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Abstract:

In this study, ultrasound energy was applied to assist the alkali hydrolysis of polyethylene terephthalate (PET) fabric,
and then, the results were compared with those of the mechanical oscillating method, which was used as the control.
The effects of various factors such as the sodium hydroxide concentration, the dosage of dodecyl dimethyl benzy!
ammonium chloride (DDBAC), and the frequency on the weight loss of the PET fabrics were systematically inves-
tigated. The surface appearance and microstructures of the treated fibers with different methods were analyzed
using a scanning electron microscope and X-ray diffraction, respectively. The results showed that DDBAC played a
prominent accelerating role in the hydrolysis of the PET polymer, and the frequency had a great influence on the
weight loss of the PET fabric. Ultrasound with a frequency of 60 kHz showed a similar decomposition rate as the
control, resulting in similar weight loss, which was the highest value among the three frequencies (20, 60, and
80 kHz). In addition, the application of ultrasonic energy led to more pits on the fiber surface, a smaller average
grain size, and decreased crystallinity of the treated fibers, while the mechanical oscillating method resulted in
slightly increased crystallinity. By comparing the KIS value of the dyed fabrics with two commercial disperse
dyes, we found that the treatment method had no obvious correlation with the color depth of the treated fabric.
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1. Introduction

Alkali treatment of polyester fabric will cause the reaction
between the hydroxyl ions in solution and the electron-deficient
carbonyl carbon in the polymer chain, resulting in the hydrolysis
of the ester groups into the carboxyl and hydroxyl end-groups
(Scheme 1). As a result, the weight of the fiber is lost, the
diameter of the fibers is reduced, and the surface and proper-
ties of the fiber are also modified. It is universally acknowledged
that the undesirable characteristics of polyethylene terephtha-
late (PET), such as its hydrophobicity, the optical effects of its
smooth surface, and its rigid handle, will be improved, giving it
good drapability, luster, and soil release properties [1-3]. There-
fore, the alkaline treatment of polyester fabric has often been
referred to as silk-like finishing, which has been widely adopted
in the textile industry. Reports have shown that the static charge
generation and pilling tendency will be reduced, particularly
when the degree of weight loss is controlled between 15 and
25% [4].

Numerous studies regarding the alkali hydrolysis of polyester
fibers have been published, which have mainly focused on the
changes in structure and properties of PET fibers, mechanism,
kinetics, and the effect of conditions and additives [5—11]. In
addition, by activating the surface of the PET fabrics through
alkali hydrolysis, polyester fibers have been simultaneously sub-
jected to various functional finishing treatments such as antimi-
crobial and UV protection with TiO, nanoparticles and silk-fibroin

coatings for increased hydrophilic properties [12,13]. Lee [14]
and Cho and Kim [15] constructed a superhydrophobic surface
by introducing nano-roughness to the surface of the polyester
fabric by using alkaline hydrolysis. Yang et al. found that alkali-
treated PET nanofibers, which are negatively charged due to the
carboxyl end groups, can have remarkable antibacterial proper-
ties [16]. Recently, the alkaline hydrolysis method has gained
increasing attention in the field of chemical recycling of PET
fabrics because of the freedom of organic solvents and tolerance
for PET mixed waste streams including copolymers [17,18].

In order to reduce the concentration of alkali, treating time and
temperature, the phase transfer agent (PTA) was applied to
facilitate PET alkaline hydrolysis in milder reaction conditions
with temperatures between 70 and 95°C and atmospheric pres-
sure. Kosmidis et al. used trioctylmethylammonium bromide
as a PTA in alkaline hydrolysis [19]. Subsequently, other
PTAs including quaternary phosphonium, ammonium salts,
and tetrabutyl ammonium iodide were reported for PET alkaline
hydrolysis [20—22]. Besides, ultrasound has been reported as
alternative energy for PET alkaline hydrolysis, which could
enhance the diffusion of water into the PET matrix by causing
PET structural relaxation, resulting in higher reaction rates than
those exhibited for traditional heating process alone [23]. The
kinetic characteristics of alkali hydrolysis between with and
without ultrasound were compared with each other [24-26].
The results indicated that the ultrasound did not alter the
intrinsic mechanism and activation energy of the alkaline
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Scheme 1. Alkaline hydrolysis reaction of PET fiber.

hydrolysis reaction, and the enhancement of reaction rate was
attributed to the increased number of collisions between PET
and the alkali molecules produced by the ultrasound-generated
cavitation.

Until now, no detailed investigation has been conducted on the
effect of ultrasonic application on the microstructure and prop-
erties of treated polyester fibers. In this study, PET fabrics were
subjected to ultrasound-assisted alkaline treatment with varied
frequencies. We then explored the effect of alkali concentration
and ultrasonic frequency on the weight loss of the PET fabric in
the presence of varied concentrations of dodecyl dimethyl
benzyl ammonium chloride (DDBAC). Under a chosen condi-
tion, the weight loss of ultrasound-assisted PET fibers treated with
different frequencies was compared with that of the mechanical
oscillation method, which was used as the control treatment. In
addition, the appearance of the fiber surface, the bulk microstruc-
ture, and the dyeing properties of PET treated using different
methods were investigated and compared.

2. Experimental

2.1. Chemicals and material

About 100% PET woven fabric with a warp and weft density of
21 x 16 yarns/cm was used in this article and the fabric weight
of 205 g/m?. The warp was of the same type of set textured yarn
(96 filament/300 Denier) as the weft. The PET fabric was sta-
bilized with hot air.

Two commercial disperse dyes, C.I. Disperse Blue 79 (200%)
and C.l. Disperse Red 167 (100%), were provided by Zhejiang
Runtu Chemical Co., Ltd. (Shaoxing, Zhejiang, China). A cationic
surfactant, DDBAC used as the accelerating agent (52% active
ingredient), was provided by Jiangsu Haian Petroleum Chemical
Factory (Haian, Jiangsu, China). Sodium hydroxide and acetic
acid were purchased from Aladdin Reagent Co., Ltd (Shanghai,
China) and were of analytical reagent grade.

2.2. Alkali treatment process

Precisely weighted polyester fabric (0.1 mg) was placed in a
bath containing a certain concentration of sodium hydroxide with
and without the addition of an accelerating agent (DDBAC) under
a liquor ratio of 30:1. This alkali treatment was performed using an
SCQ-9201-type numerical control ultrasonic cleaning machine
(Shanghai Shengyan Ultrasonic Instrument Co., Ltd., Shanghai,
China) or an L-12C/L-24A-1 mechanical oscillating dyeing machine
(Xiamen Rapid Precision Machinery Co., Ltd., Xiamen, China).
When the temperature was increased to 95°C, the PET fabric
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was placed in the bath and treated for a predetermined period at
a constant temperature. The treated samples were immediately and
thoroughly washed with water for complete alkali removal. The final
washings were assessed with pH paper until neutral. Finally, the
samples were dried.

2.3. Measurement of percentage weight loss

The treated PET samples were dried in an oven at 140°C for
30 min and then cooled in a P,O5 desiccator to room tempera-
ture. Then, the dried sample was accurately weighed. The
weight loss of PET fabric was calculated according to the fol-
lowing formula:

Wy - W,
Weight loss% = ! 2

W (1)

where W, and W, denote the weights of the control and treated
samples, respectively.

2.4. Dyeing procedure

The PET fabrics was dyed in the dyebath containing 1% (o0.w.f)
disperse dyes and 1 mL/L acetic acid with a liquor ratio of 30:1.
Dyeing was carried out in a laboratory dyeing machine (Rapid,
China), and the temperature of dyebath was raised from 70 to
130°C at a rate of 1°C/min and held for 45 min, and then
reduced to 80°C. The dyed polyester fabrics were cleaned
with an aqueous solution containing sodium hydroxide (2 g/L)
and disodium hydrosulfite (4 g/L) at 85°C using a liquor ratio of
30:1 for 15 min, and then rinsed [27].

2.5. Measurement of the color depth

The reflectance of the dyed PET fabric was recorded on a
Datacolor SF 600 spectrophotometer (Datacolor Corporation,
Lawrenceville, NJ, USA) under illuminant D65 via a 10° stan-
dard observer. The color depth of dyed fabric (K/S value) was
calculated according to the Kubelka-Munk equation:

- 2
KIS = %, 2

where R is the decimal fraction of the reflectance of dyed fabric,
K is the absorption coefficient, and S is the scattering coefficient.

2.6. Surface observations of the treated fiber

The fibers were attached to the sample table and subjected to
gold spray treatment for 140 s. The surface appearance of the
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alkali-treated fibers was observed by an SU 3800 scanning elec-
tron microscope (SEM [Hitachi Production Co., Ltd, Tokyo,
Japan)) at a scanning voltage of 10 kV, a temperature of 25°C,
and a relative humidity of 65%.

2.7. X-Ray diffraction (XRD) determination

The warp yarn was taken from the alkali-treated fabric and cut
into a powder. The XRD patterns of the fiber powder were col-
lected on Rigaku D/max 2550 VB/PC X-ray diffractometer (Rigaku
Company, Tokyo, Japan) under Ni-filtered Cu-Ka (40 kV, 40 mA)
radiation at a scanning speed of 5°/min with a step width 26 of
0.026° and a scanning angle of 5-70°.

3. Results and discussion

3.1. Effect of treatment conditions

By varying the concentrations of the alkali and the accelerating
agent (DDBAC), ultrasound-assisted alkali treatment was per-
formed under 60 kHz at 95°C for 45 min, and the weight loss of
the PET fabrics was measured, as shown in Figure 1. The
results demonstrated that the weight loss of the PET fabrics
was linearly proportional to the alkali dosage, which was con-
sistent with the quantitative relationship in the reaction
between PET and sodium hydroxide. With increasing con-
centration of accelerating agent (DDBAC), the slope of the
linear function between weight loss and alkali dosage was
enhanced. As the concentration increased to 3 g/L, the pro-
motion of the decomposition rate became prominent, after
which the degree of increase started to decrease. There-
fore, 25 g/L of NaOH and 3 g/L of DDBAC were chosen to
perform the subsequent studies.

Ultrasound-generated transient cavitation will vary with the fre-
quency, which tends to affect the alkaline hydrolysis of PET. At
the same temperature as above (95°C), ultrasound-assisted
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Figure 1. The effect of alkali dosage on the weight loss of the PET
fabric at different concentrations of accelerating agent.

http://www.autexrj.com/

35

30

25}

20 |

Weight loss/ %

60 kHz 80 kHz Control
Frequency/ kHz

1
20 kHz

Figure 2. Weight loss values of the PET fabrics resulting from different
frequencies and the control treatment.

alkali treatment of the PET fabric was performed for 45 min
under different frequencies, and the results were compared
with the control treatment, as shown in Figure 2.

The results showed that the ultrasound frequency had a great
effect on the hydrolysis rate of PET fibers, and the weight loss
of the PET fabrics decreased in the following order of 60 kHz >
80 kHz > 20 kHz, with values of 28.07, 23.70, and 20.63%,
respectively. Generally, the higher the ultrasonic frequency,
the greater the cavitation threshold. Low-frequency ultrasound
often produces a small number of large bubbles, as well as a
strong blasting force. By contrast, high-frequency ultrasound
will generate a greater number of smaller holes, resulting in a
reduced blasting force and better permeability. While Paliwal
et al. [23] demonstrated that the application of ultrasound was
not able to alter the hydrolysis mechanism or reaction activation
energy of PET polymer, the enhancement of the decomposition
rate was found to originate from the increase in the number of
collisions between PET and alkali molecules, which was caused
by ultrasonic cavitation. The above results indicated that a mod-
erate ultrasound frequency was more effective for increasing
collisions between PET and alkali molecules, resulting in a
greater PET polymer decomposition rate than under other ultra-
sound frequencies. This could be attributed to there being a
reasonable number of bubbles, as well as a suitable blasting
force and permeability as using a moderate ultrasound fre-
quency. By using the control method, a similar weight loss
(27.13%) as for the 60 kHz condition was obtained. Hence, an
additional investigation was performed to determine the depen-
dence of hydrolysis of the PET polymer on time during ultra-
sound-assisted and mechanical oscillating treatments, and the
results are presented in Figure 3.

With increasing time, the weight loss values of the two treat-
ment methods almost grew in parallel with each other. This
indicated that ultrasound-assisted alkali treatment under
60 kHz produced a similar frequency of collisions between PET
chain and alkali molecules as the control, resulting in a similar
PET polymer decomposition rate.


http://www.autexrj.com/

AUTEX Research Journal, Vol. 24, No. 1, 2024, 20230031, DOI 10.1515/aut-2023-0031

35

30 —=—60 kHz _

—e— Control
25+

20 |

15

Weight loss/ %

10 |

0 1 1 1 1 1 1
0 10 20 30 40 50 60

Time/ min

Figure 3. Dependence of weight loss of the polyester fabric on the
treatment time.
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3.2. Surface appearance of the PET fibers

An SEM was used to observe the surface appearance of the
treated PET fibers with different ultrasound frequencies, which
were then compared with the control and untreated PET fibers,
and the results are presented in Figure 4. Except for the fre-
quency, the other conditions were the same (i.e., 95°C, 45 min,
25g/L of NaOH, and 3 g/L of DDBAC).

It was found that the untreated PET fibers have a smooth surface
and a cylindrical shape, as shown in Figure 4(a). After hydrolysis,
many pits with varied sizes were observed on the PET fiber
surfaces, and the diameter of fibers became obviously smaller.
The appearance of pits was caused by the different decomposi-
tion rates of the PET chains within the crystal and amorphous
regions of fibers. By comparing the SEM graphs of treated fibers
by the different methods, a slight difference in the surface
appearance of the PET fibers was found. The number of pits in
the ultrasound-assisted treated fibers was slightly greater than

SU3800 10.0kV 5.3mm x3.00k SE

Figure 4. SEM images of the PET fibers: (a) untreated, (b) control, (c) 20 kHz, (d) 60 kHz, and (e) 80 kHz.
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Figure 5. XRD curves for the untreated and treated PET fibers.

that in the control. This was possibly attributed to the higher
diffusion of alkali into the amorphous regions of the PET fiber
under the application of ultrasound, compared with the mechan-
ical oscillating method. With increasing frequency, the density of
pits on the fiber surface appeared to increase, which derived
from the enhancement of penetration abilities of alkali, where
the ultrasound at 80 kHz had the highest permeability and pro-

duced the greatest density of pits.

3.3. XRD analysis

Figure 5 shows the XRD analysis results for the untreated and
treated PET fibers by the different methods under the same

Table 1. Crystallization parameters of the PET fibers

conditions (25 g/L of NaOH and 3 g/L of DDBAC at 95°C for
45 min).

Figure 5 shows that the treatment method had no effect on the
crystal structure of the PET fibers, and each treated fiber pre-
sented diffraction peaks at the same positions as the untreated
fibers, at 17.60°, 22.62°, and 25.69°. Using the multi-peak fitting
method, the parameters of the crystal structures of the PET
fibers were calculated, which are listed in Table 1. We found
that the alkaline treatment method affected the crystallinity of
the fibers. Compared with the untreated fibers, the application
of ultrasound produced a slight decrease in crystallinity and
average grain size, while the control method resulted in a slight
increase in crystallinity and average grain size. The result
regarding the change of crystallinity after ultrasonic treatment
was consistent with that revealed by Peng et al. and Wang et al
in studies on the ultrasonic treatment of wool and cellulose,
respectively [28,29]. It was illustrated that the ultrasonic energy
disrupted the orderly arrangement of polymer chains, and
relatively low frequencies such as 20 and 60 kHz led to lower
crystallinity than 80 kHz, due to a stronger blasting force. The
phenomenon that the crystallinity of the PET fibers was enhanced
by the mechanical oscillation method was similar to the results
obtained by Tavanai and Niu using a regular shaking bath. This
was due to the faster decomposition of the polymer in the amor-
phous region of the PET fibers than in the crystal region [1,5].

3.4. Comparison of color depth after dyeing

Two commercial disperse dyes, namely, C.I. Disperse Red 167
(100%) and C.I. Disperse Blue 79 (200%), were used to dye the
treated PET fabrics in a bath containing 25 g/L of NaOH and
3g/L of DDBAC at 95°C for 45 min. The absorption spectral

Treating Peak Peak Half-peak Integrated Grain Crystallinity (%)
methods parameters height (S7") width (°) intensity size (A)
Untreated fibers 010 2,380 2.07 268,719 39 49.78
110 1,322 1.94 139,992 42
100 2,189 1.90 188,249 44
Control 010 2,322 2.62 309,357 31 52.51
110 463 1.26 23,679 66
100 2,261 1.98 181,742 42
20 kHz 010 1,196 1.56 75,925 52 44.46
110 1,232 3.14 157,133 26
100 2,097 2.34 224,400 35
60 kHz 010 984 1.69 94,808 48 43.78
110 1,090 2.75 173,895 30
100 1,607 2.50 234,762 33
80 kHz 010 1,108 2.26 122,547 36 46.47
110 698 2.05 74,810 40
100 1,017 2.54 151,910 32
http://www.autexrj.com/ 5
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Figure 6. Absorption spectral curves of the dyed fabric in terms of K/S
values: (a) C.I. Disperse Red 167 and (b) C.I. Disperse Blue 79.

curves reflecting the relationship between the K/S value of the
dyed fabrics and the wavelength are shown in Figure 6.

For each of the dyes, the K/S values of the dyed PET fabric
varied slightly with the treatment method, but no obvious corre-
lation was found between the color yield and the treatment
method. Generally, the crystallinity of the fibers will affect dye
uptake because dyes will always diffuse into the amorphous
regions in fibers. The above results demonstrated that the
microstructure changes resulting from the treatment methods
had no prominent effect on the color yield of the dyed fabric. In
the case of red dye, the ultrasound-assisted treated fibers at
60 kHz obtained the highest K/S value, while the control had the
lowest value. However, for the blue dye, the control had a
similar color depth as the fibers treated at 80 kHz, which was
the highest value among the three ultrasound-assisted treated
fibers. This was possibly because other than crystallinity, other
factors such as weight loss, orientation degree of the polymer,
and surface appearance possibly influenced the color depth.

4. Conclusions

The ultrasound-assisted alkali treatment of PET fabric was
investigated in terms of weight loss of PET fabric, by varying

http://www.autexrj.com/

the concentration of alkali, dosage of DDBAC, frequency, and
treatment time, with the mechanical oscillating method used as
the control. The results showed that DDBAC had a great accel-
erating effect on the hydrolysis of the PET polymer, and the
weight loss varied with changes in frequency. The ultrasound-
assisted treatment with a frequency of 60 kHz showed a similar
hydrolysis rate as the control, resulting in similar weight loss,
which was the highest value among the three frequencies (20,
60, and 80 kHz). Both SEM and XRD analyses indicated that
more pits on the fiber surface, a smaller average grain size, and
decreased crystallinity of the PET fibers were produced by the
application of ultrasonic energy. The dyeing of the treated fab-
rics with two commercial dyes demonstrated that there was no
obvious correlation between the treatment method and the
color depth of the dyed fabric.
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