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Abstract

As an environmentally friendly solvent, deep eutectic solvent has become a research hotspot for fiber modification in recent
years. In this paper, surface modification and functionalization of polyester fabrics (PET) were treated by the deep eutectic
solvent of choline chloride/oxalic acid (ChCl/OA) and chitosan-dissolved ChClI/OA (ChCl/OA-CTS). The surface morphol-
ogy, chemical structure, dimensional stability, mechanical properties, and antibacterial properties of PET before and after
treatment were compared, and the results showed that PET fiber swelling occurred by ChCIl/OA treatment, and fiber fineness
increased by 15.92%. Scanning electron microscope (SEM) indicated that the surface roughness of the fiber increased and
the surface etching occurred after washing and drying. Meanwhile, the adjacent fibers were “welded” to each other, resulting
in increased friction between the fibers and improved stability of the fabric size. Fourier transform infrared (FTIR), energy
dispersive spectrometers (EDS), and X-ray photoelectron spectroscopy (XPS) analysis showed that the chitosan was loaded
on the surface of PET fiber after ChCI/OA-CTS treatment, the hydrophilicity of PET fiber was improved, and the inhibition
rate of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) was 92.04% and 92.16%, respectively. In conclusion,
the PET was physically etched and reproduced, and the chitosan can be embedded in the fiber with the swelling of the fiber.
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1 Introduction

As anovel green solvent, deep eutectic solvents (DES) have
many unique chemical properties including low melting
point, biodegradable, easy synthesis, chemical structure
variability, and good solubility, which have been applied to
the surface modification of materials, polyester degradation,
extraction, separation, high-efficiency catalysis, and other
fields [1-4]. In recent years, the application of DES in fiber
modification has become a research focus. For example, Xu
et al. [5] used choline chloride/oxalic (ChCI/OA) as the DES
to etch the surface of cotton fabric, and the results showed
that the reactivity of cotton fabric was increased, and hydro-
phobic samples were firmly grafted on the fabric surface to
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obtain the durable superhydrophobic cotton fabric. Wang
et al. [6] used ChCI/OA to treat the surface of polylactic acid
(PLA) fiber. Hydrogen bond receptors and donors of DES
can interact with the active sites and chemical bonds on the
molecular chain of PLA, which can result in the changes
of chemical structure and microstructures and achieve the
surface reengineering and control of hydrophilic and hydro-
phobic properties of PLA fiber. The experimental results
showed that the roughness, reactivity, and hydrophily of
the PLA surface were improved. Importantly, the excellent
hydrophilicity of PLA fabrics can increase the adsorption
and diffusion of dye molecules on the surface of the fiber,
the original dyeing “boundary layer” was broken, and the
dyeing energy resistance was reduced, showing an excellent
dyeing performance in a low temperature.

Due to high crystallinity, strong mechanical properties,
wear resistance, tensile resistance, and wrinkle resistance,
Polyester (PET) is one of the most widely used and highest-
yield synthetic fibers, and the production exceeds 80% of
the total production of chemical fibers [7]. However, the dis-
advantages of chemical inertness, and low moisture regain
result in the poor properties of hydrophilic, hygroscopic,
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antistatic, and dyeing, which influence comfort properties,
and functional applications of PET textiles [8]. Hence, the
development of PET modification technology is particu-
larly important. Compared with conventional copolym-
erization and blending, surface modification of PET is a
usual approach due to the advantages of simple process,
and designability [9—12]. At present, The conventional sur-
face modification methods of PET mainly include chemical
modification [13], alkali reduction [14], finishing, and coat-
ing [15]. However, the use of large quantities of chemical
reagents produces the generation of wastewater and breaks
the strength and softness of fibers. Therefore, it is of great
academic value to explore the green modification method
of PET fiber, which meets the needs of industry develop-
ment and creates significant economic and social benefits.
The currently used green modification technologies include
plasma modification [16] and radiation modification [17].
However, the above modification technologies must use spe-
cial equipment and the modified fibers have poor durability.
Therefore, it is urgent to develop novel green modification
technologies for PET fibers.

DES modification is a new method for modifying the sur-
face of PET. In our previous research [18], surface element
distribution, group composition, and micro-morphology
of PET fibers can be changed after DES modification. In
addition, the surface roughness, hydrophilicity, and wick-
ing ability of modified PET fibers can be increased. DES
can quickly dissolve the disperse dye prepolymer to prepare
high-efficiency and stable liquid disperse dyes to improve the
dyeing quality of PET fabrics [19]. Nevertheless, the previ-
ous study primarily examined the alterations in an individual
PET fiber and did not explore the impact of DES modifica-
tion on the structure and interaction among neighboring PET
fibers. Moreover, the surface functional modification of PET
fiber by DES was also not studied. Therefore, in this paper,
the PET fiber was modified by the deep eutectic solvent of
choline chloride/oxalic acid (ChClI/OA) and chitosan-dis-
solved ChCI/OA (ChCl/OA-CTS). Microstructure, chemical
structure, dimensional stability, mechanical properties, and
antibacterial properties of PET fibers were studied, and the
internal action mechanism of DES on PET fiber was also
expounded. The antibacterial mechanism of PET fibers after
modification of ChCI/OA-CTS was investigated.

2 Experimental Section

2.1 Chemicals and Materials

PET (78 g/m?, M, =40,000) was purchased from Xin-
feng Printing and Dyeing Co., Ltd. (Huzhou, China). Col-

ine chloride (ChCl), oxalic acid (OA), sodium hydroxide
(NaOH), sodium chloride (NaCl), and chitosan (degree of
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deacetylation >95%, M,,= 10 kDa) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Peptone, yeast powder, and nutrient agar medium were
purchased by Hangzhou Gaojing Fine Chemical Co., Ltd.
(Hangzhou, China).

2.2 Preparation of ChCl/OA and ChCI/OA-CTS

A mixture of chloride (ChCl) and ethylene glycol (EG), urea
(Ur), or oxalic acid (OA) with a certain mass ratio was added
to a three-mouth flask with a rubber stopper. Subsequently,
the mixture was stirred and heated at 100 °C until the solid
was dissolved and became a clear and transparent liquid.
Finally, the mixed solvent was stirred for another 1 h and
the deep eutectic solvents of chloride/ethylene glycol (ChCl/
EG), chloride/urea (ChCl1/Ur), and choline chloride/oxalic
acid (ChClI/OA) were obtained, respectively. The differ-
ent acid-alkalinity and mass ratios of DES were optimized.
As shown in Fig. Sla, the contact angles (CA) of PET fib-
ers fell from 141.86° to 115.54° after ChCl/OA treatment,
while the CAs of ChCI/EG and ChCl/Ur-treated PET fibers
were 130.69° and 127.99°. Furthermore, the mass ratio of
ChCl and OA was also optimized (Fig. S1b). It can be seen
that CAs of ChCl/OA-treated PET declined and reached a
minimum value (115.54°) at a mass ratio of ChCl and OA
was 1:3 (Fig. S2). As shown in Fig. S2, ChCl/OA exhibited
colorless and transparent.

Chitosan (0.5 g) was dissolved by ChCI/OA (50 mL), and
chitosan-dissolved ChCl/OA (ChCI/OA-CTS) was obtained.

2.3 Modification of PET

PET was immersed in ChCI/OA with a mass ratio of 30:1 at
90 °C for 30 min [20]. Subsequently, the PET was washed
with deionized water to remove the residual ChCI/OA and
dried at 70 °C. Finally, the modified PET fiber was obtained
(W-PET).

As shown in Fig. 1, the PET fiber was immersed in ChCl/
OA-CTS (1 wt%) under the same conditions as W-PET [21,
22], and the obtained sample was marked CTS-PET.

2.4 Characterization

The surface morphologies of PET, W-PET, and CTS-PET
were observed by scanning electron microscope (SEM,
S-4800, Hitachi, Japan) with a 2.0 X 103 magnification at an
accelerating voltage of 5.0 kV. Before the SEM-EDX test,
the surface of the sample was treated with the gold deposit in
a vacuum for 1 min. The SEM with energy dispersive X-ray
spectrometry (EDS) was used to perform surface elemental
mapping and determine the surface elemental composition
of CTS-PET. PET and CTS-PET were washed with ethanol
and the functional groups were characterized by a Fourier
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Fig.1 Preparation process of CTS-PET

transform infrared spectrometer (FT-IR) with an ATR mod-
ule (Prestige-21, Shimadzu, Japan). The transmittance of the
infrared in individual samples of the substrate was recorded
from 4000.0 to 600.0 cm™! at a resolution of 2.0 cm™! for
infrared spectra. The crystalline structures of prepared PET
and W-PET fibers were analyzed by X-ray diffraction (XRD,
DS, Bruker, Germany) equipped with Cu K radiation (40 kV
and 200 mA) in a 20 between 5° and 65°. X-ray photoelec-
tron spectroscopy (XPS) was used to identify elements, and
chemical valence states of PET and CTS-PET in a system
equipped with a Thermo Scientific K-Alpha electron ana-
lyzer (Kratos Co., UK). XPS was performed with 1486.6 eV
Al Ka excitation radiation, operated at 12 kV and 15 mA.
And the C1S line at 284.6 eV was set to the binding ener-
gies. The breaking strength of PET and W-PET fibers was
tested by an electronic fabric strength tester (YG (B) 026G,
Darong Textile Co., Ltd, China) according to the standard:
GBT 3923.1-2013, and each group of samples was measured
three times to obtain the average value. The contact angle
(CA) of static water droplets (5 pL) was measured using the
contact angle meter equipped with a CCD camera (OSA-60,
LAUDA, Germany), and each group of samples was meas-
ured three times to obtain the average value. According to
the previous related research, the antimicrobial properties of
PET and CTS-PET fibers were compared [23]. Specifically,
Escherichia coli (ATCC 43895) and Staphylococcus aureus
(ATCC 6538) were added to the saline solution (4 mL) at the
vortex for 10 s to mix well. Subsequently, the above bacte-
rial solution was diluted 10,000 times, and the above-diluted
bacteria solution (0.02 mL) was added to the surface of the
samples and maintained for 1 h. Finally, the sample was
added to the saline solution (5 mL) and dispersed by the vor-
tex for 10 s. 0.1 mL dispersed bacterial culture medium was
coated on the surface of the solid medium at 37 °C for 24 h.
The clump counts were counted, and each group of samples
was measured three times to obtain the average value.

The weight loss ratio of W-PET was calculated by Eq. (1).
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where the wl is the weight loss ratio of W-PET, m, is the
weight of PET fibers, and the m, is the weight of W-PET.

PET and W-PET were dried at 50 °C after ultrasonic
treatment for 60 min. The area loss rates of samples were
calculated by Eq. (2).

So — 51

sl(%) = x 100% )

So
where the sl is the area loss rates, s, is the area fabric without
ultrasonic treatment, and s, is the area fabric after ultrasonic
treatment.

3 Results and Discussions

3.1 Preparation and Characterization of PET
and W-PET

After modification of ChCl/OA, the surface morphologies
and crystalline state PET fibers were studied. As seen in
Fig. 2a, b, the surface of the PET fiber was smooth and
had a about diameter of 8.99 pm. The surface of W-PET
was etched and surface roughness increased. Meanwhile,
the diameter of W-PET (11.13 pm, Fig. 2c, d) increased
by about 23.80% as compared with PET, showing a similar
swelling effect to that of traditional chemical agents with a
high temperature (140 °C) [24]. It is attributed that the ChCl/
OA can cause the fiber to swell, enhance the molecular chain
mobility, and produce a larger free volume. The change of
crystalline structures of PET and W-PET were verified by
XRD analysis. As shown in Fig. 3, the XRD spectrum of
PET exhibited characteristic peaks at 20=16.4°, 22.7°, and
25.2°, corresponding to the (010), (110), and (100) crystal-
lographic planes [18], respectively. Compared with PET, the
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Fig.2 SEM images of a PET, ¢
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Fig.3 XRD curves of PET, and W-PET fibers

characteristic peaks of W-PET were similar to PET, indicat-
ing that the original crystalline structures of PET not be
destroyed.

After ultrasonic treatment, the dimensional stability of
PET and W-PET was studied and the result was shown in
Fig. 4a, b. In Fig. 4a, PET appeared to slip, fall off, and
deformation under the mechanical effects and sound cavi-
tation of ultrasound. Meanwhile, the area loss of PET
reached (43.72 +0.76) %, while W-PET was not affected by
ultrasonic waves, exhibiting excellent dimensional stabil-
ity. SEM images (Fig. 4c) of W-PET were used to explain
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the excellent dimensional stability of W-PET. As shown in
Fig. 4c, the surface of PET was smooth and had large spaces
between the fibers, while the surface of W-PET was etched
and a large number of “welding points” between the fib-
ers appeared, preventing the slip, fall off, deformation of
W-PET. This phenomenon can be attributed to the neighbor-
ing fibers of PET were swelled in the process of ChCI/OA
treatment, and the surface of PET fibers was reconstructed
after moving to the water phase, and the adhesion between
fibers occurred. Compared with traditional thermal bonding
[25], coating [26], chemical [27], and other methods, DES-
treated fibers exhibited better dimensional stability and had
a green, efficient convenient processing.

Mechanical properties are the key indexes to evaluate
the performance of textiles. In this paper, the mechanical
properties of PET and W-PET were compared in Fig. 4d.
The breaking force of PET was (448.6+9.98) N, while the
breaking force of W-PET increased to (521.4+7.20) N.
Meanwhile, elongation at break of W-PET also increased
by (27.25+1.04) %. The above results indicated that the
resilience of W-PET was better than PET. This is attributed
to the fact that the adhesion between the fibers can increase
the force of friction to improve the mechanical properties
of W-PET.

3.2 Characterization of CTS-PET
Functional groups of PET, W-PET, and CTS-PET were

characterized by FT-IR-ATR, and the results were shown in
Fig. 5a. The absorption peaks at 3030 and 2860 cm™!, were
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Fig.4 Photos of ultrasonic
treated a PET and b W-PET, ¢
SEM images of W-PET, and the
d curves of elongation at break
of PET and W-PET

Ultrasonic Processing

400W, 60min

Ultrasonic Processing

400W, 60min

assigned to stretching vibration absorption peaks of C—H on
the benzene ring. The peaks at 1712 and 1242 cm™! were
assigned to the stretching vibration of C=0, and —COO-,
respectively. Besides, an obvious stretching vibration
absorption at the peak of 722 cm™! was assigned to the sub-
stituent on the benzene ring [28, 29]. Compared with PET,
no new absorption peaks appeared in W-PET, indicating
the chemical structure of the PET surface did not change
after modification of ChCIl/OA. Furthermore, in the FT-IR
of CTS-PET, an absorption peak at 3430 cm™' was assigned
to stretching vibration absorption peaks of NH, [29, 30],
indicating that PET had been successfully modified by ChCl/
OA-CTS. The EDS analyses of CTS-PET were shown in
Fig. 5b. It can be seen that the element of N was observed,
which was attributed to the introduction of chitosan. XPS
spectra of PET and CTS-PET were shown in Fig. Sc—e. It
can be clearly seen that a new peak of CTS-PET located
at 400 eV can be assigned to the nitrogen element (N) as
compared with PET in Fig. 5c [31]. By peak-differentiating
and imitating, C 1s peak of PET could be fitted to three
lines shapes with the binding energy at 283.88, 285.58, and
287.78 eV, which exhibited the presence of C*-C, C*-0O,
and C*=0. Compared with PET, C 1s spectra of CTS-PET
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can be deconvoluted into four distinct peaks at 283.88,
285.58, 287.78, and 287.58 eV. Importantly, the peak at
287.58 eV was attributed to C-N [30], which indicated that
PET had been successfully modified by ChClI/OA-CTS.

3.3 The Hydrophilic and Antibacterial Properties
of CTS-PET

In general, PET and its textiles are prone to hydrophobic
fabrics because they have a large number of ester groups in
their structure. In Fig. 6, the wettability of the PET fabrics
and CTS-PET fabrics was studied by measuring the static
water contact angle (CA). Compared with PET, the CA of
CTS-PET was 0°, exhibiting excellent hydrophilicity. This
phenomenon can be explained that chitosan contains a large
number of hydrophilic functional groups (hydroxyl and
amino), resulting in a hydrophilic surface of CTS-PET after
modification of chitosan.

The antimicrobial properties of PET fabrics modified
with chitosan were tested using the oscillation method (GB/
T20944.3-2008). The growth of S. aureus and E. coli was
shown in Fig. 7. A large number of bacteria were grown in
the Petri dishes of the PET fabrics (Fig. 7a, c), indicating
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the lack of antibacterial effect of these fabrics on E. coli and
S. aureus. The CTS-PET fabrics showed some degree of
bacterial reduction against E. coli and S. aureus; the antibac-
terial rate was 92.16% for S. aureus and 92.04% for E. coli.
Surface grafting [32], coating [33, 34], and other forms of
chemical modification [22] were often applied to the anti-
bacterial modification of polyester fabrics. However, the
above chemical modification had the disadvantages of poor
chemical stability, low durability, poor washing fastness,

@ Springer

10s 20s

i 142.6 ° ﬂ 141.5° ﬂ 141.3°

10s 20s

46.2 °

environmental pollution, and poor antibacterial properties.
The chitosan-treated PET fabrics had better antibacterial
properties. Since the chitosan treatment changed the surface
of the fabrics, the physical absorption of the CTS-PET on
the surface of the fabrics increased. Chitosan on the surface
of CTS-PET played a vital role in the antibacterial activity,
because the amino group of chitosan adsorbs H to form
NH;* under acidic conditions and adsorbs the negatively
charged microbial cell wall, causing the cell wall to dissolve
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Fig. 7 Antibacterial properties of the (a E. coli, ¢ S. aureus) PET, and
(b E. coli, d S. aureus) CTS-PET fabrics

and rupture [35]. More importantly, the antibacterial modi-
fication method described in this paper is green and effec-
tive, making up for the shortcomings of the above chemical
modification.

ChCI/OA-CT

treatment

CTS-PET

Fig.8 Preparation mechanism of CTS-PET

3.4 Preparation Mechanism of CTS-PET

In this paper, PET was high-efficiency modified by ChCl/
OA-CTS, which can reduce the use of chemicals and achieve
energy conservation and emission reduction. The prepara-
tion mechanism of CTS-PET was studied (Fig. 8).

As shown in Fig. 8, strong hydrogen bonding forces of
ChCI/OA-CTS can effectively attack the ester-based carbon
in PET fibers, resulting in cleavage of fiber macromolecules,
and swelling of fibers. Afterward, chitosan effectively enters
the amorphous region of PET fibers while filling the junc-
tions and etching points embedded between fibers, endow-
ing better antibacterial and hydrophilic properties. Finally,
surface reconstruction between CTS-PET fibers was realized
in the water phase, the chitosan was closed to the surface of
the CTS-PET, and the CTS-PET fibers were tightly bonded,
leading to a better washing fastness of CTS-PET.

4 Conclusions

The objective of this study was to develop functionalized
PET fibers with improved antibacterial and hydrophilic
properties using a compound solution of ChCI/OA-CTS. The
experiment results showed that the surface roughness of PET
increased, PET fibers swelled and the diameter increased by
15.92%, the adhesion between the PET fibers appeared on
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the PET surface, and the dimensional stability of the PET
fabrics was improved. FT-IR, EDS, and XPS indicated that
chitosan was successfully grafted on the surface of CTS-
PET. The CA of CTS-PET decreased from 142.3° to 0°, and
the inhibition rates of E. coli and S. aureus were 92.04% and
92.16%, respectively. This work provides a simple, efficient,
and green strategy for the modification of textiles.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12221-024-00468-w.
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