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ARTICLE INFO ABSTRACT

Keywords: Fluorescent whitening agent OB-1 (OB-1) has non-toxicity, chemical stability, exceptional heat resistance, and
Fluorescent whitening agent light stability, and it is widely used in plastic products. However, raw OB-1 is difficult to apply in textiles by
Polyester exhaustion process. The present investigation employed raw OB-1 without adding an auxiliary to bestow a
gsB'l whitening effect on polyester fabric in a sustainable medium of decamethylcyclopentasiloxane (D5). The Taguchi
Whiteness methodology was employed to optimize the whitening parameters. An L16 orthogonal array was utilized to

investigate the optimal conditions for whitening temperature, whitening time, and OB-1 mass, with four
whiteness levels. The signal-to-noise ratio was optimized using a larger-is-better approach to enhance the
parameter responses. The study analyzed the main effect and interaction plot of multiple factors. The findings
indicate that the temperature of the whitening process significantly impacts the whiteness of the polyester fabric
(P < 0.05), with a 98.4 % contribution percentage. Under the optimal conditions, a whiteness value of 109.9 was
observed for the polyester fabric. Subsequently, various analytical techniques, including FT-IR, SEM, TGA, and
XRD, were employed to characterize the treated fabric. The results indicate that using D5 medium was viable for
whitening polyester fabric. The study also examined the duration of washing and rubbing to determine their
whitening performance. The study evaluated the whitening efficacy of polyester fabric treated with recycled D5
medium and demonstrated its potential for application at the pilot scale in the textile sector.

1. Introduction

The fluorescent whitening agent (FWA) is an organic compound, and
it can absorb ultraviolet light (330-380 nm) and emit visible blue light
(400-450 nm) (Al-Sayed and Abdelrahman, 2021, Um, 2007). The
emitting blue light is complementary to the yellow light of the substrate,
resulting in a whitening effect. FWAs are widely used in textiles (Car-
damone and Marmer, 1995), paper (Murray, 1996), detergent, plastic,
food, cosmetics, and so on.

Generally, a white substrate has a property of little absorption of blue
light, which causes blue light insufficiency in the visible reflect light;
thus, the white substrate appears slightly yellowish and has an old
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feeling. In order to deal with this yellowish color shade, a whitening
treatment is applied to the textile, such as bluing whitening and chem-
ical bleaching. The addition of blue colorant in the textile is beneficial
for whitening, i.e., bluing whitening, but its effect is limited (Sfameni
etal., 2023, Vik et al., 2022). Meanwhile, because the bluing whitening
treatment reduces the total amount of reflected light, it darkens the color
of the textile. While chemical bleaching whitens textiles mainly through
the redox method to destroy the impurity colorant and accompanies
avoiding less fiber damage. Fluorescent whitening is an alternative
method to whiten and brighten the textile without fiber damage, such as
cotton, jute, silk, viscose, polyester, etc. (Taheri et al., 2019, Zhang et al.,
2022).
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Fluorescent whitening agent OB-1 (OB-1, Fig. 1a) is the best variety
of oxazole whitening agents. Since it has no toxicity, good chemical
stability, excellent heat resistance, and light stability, OB-1 is abun-
dantly used in plastic products (Kabir et al., 2014, Salas et al., 2019). In
addition, OB-1 is also ideal for the dope whitening of polyester fiber
owing to its washing fastness and whitening effect. However, wet pro-
cessing makes it hard to whiten polyester fiber because of its low solu-
bility and poor dispersion in water. OB-1 molecules have high planarity,
which makes the OB-1 molecules easily aggregate through the van der
Waals interaction forces (Saad et al., 2022, Shariful Islam et al., 2019).

In order to apply OB-1 in polyester fiber by exhaust method, the OB-1
raw powder was milled with surfactants to reduce the particle size of
OB-1, and the treated particle of OB-1 successfully whitened the poly-
ester fiber (Cai et al., 2023). However, it took about 4 h to prepare the
milled particles with many mass of surfactants, which hints that these
surfactants were discharged and caused a potential water pollution issue
after whitening treatment. Thus, an alternative sustainable wet process
of OB-1 whitening polyester is highly desired.

In recent years, decamethylcyclopentasiloxane (D5, Fig. 1b), rather
than alkane-based solvents, has recently been selected as a suitable
continuous phase medium for use in the reverse micelle dyeing tech-
nique (Hossain et al., 2022, Hossain et al., 2021). D5 may be recovered
and reused after the dyeing process by simply statically separating it
from the aqueous portion, which comprises water, ethyl alcohol, and D5
essentially (Saleem et al., 2023, Tang and Kan, 2020, Zhang et al., 2023).
Accordingly, many studies have described synthetic dyes in a D5 dyeing
system, but far less attention has been paid to the whitening of textile
fibers using D5. As a result, a new approach employing the D5 solvent to
increase the efficiency with raw OB-1 particles for whitening polyester
fiber (Fig. 1c) was experimented with, excluding surfactant application
to exhibit its sustainability.

The efficacy of whitening procedures is subject to multiple variables,
including the duration of the procedure, the temperature at which it is
conducted, and the quantity of whitening agent employed. Therefore, it
is imperative to establish a methodical framework for the design,
execution, and assessment of the process to achieve optimal outcomes.
The design of experiments, or DOE, is a method that systematically
determines the causal relationship between process inputs and outputs
(Hossain et al., 2021, Pervez et al., 2018). The Taguchi method is widely
regarded as a robust technique due to its utilization of an orthogonal
array (OA) design. The Orthogonal Array (OA) is a quantitative tool that
is utilized to identify the appropriate parameters and levels. Its appli-
cation reduces the number of trials, experiment duration, cost, and
human energy expenditure. The Taguchi methodology emphasizes the
signal-to-noise (S/N) ratio and variance (ANOVA) table analysis for
statistical significance determination. It employs a response table to
identify optimal conditions with the most influential factors. Confir-
mation tests have subsequently been employed to validate experimental
designs’ practicability (Morshed et al., 2020, Shafiq et al., 2018, Zhang
et al., 2022). While certain researchers have utilized Taguchi’s experi-
mental design approach to enhance the quality of the textile dyeing
process, there has been a relative lack of focus on the whitening process.
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Therefore, the current study aims to investigate the anhydrous
fluorescent whitening performance of polyester fabric with raw OB-1 in
D5 medium and to produce high whiteness via the optimization of the
exhaust method for the first time. The experiment optimization was
acquired using a sixteen Taguchi orthogonal array (L,¢) with four levels
and three parameters to ensure the replicability of this work. Finally, the
characterization of the treated fabrics was determined through analyt-
ical techniques, i.e., SEM, FTIR, TGA, and XRD.

2. Experimental
2.1. Materials

Fluorescent whitening agent OB-1 (raw powder) was supported by
Hubei Hongxin Chemical Co., Ltd, China. A scoured polyester knitted
fabric was supported by TST Group Holding Limited, China. Non-ionic
detergent (Luton 500) was purchased from Dalton UK Company. Deca-
methylcyclopentasiloxane (D5) was obtained from the Chinese manu-
facturer Jiangxi Bluestar Xinghuo Silicones Corporation.

2.2. Whitening process

The polyester fabric was whitened with varied raw OB-1 mass from
0.00125 to 0.05 % o.m.f (on mass of fabric) at a varied maintaining
temperature from 90 to 140 °C for a period of 0 to 120 min at various
liquor-to-goods ratios (liquor ratio) of 10:1 to 100:1 in D5 medium with
an infrared dyeing machine (Ronggui Huibao dyeing and finishing
machinery factory, Foshan, China). The temperature was increased at a
heating rate of 2 °C/min and decreased from 5 °C/min to 30 °C. After
whitening, the fabric was washed with alcohol at room temperature for
2 min to remove residual D5 in the treated fabric and subsequently
soaped in a solution containing 2 g/L of non-ionic detergent at a liquor
ratio of 50:1 at 95 °C for 15 min with the dyeing machine. Finally, the
sample was dried in an oven at 90 °C.

2.3. Characterization

2.3.1. Whiteness measurement

The whiteness of polyester fabric was measured randomly at 10
positions using the WI (CIE) method installed in a spectrophotometer
(Hangzhou Chnspec Technology Co., Ltd.) at a D65 light source and 10°
field of view. The average of 10 whiteness was expressed as the white-
ness value of the sample, and the whitening uniformity was character-
ized by the standard deviation of 10 whiteness values.

2.3.2. Particle size measurement

For the particle size measurement, the residual OB-1whitening so-
lution under the optimum conditions was centrifugalized for 5 min at
10,000 r min~! (Cence H1650, Hunan Xiang Yi Laboratory Instrument
Development Co., Ltd, China), and then the clean solution was examined
for the particle size of OB-1 by an analyzer (Nanotrac Wave II, Microtrac,
USA). For comparison, the particle size of OB-1 in water was also
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Fig. 1. Molecular structure of (a) fluorescent whitening agent OB-1, (b) decamethylcyclopentasiloxane, and (c) polyester.
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measured, where OB-1 was treated at 130 °C for 60 min in water, fol-
lowed by centrifugalization.

2.3.3. FTIR analysis

The FTIR analysis of the sample scissored into powder form was
carried out with a Fourier transform infrared spectroscopy (FTIR,
Nicolet iS5, Thermo Fisher Scientific, USA) in transmission mode.

2.3.4. SEM analysis

The sample’s scanning electron microscope (SEM) was assessed by a
field-emission scanning electron microscope (Philips SEM 515, Ger-
many). The sample for SEM measurement was coated with gold and
observed at 10 kV accelerated voltage.

2.3.5. TG analysis

The thermogravimetric analysis of the sample scissored into powder
form was carried out with a thermogravimetric analyzer (TGA/DSC1,
Mettler-Toledo, LLC, Shanghai, China) from 50 to 800 °C with a tem-
perature increment of 10 °C min >,

2.3.6. XRD analysis

The XRD analysis of polyester fiber scissored into powder form was
examined by a Rigaku Ultima III X-ray diffractometer with CuKa radi-
ation (A = 1.54056 A) (Tokyo, Japan). The XRD pattern of polyester
fiber was recorded from 5 to 80° of 20 with a step size of 0.02°.

2.3.7. Whitening performance duration

The whitening performance durations of washing and rubbing were
examined according to the ISO 105-C06: 2010 and ISO 105-X12:2001
standard methods, respectively.
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3. Results and discussion
3.1. Influencing factors

3.1.1. Whiteness influenced by whitening temperature

The polyester fabric was whitened in D5 medium at a liquor ratio of
25:1 with 0.03 % o.m.f of OB-1 at various temperatures of 90-140 °C for
60 min, and the whitening results are shown in Fig. 2a. Obviously, the
whiteness increased with an increase in whitening temperature. This
whitening tendency of polyester fabric with OB-1 in D5 is similar to the
disperse dyeing of polyester fiber (Yu et al., 2022). Compared to the 78.1
whiteness of the original polyester fabric, the whitening treatment at 90
to 120 °C slightly contributed to the whiteness, with values ranging from
81.7 to 93.6. While the whiteness dramatically increased to 108.8 at
130 °C, followed by a little decline at 140 °C. Thus, it indicates that
130 °C was the best temperature for the whitening. The polyester fiber
swelled well with increasing whitening temperature, and the OB-1
particles gradually dissolved in D5 (Zhang et al., 2022). Subsequently,
the dissolved OB-1 particles were transferred to the fiber surface and
migrated into the fiber interior until adsorption equilibrium. The OB-1
particles were dissolved better at high temperatures in a D5 medium,
producing fine OB-1 particles, which contributed to its even distribution
in PET and the fluorescent performance.

The particle size of OB-1 in D5 at 130 °C was too small to detect by
the analyzer, while the OB-1 particle can be detected in water at 130 °C
(Fig. 3a). The particle size of OB-1 in water mainly exists in two zones, i.
e., ranges from 459 to 1106 nm and 4800 to 5560 nm. Besides, the
particle size of OB-1 in D5 treated at 30 °C was too small to identify as
well, but it did not show a fluorescent effect (Fig. 3b). The possible
reason could be that the OB-1 was not dissolved in D5 at 30 °C due to the
low temperature, rather than its small particles suspended in the D5
medium after the centrifugalization. In other words, the aggregated OB-
1 particle resulted in a self-quenching.
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Fig. 2. Influence of (a) treating temperature, (b) treating time, (c) OB-1 mass, and (d) liquor ratio on the whiteness of polyester fabric treated by OB-1 in D5 medium.
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Fig. 3. Particle size analysis and fluorescent performance, (a) particle size of OB-1 in water and D5 and (b) OB-1 in D5 solvent at 30 °C (green) and 130 °C (blue).
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3.1.2. Whiteness influenced by whitening time

The polyester fabric was whitened in D5 medium at a liquor ratio
25:1 with 0.03 % o.m.f of OB-1 at 130 °C for various whitening times
from O to 120 min. The whitening results are shown in Fig. 2b. The
whiteness of the treated polyester fabric increased with the whitening
time extension. The whiteness reaches a maximum value of 108.8 with
60 min whitening time, i.e., the adsorption of OB-1 arrived at equilib-
rium. Compared with the disperse dyeing of polyester fiber in a D5
medium (Yu et al., 2022), this adsorption process is faster to equilibrium
due to its low mass of OB-1 usage. The whiteness of the samples that
were treated for more than 60 min slightly decreased and fluctuated.
Thus, the results imply that the whitening performance of polyester
treated at 130 °C for 60 min is satisfactory.

3.1.3. Whiteness influenced by OB-1 mass usage

The polyester fabric was whitened in D5 medium at a liquor ratio
25:1 with OB-1 mass varied from 0.00125 to 0.05 % o.m.f at 130 °C for
60 min, and the whitening results are shown in Fig. 2c. The whiteness of
polyester increased from 81.6 with 0.00125 % o.m.f to a peak value of
108.8 with 0.03 % o.m.f and gradually decreased to 105.1 with 0.05 %
o.m.f. Meanwhile, the treated samples gradually appeared green shade
(OB-1 powder color, Fig. 1c) when the amount of OB-1 used was larger
than 0.03 % o.m.f. The L*, a*, and b* values of the whitened samples are
listed in Table S1. The absolute a* values of treated samples increased
with an increase of OB-1 mass, which hints that the color shade of
samples gradually became more greenish because of excessive OB-1
molecules in the polyester fiber. Besides, the excessive OB-1 molecules
in the substance easily generated a high interaction between the mole-
cules and formed a multilayer (Zhang et al., 2022), causing a fluorescent
extinction or self-quenching, i.e., reduction of whitening performance
(Zhao et al., 2014). Therefore, it concludes that the OB-1 mass usage
should be less than 0.03 % o.m.f for whitening the polyester.

3.1.4. Whiteness influenced by liquor ratio

The polyester fabric was whitened in D5 medium at various liquor
ratios from 10:1 to 100:1 with 0.03 % o.m.f of OB-1 at 130 °C for 60 min,
and the whitening results are shown in Fig. 2d. Generally, the influence
of the liquor ratio on the whiteness is ignorable because the whiteness of
polyester fabric treated with a liquor ratio from 10:1 to 100:1 is little
fluctuation, which ranges from 107.7 to 108.8, and a maximum white-
ness is 108.8 at 25:1 of liquor ratio. In addition, an uneven whitening
performance was easily generated at a lower liquor ratio of 15:1, which
was characterized by the standard deviation in Fig. 4. The standard
deviation of whiteness of the sample treated at a 10:1 liquor ratio is 3.5,
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Fig. 4. Uneven whitening performance (standard deviation of whiteness
values) of polyester fabric whitened by OB-1 in D5 medium with various li-
quor ratios.

which hints at an uneven whitening performance. It is far from the other
liquor ratios, which are 0.4-0.9, indicating uniform whitening perfor-
mance on these fabrics (Lin et al., 2022). At a low liquor ratio, the
concentration of OB-1 in D5 was relatively higher, which easily pro-
ceeded the interaction between OB-1 molecules and then generated
multilayers (Zhang et al., 2022); thus, an uneven whitening phenome-
non occurred. While at a high liquor ratio, the concentration of OB-1 in
D5 was low. The OB-1 molecules were facilely adsorbed and desorbed
during the whitening treatment. Thereby, the samples whitened with a
high liquor ratio have better uniformity of whitening. In summary, due
to the whiteness and the even whitening performance, the liquor ratio
was fixed at 25:1 for the subsequent investigation, i.e., the orthogonal
experimental scheme.

3.2. Taguchi model analysis and validation

An orthogonal experimental scheme using an Ljg (4°3) array was
carried out to obtain the experimental data for the Taguchi analysis,
where the liquor ratio at 25:1 was fixed. Table S2 displays the values
and ranges of the parameters used in the orthogonal experimental
design. Followingly, the Ly (473) array of the orthogonal experimental
scheme and their whiteness and S/N ratio values are presented in
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Table S3.

3.2.1. S/N ratio assessment

Under Taguchi’s design, determining the best conditions is one of the
primary requirements for maximum whiteness. In this case, measuring
the signal-to-noise ratio (S/N) is crucial to the Taguchi method. The S/N
value revealed the distinctive nature of the final product. The S/N ratio
was calculated based on the characteristics’ deviation values from the
ideal result. The primary goal of this project was to develop sustainable
whitening based on the D5 medium.

Among the three possible S/N ratios, “the-larger-the-better” (Eq. (1)
was chosen since it was best suited to the goals of this investigation
(higher whiteness).

S/N =-10 log (:121;) ¢h)

where y; stands for the i run of the test in the orthogonal array design,
and n is the total number of replicates. Results from the responses are
shown in Table 1. The level with the greatest mean S/N ratio indicates
an ideal value for the factor. Furthermore, the delta statistics data were
used in the design of these response values. The results for the delta
statistics were calculated by subtracting the maximum and minimum S/
N ratios from the average values for each component. Then, the delta
features were assigned ranks, with 1 being the best, 2 being the next
best, 3 being the third best, and so on. The largest delta (3.31) was seen
for the whitening temperature (A), followed by the OB-1 mass (B) (0.22)
and the whitening time (C) (0.21).

Figure S1 also shows the major impacts plot of the process param-
eters for S/N ratios in the whiteness of polyester fabric. The productivity
of different process parameters is indicated by comparing their values to
a straight line. An insignificant effect on the whitening procedure is
indicated if a process parameter is close to the solid line. Contrarily, a
parameter with a steeper slope has a more significant impact on the
treatment procedure. Therefore, among the assessed factors, tempera-
ture (A) was demonstrated to have a statistically significant effect on
whiteness, while OB-1 mass (B) and time (C) had a very small impact on
whiteness. Since the greatest possible whiteness reflects the most effi-
cient whitening performance, the best circumstances are indicated as
A4B4C2, which resulted in the highest possible whiteness when utilizing
the Taguchi approach. Moreover, residual plot assessment, fittrd plot
assessment and interpretation plots are described in Text S1-S3.

3.2.2. ANOVA

The application of the Taguchi technique may determine the sensi-
tivity analysis of the variables. Because of this, analysis of variance,
often known as ANOVA, is the statistical method of choice when
attempting to differentiate between the effects of different levels and
variables on experimental outcomes. An ANOVA is used to identify the
process characteristics statistically crucial in whiteness efficiency and
their confidence level and interactions. A sum of squares (SS) distribu-
tion of measures was initially planned, with subtraction to be done using
SS factors obtained from the experiment results. The ratio of MS values
was utilized to calculate the F-value for Fischer’s test since it reveals the
most important factor in the model. The threshold for a meaningful p-
value is 0.05; therefore, only factors with a p-value below that will be
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considered. The results of the ANOVA are shown in Table 2 below. It is
shown that the temperature substantially influenced whiteness perfor-
mance, with an F-value as high as 255.65 and a p-value of 0.00 (sta-
tistically significant). As for other factors, such as OB-1 mass and
whitening time, the F-values were 1.11 and 0.98, respectively. However,
both factors were statistically insignificant (p-value > 0.05), as observed
by their p-values around 0.41 and 0.46, respectively.

Additionally, the percentage contribution (P%) of a factor or inter-
action between variables is the proportion of the overall variation in
experimental results that can be attributed to that component. The P% is
calculated by adding the squares of all the significant components in
question. It indicates a factor’s proportionate effect in reducing the
variance in the data. Suppose the amounts of the factors can be carefully
controlled. In that case, the total variance in an experiment may be
reduced by a value that is represented by the percentage contribution,
and this reduction would be possible (D’Souza et al., 2022). The P% data
for each factor is shown in Table 2. It is observed that the whitening
temperature contributed the most, with a P% around 98 %, OB-1 mass
contributed 0.43 %, and whitening time contributed 0.38 %, implying
that the whitening temperature most significantly influences whiteness,
followed by the Ob-1 mass and whitening time.

3.2.3. Validation

The Taguchi technique requires a validation test to be performed to
shed light on the findings obtained, and doing such a test is strongly
recommended for statistical approaches. The primary purpose of this
investigation is to establish whether or not the questionnaires and re-
plies are reliable. The results of the validation trials are detailed in
Table S4. After determining the parameters under which optimum
performance may be achieved, the following step is to validate whether
or not the process has been improved. Using MINITAB software, the
predicted values were calculated and determined. Consequently, the
experiment was carried out using the ideal parameters, and it was found
that a sufficient improvement in the S/N ratio had been attained. The
major objective of this study was accomplished, as shown by the fact
that the whiteness was increased (leading to an increase in the S/N ratio
of 0.089). According to these results, better performance might be
attained by utilizing an experimental design that consistently adheres to
statistical standards.

3.3. Mechanism of whitening PET fabric with OB-1 in D5 medium

At 130 °C of the whitening temperature, the OB-1 was dissolved well,
and PET fiber was adequately swelled. During the treatment process, the
PET fiber became soft and possessed more gaps between the polymer
chains, which was beneficial for OB-1 adsorption. The OB-1 was grad-
ually transferred to the surface of PET fiber from the D5 medium and
subsequently migrated inside the swelled PET fiber with a uniform
distribution in the gaps (Rowley et al., 2020). The adsorption continued
until equilibrium, i.e., no more OB-1 was absorbed in PET fiber. Next,
with a decrease in treating temperature, the swelled PET gradually
exhibited normally, accompanied by fixation of OB-1 in PET since the
gaps produced by swelling were closed. Finally, the OB-1 firmly existed
in PET fiber and exhibited a fluorescent performance (Mishra et al.,
2021).

Table 2

Table 1 ANOVA for S/N ratios of whiteness.
Response table for S/N ratios in whiteness.
Source DF SS MS F p- Remarks P (%)

Level A B C value
1 37.26 38.83 38.97 A 3 23.50 7.83 255.65 0.00 Significant 98.42
2 38.51 38.96 39.04 B 3 0.09 0.03 0.98 0.46 Insignificant 0.38
3 39.39 38.92 38.92 C 3 0.10 0.03 1.11 0.41 Insignificant 0.43
4 40.58 39.04 38.82 Residual 6 0.18 0.03 0.77
Delta 3.31 0.21 0.22 Error
Rank 1 3 2 Total 15 23.88
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3.4. Characterization

3.4.1. FT-IR analysis

The FT-IR spectra of OB-1, original polyester fabric (PET), and
polyester whitened in D5 with 0.0275 % o.m.f of OB-1 at 130 °C for 70
min (PET-OB-1) were shown in Fig. 5. The characteristic peaks of the FT-
IR spectrum of OB-1 at 1504 cm ™! and 1452 cm ™! were attributed to the
bending vibration bonds of C = C in the phenyl ring and at 844 cm ™! to
the vibration C-H bonds of the phenyl ring. The bending vibration bond
of -C = N (1420 cm™ 1) and the stretching vibration bond of -C-O (1242
em~! and 1055 cm™ 1) are identified in the literature (Pan et al., 2021).
The characteristic peaks of the ester linkage in PET are present at 1700
cm ! (stretching vibration band of C = O) and at 1087 cm~! and 1238
em ! (C-O-C stretching vibration band). The unreacted stretching vi-
bration of hydroxyl groups in PET exhibits weak broadband in the region
3437 cm! (Natarajan and Moses, 2012). The peak at 1504 em ! is
attributed to the symmetric structure of the benzene ring (Xiao et al.,
2009). The FT-IR spectrum of PET-OB-1 is similar to the PET’s because
the low concentration of OB-1 in PET was not identified.

3.4.2. Surface topography analysis

The surface topographies of the PET and PET-OB-1 fabric were
investigated by SEM and shown in Fig. 6. The SEM images of the original
polyester fiber exhibit an even and smooth surface (Fig. 6a), while the
surface of PET-OB-1 was stained with OB-1 particles without any erosion
(Fig. 6b) after the whitening treatment in the D5 medium. This phe-
nomenon can be ascribed to the OB-1 aggregation caused by its nonpolar
and flat molecular structure since, after treatment in D5, the surface of
polyester fiber is clean (Li et al., 2021).

3.4.3. Thermogravimetric analysis

The TG and DTG curves (Figure S2) were used to characterize the
influence of the dyeing process on the thermal stability of whitened
polyester fiber. The thermal decomposition behaviors of the polyester
before and after whitening are similar, in which thermal decomposition
occurred at 340 °C, the maximum decomposition rate was at 425 °C, and
arrived at a stable decomposition at 490 °C. However, the residual
weight percentage of polyester before whitening was slightly lower than
that after whitening, which possibly ascribed to the OB-1 in the poly-
ester and D5 solvent treatment (Cheng et al., 2021).

3.4.4. XRD analysis
The XRD peaks and their corresponding deconvolution of original
(PET) and OB-1 whitened (PET-OB-1) polyesters were shown in Fig. 7, in
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Fig. 5. FT-IR spectra of OB-1, PET, and PET-OB-1.
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which the diffraction peaks and shapes of both samples are similar. The
parameters of crystallinity are listed in Table S5. The interplanar spacing
(d), crystallite size (S), and crystallinity index (CI) were calculated by
Eq. (2) (Wang et al., 2019), Eq. (3) (Raza and Anwar, 2016), and Eq. (4)
(Liang et al., 2021), respectively. Where A is CuKa radiation, i.e., A =
1.54056 A; 0 is Bragg angle; p is the radian of full width at half maximum
(FWHM); Ac and A, are the crystallinity area and amorphous area of the
sample, respectively.

i))

d= = 2
2sinl; 2
0.891

= 3
Bcosd 3
Ac
1= 10
C A A x 100% 4)

The 20 of the main diffraction of crystallinity peaks for both samples
were around 17.4°, 22.8°, and 26.1°, and the interplanar spacing and
crystallite size are coincident with the previous report (Cheng et al.,
2021). Besides, the CI of PET and PET-OB-1 are 28.0 % and 29.9 %,
respectively, and CI values fit their XRD diffraction profile (Murthy
et al., 1994). The distinction of CI values is ignorable, indicating that
PET’s morphological structure was not changed by the OB-1 whitening
in the D5 medium (Li et al., 2021).

3.4.5. Whitening performance durations of washing and rubbing

After the washing test, the whiteness of the sample and the multifiber
fabric were measured and shown in Figure S3. First, the whiteness of the
sample after testing is close to that before testing, and it is the same as
the multifiber fabric (Fig. 8). Thus, it indicates that the washing duration
of the whitening performance of PET fabric was adequately stable, and it
impossibly caused a staining issue (Fan et al., 2022).

In addition, after rubbing testing (rubbing 60 times in 1 min), the
whiteness of PET fabric slightly decreased to 106.7 and 105.5 for wet
rubbing and dry rubbing from 108.8, respectively. Also, OB-1 stained
the cotton test fabric, and its whiteness changed from 70.5 to 72.2 and
decreased to 68.7 for the wet rubbing and drying rubbing, respectively.
It is interesting that the whiteness of cotton fabric decreased after
staining with a fluorescent whitening agent. The L* values of the test
cotton fabric in wet rubbing and dry rubbing were similar. However, the
a* and b* values of the cotton test fabric in dry rubbing is more negative
and positive than that in wet rubbing, respectively, i.e., the shade of
cotton test fabric after the dry rubbing is greenish and yellowish,
compared to that after the wet rubbing, which is listed in Table S6.
Furthermore, in the drying rubbing test, the OB-1 was transferred and
easily aggregated on the cotton test fabric’s surface, resulting in a
fluorescent self-quenching. While in the wet rubbing test, the water
content was beneficial for swelling the cellulosic fiber of the cotton test
fabric. The OB-1 molecules transferred from the whitened PET sample
were evenly distributed on the cotton test fabric; thereby, the shade of
the cotton test fabric exhibited a fluorescent performance, which is
shown in Fig. 8. Summerly, these factors changed the colorimetric
values of the cotton test fabric, slightly decreasing whiteness (Al-Ahmed
et al., 2023, Chowdhury and Pandit, 2022).

3.5. Whitening polyester fabric with recycled D5 medium

The residual whitening solution and soaped solution were collected
to recycle the D5 medium only by static separation for 48 h. The top
layer of clean D5 medium was obtained because the OB-1 dissolved in
residual whitening D5 solution was precipitated out in the aqueous so-
lution layer. The sequential recycle D5 medium was used to whiten the
polyester under the optimum conditions for investigating its stability,
and the whiteness is shown in Figure S4. The whiteness of the treated
PET fabric with a difference recycle number from O (fresh) to 5 is similar,
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Fig. 6. SEM images of (a) PET fabric with 2000 magnification and (b) PET-OB-1 fabric with 2000 magnification.
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Fig. 7. XRD patterns of the PET and PET-OB-1.

which promoted 108.8,109.4,109.1, 108.8, 108.2, and 108.6 from 78.1
of the untreated PET fabric, respectively. The standard deviation of
these whiteness values is 0.3760, indicating a high uniformity and
repeatable performance. In addition, the whitened samples are exhibi-
ted in Figure S5, which were detected in a color box under the

combination of UV65 and UV lights. It shows a brilliant shade on the
whitened PET fabrics. Thus, it concludes that the recycled D5 medium
can whiten PET fabric with OB-1 (Hayashi et al., 2021, Saleem et al.,
2021).

3.6. Environmental aspects of polyester fabric whitening in an organic
solvent medium

Utilizing a solvent medium with the potential for reuse in the textile
wet process can decrease chemical consumption and eliminate waste
effluents. Notably, significantly prosperous trials have been observed
recently when applying solvent in the dyeing procedure of textiles
(Alebeid et al., 2020, Saleem et al., 2021). Followingly, this study
implemented a sustainable method for whitening PET within a D5
environment.

The PET fabric was significantly whitened with OB-1 in D5 organic
solvent without adding textile auxiliaries, which are essential for the
aqueous whitening process, such as dispersing and leveling agents.
Traditionally, the dyeing of PET is a resource-intensive process with
difficult wastewater treatment problems (Xu et al., 2016). The elimi-
nation of auxiliaries reduces the pressure of wastewater treatment and
environmental hazards. Besides, the whitening PET in D5 is an anhy-
drous process, and it can reduce water consumption at least 6-10 times
the treating fabric weight, i.e., it decreases water pollution. Moreover,
the D5 organic solvent has the potential to be recycled for multiple
whitening cycles, with a five times recycling rate exceeding 99 %. Prior
studies suggest that approximately 70-80 % of textile effluent from the
traditional water-based medium can be reclaimed (Pei et al., 2021). The
environmental implications analysis indicated that solvent whitening of
PET, as a water- and effluent-free method, is valuable in improving

Fig. 8. Test fabrics detected under UV light in color box, (a) original multifiber fabric, (b) multifiber fabric after the washing test, (c) cotton test fabric after drying

the rubbing test, and (d) cotton test fabric after the wet rubbing test.
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environmental performance and economic sustainability.

Based on the aforementioned factors pertaining to the solvent
whitening procedure, it can be inferred that the newly developed eco-
friendly whitening technique represents a noteworthy approach to-
ward achieving a more pristine and purified production of PET.

4. Conclusions

The present study established a method for sustainable whitening of
polyester fabric using Ob-1 in a D5 medium, considering the environ-
mental issues currently affecting the textile industry. Subsequently, the
utilization of the Taguchi methodology facilitated the acquisition of the
most favorable conditions for whitening (A4B4C2), characterized by a
whitening temperature of 130 °C, a whitening duration of 70 min, and
an OB-1 mass of 0.0250 %, o.m.f. Subsequently, an ANOVA analysis was
conducted, which indicated that the primary factor responsible for the
observed outcome was the whitening temperature, accounting for 98.42
% of the variance. The study analyzed the phenomenon of whiteness
under optimal conditions, revealing a greater amount (109.9) in com-
parison to the initial conditions (108.7). This outcome can be linked to
the photographic representation of the sample treated with OB-1. The
analytical characterization results indicate that PET’s morphological
structure remained unaltered following the application of OB-1 whit-
ening in the D5 medium. Furthermore, the color fastness to washing and
rubbing properties exhibited satisfactory results. The D5 medium’s
recyclability demonstrated high consistency and reproducibility, mak-
ing it a promising avenue for advancing a sustainable textile whitening
system based on D5.
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