount of water, and



Polymers 2018, 10, 207 6 of 14

therefore the ratio between water and ethanol has an impact. As a result, it was possible to separate the
ternary phase diagram into three areas: I, II, and III; and they can be assigned to the different effects of
the solvents (Figure 3, Table 2).

Table 2. Description of the areas assigned to the three different effects.

Effect of Solvent CaCl, EtOH H,O/EtOH
(mol %) (mol %) Mole Ratio
No effect (area I) 6<x<10 x <25 x>25
No effect (area I) X<6 x> 25 x<25
Dissolving (area II) X>6 x> 25 x <25
Swelling (area III) x> 10 x < 25 x>25

Solvents with CaCl, content above 6 mol % and below 10 mol %, ethanol content lower than
or equal to 25 mol %, and H,O/EtOH mole ratios above 2.5 did not dissolve the fibres. The same
was observed for solvents with CaCl, content below 6 mol %, ethanol content above 25 mol %, and
H,0O/EtOH mole ratio below 2.5. These values describe area I in Figure 3. Solvents with CaCl, amount
above 6 mol %, ethanol content above 25 mol %, and H,O/EtOH mole ratios below or equal to 2.5
dissolved the fibres. The solvents in area II caused a reduction of the fibre diameter and later complete
dissolution. Solvents that caused swelling had CaCl, amounts greater than 10 mol %, ethanol content
below 25 mol %, and H,O/EtOH mole ratios greater than 2.5. In these swelling solvents, the outer
diameter of the fibre increased. Under the microscope, a swollen outer shell and a core region were
observed. The size of the shell region increased with time, while that of the core region decreased.
Finally, the whole fibre was swollen and no core region was observed. This effect is referred to as
area III.

In area II (dissolving), the diffusion velocity of the solvent into the polymer is the same or slower
than the polymer chain disentanglement at the surface. In this case, no gel-like layer was observed
because of the high velocity of the disentanglement.

In area III (swelling), the mechanism is different. The amounts of deionised water, the non-solvent
in this case, were much higher. Water molecules are very small and mobile, thus diffuse easily into
the polymer and cause swelling. However, the transport of polymer molecules from the surface into
solution is slow. This is the reason that swelling was observed. Furthermore, the phenomena of
swelling or dissolving depended on the water/ethanol mole ratio and the amount of CaCl; in the
solution. Although this effect had not been reported for PA 6.6 fibres, it has been observed for ramie
fibres, cotton, kraft pulp, and rayon in N-methylmorpholine N-oxide containing various amounts of
water [26,27].

3.2. Microscopic Investigation of Swelling and Dissolving of PA 6.6 Fibres

To quantify the previously described observations of swelling and dissolution, diameter
measurements were conducted under the microscope. Two solutions were chosen to be investigated
more thoroughly: one of the solutions with a H,O/EtOH mole ratio below or equal to 2.5 (dissolving
solution 17 in Table 1); and the other with a HyO/EtOH mole ratio higher than 2.5 (swelling solution 2
in Table 1).

3.2.1. In Situ Swelling and Dissolution Experiments

At first, the fibre diameters were examined in situ according to the experimental procedure
described above; therefore, no mechanical forces were affecting the fibres. In Figure 4, swelling of PA
6.6 fibres in SW is shown as a function of time.
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Figure 4. Swelling of PA 6.6 fibre in swelling solvent (SW).

The swelling started immediately after adding the solvent to the fibres. After 10 min, the outer
diameter was already increased by 77.0%, and a further increase was observed until the core region
disappeared. Note that the average diameter of the PA 6.6 fibres was initially around 15.6 um. During
the soaking in SW, the outer shell diameter increased while the inner core diameter decreased. After
20 min, the outer shell diameter had increased by 100.4%. Thereafter the swelling rate decreased.
A table with the detailed values listed can be found in the Supplementary Information (Table S1).
The picture after 50 min shows that the shape of the fibre was starting to become more irregular, which
indicates that the fibre was losing its integrity with increased swelling. This can be explained by the
decrease of interactions between the polymer chains, because the hydrogen bonds are severed as the
complex between the carbonyl groups and the CaCl, is formed (Figure 4). To obtain a reliable value
of fibre diameter, it was measured once at the thicker site and at the thinner site and the mean value
was calculated.

For comparison, pictures of fibres in DISS were also taken as a function of treatment time (Figure 5).

100 ym 100 um T
0 min 10 min 20 min
/ /
100 ym 100 pm 100 pm
30 min 40 min 50 min

Figure 5. Dissolution of PA 6.6 fibre in dissolving solvent (DISS).

In this solvent, no gel-like layer was visible, but an attenuation was observed. After 20 min,
the diameter was already decreased by 25.2% of the initial diameter. After 50 min, the diameter reached
a width of around 4.3 um. Afterwards, the fibre was not visible anymore and had dissolved completely.
A table with the detailed values listed can be found in the Supplementary Information (Table S2). Thus,
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no swelling was occurring in this solvent, and instead the fibre was thinning until the whole fibre
had dissolved.

In Figure 6, the diameter changes of fibres in SW and DISS are compared. In DISS, it was observed
that the diameter was decreasing linearly over time. In the case of SW, a non-linear increase of the
outer fibre diameter was noticed, accompanied by a decrease of the core diameter. The high swelling
rate at the beginning was decreasing over time. When the fibre was completely swollen and no core
was left, the swelling stopped. In Figure 7, the comparison of four solvents with different H,O/EtOH
mole ratios for a treatment time of 10 min is shown.

150

100 A

A Fibre in SW, outer diameter
A Fibre in SW, inner diameter
Fibre in DISS, diameter

50

AD [%]
o
L

-50

-100

-150 T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55

Time [min]

Figure 6. Fibre diameter changes (AD in %) depending on time in SW and DISS in in situ experiments.
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Figure 7. Fibre diameter as a function of H,O/EtOH ratios in CaCl,/H,O/EtOH mixtures after
10 min treatment.

An increased water amount and therefore higher H,O/EtOH mole ratios resulted in a higher
swelling rate. The critical value of the H,O/EtOH mole ratio where swelling starts is 2.5. Below
that value, no swelling was observed, but a higher dissolution rate was detected. These observations
support the dissolution mechanism of polymers as described above. As seen in Figure 7, the swelling
rate did not increase continuously with an increasing H,O/EtOH ratio, and it decreased again at high
water amounts. The explanation for this phenomenon could be visualised using the ternary phase
diagram (Figure 3). With increasing H,O/EtOH ratios, the solvent composition was shifted along the
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ethanol axes, from area II (dissolving leading to smaller fibre diameter) to area III (swelling leading to
bigger fibre diameter). However, with further increase of the water content, the solvent composition
was further shifted close to area I (no effect). In this case, water started to act as a coagulating agent
and thus prevented further diffusion of PA 6.6 chains into the solvent medium. Therefore, a smaller
increase in fibre diameter was observed (Figure 7).

3.2.2. Ex Situ Swelling and Dissolution Experiments with a Washing Step

In further experiments, the fibres were treated for definite time periods and then washed with
deionised water to remove the solvent. In order to identify possible chemical changes, the fibres were
characterised by infrared spectroscopy.

In Figure 8, FTIR spectra of virgin fibres and modified fibres using SW and DISS after the washing
step with deionised water are shown. It can be observed that all spectra are very similar, showing
characteristic peaks of PA 6.6. When CaCl, was removed by washing, decomplexation of the PA
6.6-CaCl, complex took place and the dissolved polymer was precipitated [23]. FTIR spectra in
Figure 8 indicated that there were no changes in the chemical structure of PA 6.6. fibres. In other
words, the decomplexation led to an intact PA 6.6 structure, comparable to the virgin one before
the treatment. Sun reported a shift of the amide I band to lower frequencies in the FTIR spectra
after forming a complex between polyamide and the CaCl, [24]. They evaporated the solvent after
treatment and thus CaCl, residues were expected to remain on the substrate. In our study, the fibres
were extensively washed with deionised water to remove solvent residues. Representative specimens
analysed for calcium with titrimetric determination showed no detectable amounts (data not given).
Hence, the FTIR spectra in this study indicate the complete decomplexation of the polyamide after
precipitation and washing with deionised water.

0,0
/'J T 930
\ f
0.1 3080 v
8 2860 /
3
2 0,2 t
8 2930
Q
<
1540
3300
0,3
—— modified with SW and washed
modified with DISS and washed
virgin PA 6.6 1635
04 b——r——t——1— :
3500 3000 2500 2000 1500 1000

Wave number [cm™]

Figure 8. FTIR spectra of virgin PA 6.6 fibre and modified fibres using SW and DISS respectively
after washing.

In the case of the fibre in SW, a swollen shell was observed under the light microscope, which
appeared to be in an equilibrium state of neither dissolved nor undissolved PA 6.6 adhering to the
surface of the bulk PA 6.6 of the core region. This shell was returning to an undissolved state after
removing the solvent by washing with deionised water. Observations under the microscope after
washing still showed the swollen shell and the core region. The completely dissolved proportion of
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PA 6.6 was precipitating in the form of small particles, which caused turbidity of the solution in the
washing step. Furthermore, the treated and washed fibres exhibited a rougher surface all over the fibre
compared to the untreated fibres. In the case of the fibres in DISS, a swollen shell was not observable
under the light microscope and thus it appears that dissolved PA 6.6 was dispersed in the solvent. With
the addition of water, the dissolved PA 6.6 also precipitated in the form of small particles. The turbidity
of the solution was much higher because of the precipitation. The fibres still had a smooth surface but
some of the precipitated particles were retained at the surface of the treated fibres.

In Figure 9, the diameter changes vs time are illustrated for the fibres in DISS and in SW after the
washing step. For the fibres in SW, measurements were carried out until a treatment time of 15 min.
After longer treatment times, the fibre strength was too low to withstand the washing procedure
and the fibres broke or deformed, and therefore no diameter measurements were possible. In DISS,
measurements were only possible until a treatment time of 35 min. Tables with the detailed values
listed can be found in the Supplementary Information (Tables S3 and S4).

100 -
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404
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A - A= Fibre in SW and washed, inner diameter
U S Fibre in DISS and washed, diameter
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T S o { -

-5 0 5 10 15 20 25 30 35 40
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Figure 9. Changes in fibre diameter over time after washing.

3.3. Liquid Storage Capability

With the determination of the water retention value, the ability of fibres to absorb and retain
water is examined. To study the effect of the modification on the water retention value, a PA 6.6 fibre
bundle was modified with SW and DISS as described in Section 2.2.4.

Figure 10 shows the water retention values (WRV) of the modified fibres after different
treatment times.

The water retention value for the fibres treated with SW increased considerably with longer
treatment times. In contrast to this, the water retention value did not change significantly for the fibres
treated with DISS. The fibres treated with DISS showed WRV values between 14% and 16%, whereas
the virgin fibres exhibited a WRV of around 15%. After 3 min of treatment with SW, the WRYV rose to
ca. 26%, much higher than the WRV of the virgin fibres (Figure 10). After 10 min, the WRV reached
a value of ca. 109%. This indicates that the water retention value is well correlated to the size of the
swollen shell; as with longer treatment times, the shell size was also increasing (Figure 11).
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Figure 10. Water retention value vs time of treatment using DISS and SW.
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Figure 11. Water retention value vs diameter change in percentage after 10 min treatment with SW.

3.4. Surface Analysis by 3D Confocal Laser-Scanning Microscopy

The surface profiles of a virgin and modified fibre are shown in Figures 12 and 13, respectively.
The top half in each figure shows the surface, and the bottom half the roughness profile. The roughness
profile is used in determinations of the Ra (roughness parameter), which is the arithmetic average of

the vertical deviations along the surface profile.
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6,000 8,000 10,000 12,000 14,000 16,000 18,000 20,000 22,000 24,000 26,000 28,000 30,000

Figure 12. 3D confocal laser-scanning microscope picture of untreated PA 6.6 fibre and roughness profile.

0,000 2,000 4,000 6,000 8000 10,000 12,000 14,000 16,000 18,000 20,000 22,000 24,000 26,000 28,000 30,000 32,698

Figure 13. 3D confocal laser-scanning microscope picture of PA 6.6 fibre modified using SW and
roughness profile.

As seen in Figure 12, the surface of the untreated fibre is very smooth; as seen in Figure 13, the modified
fibre surface is very rough. The corresponding Ra values were 0.083 £ 0.037 um and 0.465 £ 0.059 pm,
respectively. This finding supports the proposed mechanism of dissolution and swelling. PA 6.6 in the
equilibrium state is reprecipitating unevenly and therefore introduces a high level of roughness onto the
fibre surface. In addition to the swollen shell structure, the higher roughness of the modified fibre may also
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contribute to the increased water retention value. However, it is difficult to assess the relative influence of
the two factors.

4. Conclusions

In this study, we investigated the effects of CaCl,/EtOH/H;0 on PA 6.6 fibres. Through
complexation, the PA 6.6 can be dissolved. Depending on the relative amounts of these three
components, the fibre-solvent interaction is different. It was found that the molar ratio between
water and ethanol and the amount of calcium chloride in the mixtures are key parameters. In solvents
with higher water amounts relative to ethanol, the fibres swell considerably [28]. On the contrary, in
solvents with higher ethanol amount and less water, the fibres are dissolved without the formation of
a visible gel-like layer. The treatment increased fibre swelling and surface roughness, and the modified
fibres showed a higher water retention. Further experiments on the sorption behaviour will be carried
out to study the modification process in more detail. This solvent system, CaCl, /EtOH/H;0, is more
benign than other known solvents for PA 6.6. It can be applied for defined PA 6.6 fibre surface
modification with different degrees of modification, but also for selective PA 6.6 fibre dissolution and
coagulation, e.g., in PA 6.6 fibre recycling. Through the introduction of a higher surface roughness by
controlled surface modification and the swollen shell structure, the modified fibres can be utilised for
storage and release of active substances.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4360/10/2/207/s1,
Table S1: Results of diameter measurements and the changes of the diameter in % for PA 6.6 fibres in SW; Table S2:
Results of diameter measurements and the changes of the diameter in % for PA 6.6 fibres in DISS; Table S3: Results
of diameter measurements and the changes of the diameter in %.for PA 6.6 fibres in SW after washing; Table S4:
Results of diameter measurements and the changes of the diameter in %.for PA 6.6 fibres in DISS after washing.

Acknowledgments: The authors gratefully acknowledge financial support from the Austrian Federal Ministry
of Transport, Innovation and Technology (BMVIT) to the Endowed Professorship Advanced Manufacturing
FFG-846932. We also would like to thank the government of Vorarlberg for the support of the publication.

Author Contributions: Barbara Rietzler, Thomas Bechtold, and Tung Pham conceived and designed the
experiments; Barbara Rietzler performed the experiments; Barbara Rietzler, Thomas Bechtold, and Tung Pham
analysed the data; Barbara Rietzler wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Peng, M.Y; Li, L,; Xiong, J.; Hua, K.; Wang, S.; Shao, T. Study on surface properties of polyamide 66 using
atmospheric Gglow-like discharge plasma treatment. Coatings 2017, 7, 123. [CrossRef]

2. Clarke, D.; Tyuftin, A.A.; Cruz-Romero, M.C.; Bolton, D.; Fanning, S.; Pankaj, S.K.; Bueno-Ferrer, C.;
Cullen, PJ.; Kerry, J.P. Surface attachment of active antimicrobial coatings onto conventional plastic-packaged
beef sub-primals. Food Microbiol. 2017, 62, 196-201. [CrossRef] [PubMed]

3.  Zanini, S.; Freti, S.; Citterio, A.; Riccardi, C. Characterization of hydro- and oleo-repellent pure cashmere and
wool/nylon textiles obtained by atmospheric pressure plasma pre-treatment and coating with a fluorocarbon
resin. Surf. Coat. Tech. 2016, 292, 155-160. [CrossRef]

4. Kim, J.; Kim, H.-S.; Park, C.H. Contribution of surface energy and roughness to the wettability of polyamide
6 and polypropylene film in the plasma-induced process. Text. Res. ]. 2016, 86, 461—471. [CrossRef]

5. Li, L, Peng, M.Y,; Teng, Y.; Gao, G. Diffuse plasma treatment of polyamide 6.6 fabric in atmospheric pressure
air. Appl. Surf. Sci. 2016, 362, 348-354. [CrossRef]

6. Schifer, J.; Hofmann, T.; Holtmannspotter, J.; Frauenhofer, M.; von Czarnecki, J.; Gudladt, H.J.
Atmospheric-pressure plasma treatment of polyamide 6 composites for bonding with polyurethane. J. Adhes.
Sci. Technol. 2015, 29, 1807-1819. [CrossRef]

7. Cui, N.Y,; Upadhyay, D.]J.; Anderson, C.A.; Brown, N.M.D. Study of the surface modification of a Nylon 6.6
film processed in an atmospheric pressure air dielectric barrier discharge. Surf. Coat. Tech. 2005, 192, 94-100.
[CrossRef]


http://www.mdpi.com/2073-4360/10/2/207/s1
http://dx.doi.org/10.3390/coatings7080123
http://dx.doi.org/10.1016/j.fm.2016.10.022
http://www.ncbi.nlm.nih.gov/pubmed/27889148
http://dx.doi.org/10.1016/j.surfcoat.2016.03.020
http://dx.doi.org/10.1177/0040517515580511
http://dx.doi.org/10.1016/j.apsusc.2015.11.166
http://dx.doi.org/10.1080/01694243.2015.1037380
http://dx.doi.org/10.1016/j.surfcoat.2004.03.006

Polymers 2018, 10, 207 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yu, HY,; Kang, Y,; Liu, Y.; Mi, B. Grafting polyzwitterions onto polyamide by click chemistry and nucleophilic
substitution on nitrogen: A novel approach to enhance membrane fouling resistance. |. Memb. Sci. 2014, 449,
50-57. [CrossRef]

Zhao, Q.; Gu, X,; Zhang, S.; Dong, M.; Jiang, P.; Hu, Z. Surface modification of polyamide 6.6 fabric by
microwave induced grafting with 2-hydroxyethyl methacrylate. Surf. Coat. Tech. 2014, 240, 197-203.
[CrossRef]

Shen, J.; Li, Y;; Zuo, Y.; Zou, Q.; Li, ].; Huang, D.; Wang, X. Characterization and cytocompatibility of surface
modified polyamide 6.6. ]. Biomed. Mater. Res. B 2009, 91B, 897-904. [CrossRef] [PubMed]

Kanelli, M.; Vasilakos, S.; Ladas, S.; Symianakis, E.; Christakopoulos, P.; Topakas, E. Surface modification of
polyamide 6.6 fibers by enzymatic hydrolysis. Process Biochem. A 2017, 59, 97-103. [CrossRef]

Periyasamy, S.; Krishna Prasad, G.; Chattopadhyay, S.K.; Raja, A.SM.; Raj Kumar, K.; Jagadale, S.
Micro-roughening of polyamide fabric using protease enzyme for improving adhesion strength of
rubber-polyamide composite. J. Polym. Eng. 2017, 37, 297-306. [CrossRef]

Roberts, M.; Jenekhe, S. Lewis Acid Complexation of polymers: Gallium chloride complex of nylon 6.
Chem. Mater. 1990, 2, 224-226. [CrossRef]

Roberts, M.; Jenekhe, S. Site-specific reversible scission of hydrogen bonds in polymers: An investigation
of polyamides and their Lewis acid-base complexes by infrared spectroscopy. Macromolecules 1991, 24,
3142-3146. [CrossRef]

Vasanthan, N.; Kotek, R.; Jung, WW.; Shin, D.; Tonelli, A.E.; Salem, D.R. Lewis acid-base complexation
of polyamide 6.6 to control hydrogen bonding, extensibility and crystallinity. Polymer 2004, 45, 4077—-4085.
[CrossRef]

Afshari, M.; Gupta, A.; Jung, D.; Kotek, R.; Tonelli, A.E.; Vasanthan, N. Properties of films and fibers obtained
from Lewis acid—base complexed nylon 6.6. Polymer 2008, 49, 1297-1304. [CrossRef]

Wu, Y.; Xu, Y.; Wang, D.; Zhao, Y.; Weng, S.; Xu, D.; W, J. FT-IR spectroscopic investigation on the interaction
between nylon 6.6 and lithium salts. J. Appl. Polym. Sci. 2004, 91, 2869-2875. [CrossRef]

Hattori, M.; Saito, M.; Okajima, K.; Kamide, K. Molecular Characterization of Nylon 6.6 and Its Dissolved
State in Mixture of Calcium Chloride and Methanol. Polym. ]. 1995, 27, 631-644. [CrossRef]

Hattori, M.; Saito, M. Thermal Geleation of the Nylon 6.6-Calcium Chloride-Methanol System. Polym. .
1996, 28, 139-144. [CrossRef]

Wyzgoski, M.; Novak, G. Stress cracking of nylon polymers in aqueous salt solutions, Part 2. J. Mater. Sci.
1987, 22, 1715-1723. [CrossRef]

Li, C,; Zhen, Q.; Luo, Z.; Lu, S. Effect of calcium chloride on the surface properties of Kevlar fiber. J. Appl.
Polym. Sci. 2015, 132, 41358. [CrossRef]

Liu, S.; Zhang, C.; Proniewicz, E.; Proniewicz, LM.; Kim, Y; Liu, J.; Zhao, Y.; Xu, Y.; Wu, J. Crystalline
transition and morphology variation of polyamide 6/CaCl, composite during the decomplexation process.
Spectrochim. Acta A. 2015, 115, 783-788. [CrossRef] [PubMed]

Dhevi, D.M.; Choi, C.W.; Prabu, A.A.; Kim, K J. Deterioration in mechanical properties of glass fiber-reinforced
nylon 6.6 composites by aqueous calcium chloride mixture solutions. Polym. Conipos. 2009, 30, 481-489. [CrossRef]
Sun, B. Study on the mechanism of nylon 6.6 dissolving process using CaCl, /MeOH as the solvent. Chin. J.
Polym. Sci. 1994, 12, 57-65.

Miller-Chou, B.A.; Koenig, J.L. A review of polymer dissolution. Prog. Polym. Sci. 2003, 28, 1223-1270.
[CrossRef]

Cuissinat, C.; Navard, P. Swelling and dissolution of cellulose, part I: Free floating cotton and wood fibres in
N-methylmorpholine-N-oxide-water mixtures. Macromol. Symp. 2006, 244, 1-18. [CrossRef]

Cuissinat, C.; Navard, P. Swelling and dissolution of cellulose, part II: Free floating cotton and wood fibres
in NaOH-water-additives systems. Macromol. Symp. 2006, 244, 19-30. [CrossRef]

Rietzler, B.; Bechtold, T.; Pham, T. Polyamide Fibres. Patent Application EP17162290.5, 22 March 2017.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.memsci.2013.08.022
http://dx.doi.org/10.1016/j.surfcoat.2013.12.003
http://dx.doi.org/10.1002/jbm.b.31472
http://www.ncbi.nlm.nih.gov/pubmed/19637374
http://dx.doi.org/10.1016/j.procbio.2016.06.022
http://dx.doi.org/10.1515/polyeng-2015-0541
http://dx.doi.org/10.1021/cm00009a006
http://dx.doi.org/10.1021/ma00011a017
http://dx.doi.org/10.1016/j.polymer.2004.03.074
http://dx.doi.org/10.1016/j.polymer.2008.01.038
http://dx.doi.org/10.1002/app.13495
http://dx.doi.org/10.1295/polymj.27.631
http://dx.doi.org/10.1295/polymj.28.139
http://dx.doi.org/10.1007/BF01132397
http://dx.doi.org/10.1002/app.41358
http://dx.doi.org/10.1016/j.saa.2013.06.056
http://www.ncbi.nlm.nih.gov/pubmed/23892342
http://dx.doi.org/10.1002/pc.20613
http://dx.doi.org/10.1016/S0079-6700(03)00045-5
http://dx.doi.org/10.1002/masy.200651201
http://dx.doi.org/10.1002/masy.200651202
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Mapping of Solvent Quality as a Function of Composition 
	In Situ Measurement 
	Measurement after Washing 
	Fibre Bundle Treatments 

	Analytical Methods 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Water Retention Value Determination 
	Confocal 3D Laser-Scanning Microscopy 


	Results and Discussion 
	Swelling and Dissolution Behaviour of PA 6.6 Fibres in CaCl2/H2O/EtOH Solvents 
	Microscopic Investigation of Swelling and Dissolving of PA 6.6 Fibres 
	In Situ Swelling and Dissolution Experiments 
	Ex Situ Swelling and Dissolution Experiments with a Washing Step 

	Liquid Storage Capability 
	Surface Analysis by 3D Confocal Laser-Scanning Microscopy 

	Conclusions 
	References

