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Abstract: Traditional water-based dyeing of polyester textiles usually generates burdensome pro-
cesses and a great deal of wastewater, which can no longer meet the green and sustainable devel-
opments in the textile dyeing industry. In the silicone waterless dyeing system, polyester textiles
can be dyed with disperse dye without water. However, the dyeing performance of polyester
textiles is influenced by the dispersant. In this study, the relationship between the properties of
dispersants and disperse dyeing performance was studied. When the amount of dispersant NNO (2-
Naphthalenesulfonic acid) was 1.2%, the exhaustion of disperse red 177 and the final K/S value of the
dyed fabric improved to 94.18% and 14.73, respectively. However, the exhaustion of disperse red 177
was reduced from 90.73% to 82.61%, and the final K/S value of the dyed fabric was decreased from
14.77 to 14.01 when the dosage of MF (Naphthalenesulfonic acid) was 1.2%. Compared with different
dyeing systems, the final uptake of disperse red 177 was 93.81% and 94.18% in traditional water-based
and silicone waterless dyeing systems and the K/S value of the dyed fabric was almost the same.
The washing and rubbing fastness (wet and dry) of the dyed fabric were found to be at a level of 4 or
4–5, and the light fastness of the dyed fabric was 3–4. If only the dispersant was added in the silicone
waterless dyeing system, there was no leveling problems on dyed samples. Moreover, the maximum
absorption wavelength of disperse red 177 was not changed after adding the dispersant. With an
increasing amount of dispersant NNO, the solubility of the dye in the silicone solvent decreased, but
it increased with an increasing amount of dispersant MF. In the relationship between dye exhaustion
and dye solubility in a silicone waterless dyeing system, the exhaustion of dye was linearly and
inversely proportional to the dye solubility. A dispersant with better hydrophilicity can decrease the
solubility of the dye in dyeing media, and the dyeing performance of dye is better. Compared with
previous studies, the exhaustion of dye was consistent with the ClogP value (hydrophobic constant)
of the dyeing accelerant. Therefore, a dispersant with high hydrophilicity can reduce the solubility of
dye and improve the exhaustion of disperse dye in a silicone waterless dyeing system. Moreover, the
color fastness of the dyed fabric did not change before and after adding the dispersant.

Keywords: dispersant; hydrophilicity; disperse dye; polyester; silicone solvent

1. Introduction

Dyeing is an important part of the textile industry. Traditional disperse dyeing usually
involve harsh conditions such as strongly dispersant solutions and a high dyeing temper-
ature (above 100 ◦C) [1–3]. Moreover, a large amount of alkali and sodium hydrosulfite
is used in the reduction cleaning process to reduce the loose dye, which is adsorbed on
the fiber surface. Therefore, water-based disperse dyeing and the reduction cleaning pro-
cess produce a large amount of wastewater, which is not environmentally friendly [4,5].
Disperse dyeing effluent contains many chemicals containing carcinogens and mutagen
chemicals such as disperse dye, dispersant, detergent, salts, etc., and causes serious envi-
ronmental problems [6,7]. As a result, disperse dyeing in aqueous solutions introduces
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problems such as the assumption of a large amount of water and hazardous industrial ef-
fluents, leading to large energy and environmental challenges [8–12]. Therefore, it is urgent
and imperative to develop clean dyeing techniques to replace the traditional water-based
dyeing method [13–15].

To achieve a green sustainable dyeing technology for disperse dye, researchers have
investigated many dyeing technologies, particularly waterless dyeing [16–18]. First, the
vacuum sublimation dyeing process involves dye gasification and ring dyeing technology.
Water in the dyeing process is avoided. After dyeing, disperse dyes are recycled and
reused in the state of a solid powder [19]. However, there are fewer applicable dyes, and
this method still needs continuous development. However, it does have the potential for
industrialization. Secondly, the slow-release performance of disperse dye microcapsules
is used by the microcapsule disperse dye dyeing technology [20]. It is suitable for the
conventional dyeing process and no additives are needed. It can realize dyeing technology
without additives and washing [21], but its synthesis process is more difficult to control,
and the preparation materials are expensive. However, with the development of tech-
nology, these difficulties will inevitably be overcome to achieve industrialization. The
supercritical carbon dioxide dyeing technology could achieve better dyeing of polyester
fabric [22,23]. Moreover, this dyeing technology has been industrialized, and some prod-
ucts have been commercialized in the market. However, supercritical carbon dioxide
dyeing technology must be realized with a high-pressure dyeing machine [24,25]. Organic
solvent dyeing technology is also employed to dye polyester fabric [26]. However, this
dyeing technology is often carried out using hydrocarbon solvents, which are not environ-
mentally friendly [27,28], such as hexane, cyclohexane, and n-heptane as the continuous
phase medium.

Unfortunately, to date, there are very few dyeing technologies for disperse dyes
available in practice with the applicability of a waterless dyeing system, although polyester
fabrics are dyed using an environmentally friendly method [29–32]. Therefore, the key
to waterless dyeing technology is the dyeing medium in the dyeing process [33]. The
silicone waterless dyeing system containing micro-dissolving disperse dyes offers this
possibility. The micro-dissolving disperse dye technique did not need to be dispersed
by a dispersant and did not require a reduction cleaning process and, therefore, can
decrease energy consumption [34]. In our previous investigations, Zhang et al. synthesized
new disperse dyes and studied their dyeing performance in a low-pressure waterless
dyeing system [35]. However, the reason that the dispersant cannot be used in the silicone
waterless dyeing system and the mechanism between the dispersant and accelerant have
not been investigated.

In this investigation, two different kinds of conventional dispersants with similar
structures were used in a silicone solvent dyeing system, and their influence on the exhaus-
tion of disperse dye in this silicone waterless dyeing system was studied. C.I. Disperse Red
177 was selected to evaluate the influence of the dispersant on the exhaustion of dye and
the color depth of the dyed fabric in the same dyeing bath. Moreover, the influence of the
dispersant on the solubility of the dye in a silicone waterless dyeing system was systemati-
cally studied. The relationship between dye exhaustion and the solubility of the dye in the
silicone solvent dyeing system was investigated. Furthermore, the relationship between
the CLogP values of chemicals and the dyeing performance of dyes was also investigated.

2. Material and Methods
2.1. Materials

Polyester fabric (150 D × 150 D) was provided by Suzhou Fengxiang Textile Tech-
nology Co., Ltd. (Suzhou, China). C.I. Disperse Red 177 (filter cake) was obtained from
Zhejiang Longsheng Dye Chemical Co., Ltd. (Shaoxin, China). Dispersant NNO and dis-
persant MF (sodium salt of polynaphthalene sulphonic acid) were purchased from Anyang
Shuanghuan Auxiliary Co., Ltd. (Anyang, China). The molecular structures of C.I. Disperse
Red 177, dispersant NNO (2-Naphthalenesulfonic acid), and dispersant MF (Naphthale-
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nesulfonic acid) are shown in Figure 1. Dimethyl sulfoxide (DMSO) was purchased from
Shanghai Titan Technology Co., Ltd. (Shanghai, China). Gamma-butyrolactone (GBL)
was purchased from Wuhan Huaxiang Kejie Biotechnology Co. Ltd. (Wuhan, China).
Methanol (Meth) and ethyl alcohol (EtOH) were purchased from Shanghai Kaiin Chemical
Co. Ltd. (Shanghai, China). The silicone solvent was supplied by GE Toshiba Silicone Ltd.
(Jiujiang, China).
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2.2. Dyeing Method

Dyeing was carried out on a dyeing machine (DYE-24, ShangHai Chain-Lih Automa-
tion Equipment Co., Ltd. Shanghai, China). Two grams of polyester fabric was dyed with
0.5% o.w.f (the weight amount of fabric) disperse dye at a liquor ratio of 15:1 in silicone
solvent media. The amount of dispersant was 0%, 0.4%, 0.8%, 1.2%, 1.6%, and 2.0% o.w.f,
respectively. Firstly, the dyeing temperature started at 25 °C and was increased to 80 ◦C
at 6 ◦C /min, then it was increased to 140◦C at 3 ◦C /min. The pressure of dyeing was
1.53 × 105 Pa. After 60 min, the temperature was decreased to 80 ◦C at a rate of 6 ◦C/min,
and then the dyed fabric was washed twice using the silicone solvent at a liquor ratio of
15:1 for 15 min.

Regarding water-based dyeing, 2 g of polyester fabric was dyed with 0.5% o.w.f
disperse dye and 4 times the dispersant at a liquor ratio of 15:1 in a water solution at room
temperature, and then the temperature was increased to 140 ◦C and dyeing was carried out
for 60 min at 140 ◦C. The pressure of dyeing was 3.56 × 105 Pa. After dyeing, reduction
cleaning and neutralization cleaning were performed on the dyed fabric.

2.3. Exhaustion of Dye

The dye exhaustion refers to the proportion of dye that diffused into the PET fabric
compared to the total dye. Firstly, the dye in the residue was extracted with DMSO,
and then the samples were tested with an ultraviolet-visible spectrophotometer (UV-2600,
Shimadzu Instrument Suzhou Co., Ltd. Suzhou, China). The maximum wavelength of
disperse red 177 in DMSO is 520 nm. Each sample was tested 3 times, and its average
value was employed for analysis. The exhaustion of disperse dye was calculated using
Equation (1):

E(%) =

(
1 − C1V1

C0V0

)
× 100% (1)

where E (%) refers to the exhaustion of dye. C0 (g/L) is the dye concentration of the dyeing
bath and C1 (g/L) is the dye concentration of the dyeing residual solution after dyeing. V0
(L) is the volume of the dyeing bath and V1 (L) is the volume of the residual dye solution
after dyeing.
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2.4. Color Depth of Dyed Fabric

The K/S value represents the color depth of the dyed sample, which was calculated by
determining the reflectance R of the dyed fabric at the wavelength of minimum reflectance
(maximum absorbance). The K/S value is calculated by the Kubelka–Munk formula
(Equation (2)). Each sample was tested 3 times, and its average value was employed
for analysis.

K
S
=

(1−R)2

2R
(2)

where K represents the absorption coefficient of the dyed fabric and S represents the
scattering coefficient of the dyed fabric. R is the minimum reflectance of the dyed fabric.

2.5. Dyeing Level Property

Twelve points were randomly selected to test their K/S values, which were tested at
the maximum absorption wavelength (λmax = 520 nm). To characterize the level dyeing
property of the dyed fabric, the CV (Coefficient of Variation) value was calculated by
Equations (3) and (4). Each sample was tested 3 times and its average value was employed
for analysis.

S =

√√√√√ n
∑

i=1

(
K/Si − K/S

)2

n − 1
(3)

CV% =
S

K/S
× 100% (4)

2.6. Color Fastness Test

To evaluate the durability of the dyed fabric, the colorfastness to washing and rubbing
of the dyed samples was measured according to ISO 105-C06 [36] and ISO 105-E04:2013 [37]
testing standards, respectively. Colorfastness to washing was assessed with respect to
the color change in samples and staining on the multifiber fabric. Rubbing fastness was
evaluated in dry and wet conditions. According to ISO 105-B02 [38], the light fastness of
the dyed fabric was also measured.

2.7. Solubility of Disperse Dye

To test the saturation concentration of the dye in the silicone solvent, an excess amount
of dye was placed in the silicone solvent at room temperature (25 ◦C), and then the temper-
ature was increased to 140 ◦C and maintained for 60 min. Two milliliters of the dye solution
at 140 ◦C were extracted with 20 mL of DMSO. The concentration of dye was determined
via spectrophotometry, and the solubility of the dye was calculated by Equation (5). Each
sample was tested 3 times, and its average value was employed for analysis.

R =
M
V

(5)

where R is the solubility (mg/L), M is the dissolved dye (mg), and V is the volume of the
silicone solvent (L).

2.8. CLogP Value of Dye

To investigate the influence of the dispersant on the solubility of disperse dye in
the silicone dyeing system, different dyeing accelerants, e.g., GBL, DMSO, MeTH, EtOH,
and water, were selected, and their influence on disperse red 177 in the silicone dyeing
system was investigated. The structures of dyeing accelerants were drawn using the
chemical calculation software Chemdraw and their hydrophobic constant CLogP values
were calculated. According to the dyeing method of Section 2.2, the polyester fabric was
dyed with 20% (o.w.f) or without adding dyeing accelerant to investigate the influence of
the dyeing accelerant on the dyeing property of disperse dye.
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3. Results and Discussion
3.1. Exhaustion of Dye and Color Depth of Dyed Fabric

Different amounts of dispersant were examined to determine the dye exhaustion and
the final K/S value of the dyed fabric. The results of dye exhaustion and final K/S values
are shown in Figure 2. As shown in Figure 2a, when there was no dispersant in the silicone
waterless dyeing system, the exhaustion of disperse red 177 was 90.14, and the final K/S
value of the dyed fabric was 14.26. With an increasing amount of dispersant NNO, the
exhaustion of disperse red 177 and the final K/S value of the dyed fabric were increased.
For example, when the amount of dispersant NNO was 1.2% o.w.f, the dye exhaustion
and the final K/S value of the dyed fabric improved to 94.18% and 14.73, respectively.
Afterward, as the amount of dispersant NNO continued to increase, the dye exhaustion
decreased slightly, and the color depth of the dyed fabric decreased slightly too. After
the amount of dye was confirmed, the influence of dispersant on disperse dyeing reached
the maximum at 1.2% o.w.f, and continuing to increase its dosage did not generate any
significant results.
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Figure 2. Influence of NNO (a) and MF (b) on the exhaustion of dye and the final K/S value of the
dyed fabric.

Consequently, several homologous series of dispersant NNO as dispersant MF was
further investigated as shown in Figure 2b. With the increasing amount of dispersant
MF, both the dye exhaustion and the final K/S value of the dyed fabric were significantly
decreased to a lower percentage. The disperse red 177 exhaustion was reduced from 90.73%
to 82.61% with the addition of dispersant MF (1.2%, o.w.f), and the final K/S value of
the dyed fabric decreased from 14.77 to 14.01 when the dosage of MF was 1.2% o.w.f.
Afterward, as the amount of dispersant MF continued to increase, the dye exhaustion
increased slightly, and the color depth of the dyed fabric increased slightly too. The reason
might be that the dispersant affects the solubility of the dye in the silicone solvent dyeing
system [39], and the aggregation of dye in the silicone solvent dyeing system might be
influenced [40].

3.2. Dyeing Performance in Silicone Solvent Dyeing System and Traditional Water Base

Upon comparing different dyeing systems, the final uptake of disperse red 177 was
93.81% and 94.18% in the traditional water-based and silicone waterless dyeing systems,
and the K/S value of the dyed fabric was almost the same. The washing colorfastness and
rubbing of the dyed fabrics were tested in the silicone solvent dyeing system and traditional
water-based system. It can be seen in Table 1 that the grayscale rating of the shade change
and staining of adjacent fabrics (cotton, polyester, acrylic, wool, and acetate) were found to
be very good (4–5 or 5) in the silicone solvent dyeing system and the traditional water-based
system. Similarly, the dry and wet rubbing fastness of the dyed fabrics was found to be at a
level of 4 or 4–5.
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Table 1. Dyeing performance of polyester fabrics dyed in silicone waterless dyeing system.

Dyeing
System

Dye
Uptake(%)

K/S
Value

Washing Rubbing

LightStaining Color
Change Dry Wet

Cotton Polyester Acrylic Wool Acetate

Water 93.8 14.51 4–5 4–5 5 4–5 5 4–5 4–5 4 3–4
Silicone 94.2 14.73 4–5 4–5 5 4–5 5 4–5 4–5 4 3–4

Moreover, the application of the light fastness test method may be extended to include
testing the color fastness to light of the dyed fabric in water and silicone solvent dyeing
systems. After light exposure for a fixed period, the percentage changes in color between
the exposed and unexposed parts of the blue wool fabrics and the measured samples were
tested on a spectrophotometer and measured. From Table 1, the light fastness of the dyed
fabric was 3–4, indicating that the silicone solvent had no influence on the light fastness of
the dyed fabric. Therefore, disperse dyeing in the silicone solvent dyeing system does not
affect the fastness properties of the polyester fabric. The product quality is fully compatible
with international standards.

We investigated the influence of dispersant on the color fastness of the dyed fabric
in the silicone solvent dyeing system. As shown in Table 2, if there was no dispersant in
the silicone solvent dyeing system, the washing colorfastness and rubbing of dyed fabrics
(control sample) were 4–5 or 5 and the light fastness was 3–4. However, the staining of the
dyed fabric to cotton, acrylic, wool, and acetate was 5; that is, the staining fastness improved
by a half level. Moreover, the rubbing fastness of the dyed fabric was also improved from
4–5 to 5. Before and after adding the dispersant, the light fastness did not change.

Table 2. Influence of dispersant on the dyed polyester fabrics dyed color fastness in silicone waterless
dyeing system.

Dispersant

Washing Rubbing

LightStaining Color
Change Dry Wet

Cotton Polyester Acrylic Wool Acetate

Control 4–5 4–5 5 4–5 5 4–5 4–5 4 3–4
NNO 5 4–5 5 5 5 4–5 5 4–5 3–4
MF 5 4–5 5 5 5 4–5 5 4–5 3–4

3.3. Dyeing Level Property of Dyed Fabrics

Figure 3 shows the influence of dispersant NNO and MF on the levelness of disperse
dyed polyester fabrics in a low-pressure non-aqueous dyeing system. When there was no
dispersant, the CV value of the dyed fabric was approximately 3.82. When the dosage of
dispersant NNO and MF was 0.4%, 0.8%, 1.2%, 1.6%, and 2.0% o.w.f, the CV value of the
dyed fabric was approximately 3.83 and 3.81, respectively. Therefore, different amounts
of dispersant were used during polyester dyeing in the silicone solvent dyeing system,
but the CV values of the dyed fabrics did not change much. Therefore, there were no
leveling problems in fabrics when only the dispersant was added to the silicone waterless
dyeing system.

In the silicone waterless dyeing system, the dispersant may influence the maximum
absorption wavelength of disperse red 177. As shown in Figure 4a, the reflectance of the
dyed fabric decreased with an increasing wavelength, and the minimum reflectance of
the dyed fabric occurred at 520 nm in the silicone waterless dyeing system. From 520 nm
to 700 nm, the reflectance of the dyed fabric increased. Compared with control samples
(no dispersant), the minimum reflectance of the dyed fabric did not change after adding
dispersant NNO or MF in the silicone waterless dyeing system.
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Figure 3. Influence of dispersant NNO (a) and MF (b) on the dyeing levelness (CV value) of the
dyed fabric.
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Figure 4. Influence of dispersant on the reflectance (a) and the color depth (b) of the dyed fabric.

From the results of Figure 4b, the maximum absorption wavelength of disperse red
177 was at 520 nm when there was no dispersant during dyeing. When dispersant NNO
and MF were used in the silicone waterless dyeing system, the maximum absorption
wavelength of disperse red 177 did not change. For the color depth, the K/S value of
the dyed fabric increased from 14.26 to 14.73 when 1.2% o.w.f of NNO was employed
during dyeing, but it decreased from 14.77 to 14.01 when the dosage of MF was 1.2% o.w.f.
Therefore, the dispersant has no influence on the minimum reflectance and the maximum
absorption wavelength of dyed fabric, rather it only influences the adsorption of dye on
polyester fabric.

3.4. Solubility of Disperse Dye

It is well known that disperse dye can hardly dissolve in a water solution due to its
hydrophobicity [41,42]. Meanwhile, the final uptake of disperse dye is determined by the
hydrophobic interactions between hydrophobic dyes and hydrophobic fabrics [43]. The
solubility of the disperse dye is inversely proportional to the final K/S value and the uptake
of dye in the silicone solvent dyeing system.

As shown in Figure 5, different amounts of dispersants have a great effect on the
solubility of disperse red 177 in the silicone solvent dyeing system. When there was no
dispersant in the silicone solvent dyeing system, the solubility of disperse dye 177 was
0.052 g/L. With an increasing amount of dispersant NNO, the solubility of disperse red 177
decreased in the silicone waterless dyeing system. For example, the solubility of disperse
red 177 in the silicone medium decreased from 0.052 g/L to 0.039 g/L under 1.2% o.w.f of
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dispersant NNO, which showed that the addition of dispersant NNO can reduce the dye
solubility in the silicone dyeing medium. Afterward, as the amount of dispersant NNO
continued to increase, the solubility of disperse red 177 increased slightly. The solubility of
disperse red 177 in the silicone solvent was 0.061 g/L when the dosage of dispersant NNO
was 2.0%, o.w.f. Compared with different dispersants, when the amount of dispersant
MF increased from 0% to 0.8~1.2% o.w.f, the solubility of disperse red 177 in the silicone
solvent increased from 0.052 g/L to 0.062 g/L. Afterward, as the amount of dispersant MF
continued to increase, the solubility of disperse red 177 in the silicone solvent decreased
slightly. For example, the solubility of dye decreased from 0.062 g/L to 0.053 g/L when
the dosage of dispersant NNO increased from 1.2% o.w.f to 2.0 %, o.w.f. Combined with
Figure 2, both dye exhaustion and the final K/S values of the dyed fabrics decreased with
the increasing solubility of disperse dye.

Polymers 2023, 15, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 4. Influence of dispersant on the reflectance (a) and the color depth (b) of the dyed fabric. 

3.4. Solubility of Disperse Dye 
It is well known that disperse dye can hardly dissolve in a water solution due to its 

hydrophobicity [41,42]. Meanwhile, the final uptake of disperse dye is determined by the 
hydrophobic interactions between hydrophobic dyes and hydrophobic fabrics [43]. The 
solubility of the disperse dye is inversely proportional to the final K/S value and the up-
take of dye in the silicone solvent dyeing system. 

As shown in Figure 5, different amounts of dispersants have a great effect on the 
solubility of disperse red 177 in the silicone solvent dyeing system. When there was no 
dispersant in the silicone solvent dyeing system, the solubility of disperse dye 177 was 
0.052 g/L. With an increasing amount of dispersant NNO, the solubility of disperse red 
177 decreased in the silicone waterless dyeing system. For example, the solubility of dis-
perse red 177 in the silicone medium decreased from 0.052 g/L to 0.039 g/L under 1.2% 
o.w.f of dispersant NNO, which showed that the addition of dispersant NNO can reduce 
the dye solubility in the silicone dyeing medium. Afterward, as the amount of dispersant 
NNO continued to increase, the solubility of disperse red 177 increased slightly. The sol-
ubility of disperse red 177 in the silicone solvent was 0.061 g/L when the dosage of dis-
persant NNO was 2.0%, o.w.f. Compared with different dispersants, when the amount of 
dispersant MF increased from 0% to 0.8~1.2% o.w.f, the solubility of disperse red 177 in 
the silicone solvent increased from 0.052 g/L to 0.062 g/L. Afterward, as the amount of 
dispersant MF continued to increase, the solubility of disperse red 177 in the silicone sol-
vent decreased slightly. For example, the solubility of dye decreased from 0.062 g/L to 
0.053 g/L when the dosage of dispersant NNO increased from 1.2% o.w.f to 2.0 %, o.w.f. 
Combined with Figure 2, both dye exhaustion and the final K/S values of the dyed fabrics 
decreased with the increasing solubility of disperse dye. 

 
Figure 5. Influence of NNO (a) and MF (b) on the solubility of disperse red 177 in silicone waterless 
dyeing system. 

0.0 0.4 0.8 1.2 1.6 2.0
0.03

0.04

0.05

0.06

So
lu

bi
lit

y 
(g

/L
)

NNO o.w.f. (%)

(a) NNO

0.0 0.4 0.8 1.2 1.6 2.0
0.03

0.04

0.05

0.06

(b) MF

So
lu

bi
lit

y 
(g

/L
)

MF o.w.f. (%)

Figure 5. Influence of NNO (a) and MF (b) on the solubility of disperse red 177 in silicone waterless
dyeing system.

From the above results, it can be concluded that disperse dye cannot be dissolved
completely in the silicone solvent. In the silicone solvent dyeing system, some of the
dye dissolved in the dyeing medium, and part of the dye was shown as aggregation [35].
After adding the dispersant, the aggregation of disperse dye was influenced; that is, the
equilibrium between the molecular state and the aggregation state of disperse dye was
changed by the dispersant. Furthermore, the dispersant influenced the uptake of the dye in
the silicone solvent dyeing system.

To determine the relationship between dye exhaustion and dye solubility, the exhaus-
tion of dye and dye solubility were plotted. As shown in Figure 6, disperse dye exhaustion
on polyester fabric was inversely proportional to the solubility of dye in the silicone solvent
dyeing system. The exhaustion of disperse red 177 was approximately 95% in the silicone
solvent dyeing system when the solubility of the dye was 0.04 g/L. When the solubility of
the dye increased from 0.04 g/L to 0.06 g/L, the exhaustion of disperse red 177 decreased
from 95% to 83%. In the case of dye solubility, the addition of the dispersant can influence
the solubility of the dye in the silicone solvent dyeing system, and the increase in solubility
has a negative effect on the final dye uptake and the final K/S value of the dyed fabric.

3.5. Relationship between Hydrophobic Constant and Exhaustion

The LogP value refers to the hydrophobic constant, that is, the logarithm value of the
distribution coefficient of a chemical in the oil–water phase. The ClogP value represents
the hydrophobic constant of an organic compound. The smaller the ClogP value, the better
the hydrophilicity of the chemical [44–47]. To further study the properties of the dispersant
and its effect on the dye solubility in the silicone waterless dyeing system, the ClogP values
of dispersants were calculated. The ClogP values of dispersants NNO and MF were 2.613
and 3.611, respectively. Among these two dispersants, dispersant NNO had the lowest
ClogP and it could partially improve the dye exhaustion, while dispersant MF had more
lipophilicity due to its larger ClogP value. The solubility of the dye in the silicone solvent
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dyeing system increased due to the increasing intermolecular force between the dispersant
and the disperse dye, decreasing the dye exhaustion on polyester fabric.
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Figure 6. The relationship between the solubility of disperse dye and dye exhaustion.

Figure 7 shows the dye uptake of C.I. Disperse Red 177 and the CLogP values of
different chemicals added to the silicone solvent dyeing system. The relationship between
the dye exhaustion rate and the CLogP value was essentially inversely proportional. The
smaller the CLogP value, the more hydrophilic the chemical and the greater the final dye
uptake rate. Because polyester fabric must be swollen, the small-molecule chemicals can
interact with the dye molecules to make the dye easier to diffuse into the inner fiber, thereby
increasing the exhaustion of dye in the silicone solvent dyeing system.
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3.6. Dispersion Mechanism in Silicone Solvent Dyeing System

The dispersion mechanism of NNO/MF for disperse dye in the silicone low-pressure
solvent dyeing system is shown in Figure 8. The volume of disperse dye is bigger than
that of the dispersant, and these dispersants have certain negatively charged groups. The
hydrophobic chain of the dispersant would adsorb on the surface of the dye. Because the
hydrophilic chain is the carboxylic anion, its charge is a negative charge, which will result
in the mutual exclusion of the negative charges between disperse dyes [48,49]. Therefore,
there is a dispersion effect between disperse dyes. On the surface of the disperse dye, the
naphthalene nucleus residue part of the dispersants is the most hydrophobic, primarily
distributed in the innermost layer to be in contact with the dye. The carboxylic anion
provides hydrophilicity [50,51], which caused the dispersant to be difficult to accumulate.
The branch chain residue part grasped the dyed surface similar to a “bridge”, which
established a finite adsorption interaction between the dispersant and disperse dye [52].
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4. Conclusions

In conclusion, the final uptake of disperse red 177 was 93.81% and 94.18% in the
traditional water-based system and the silicone waterless dyeing system, and the color
depth of the dyed fabric was almost the same. The washing and rubbing fastness (wet
and dry) of the dyed fabric were found at a level of 4 or 4–5, and the light fastness of
the dyed fabric was 3–4. Dispersants NNO and MF, which are homologous dispersants,
showed different effects on the polyester fabric dyeing in the silicone waterless dyeing
system. Dispersant NNO has a positive effect on dye exhaustion, while dispersant MF can
lead to a decrease in dye exhaustion during dyeing. When the amount of dispersant NNO
was 1.2%, the dye exhaustion of the dye and the final K/S value of the dyed fabric were
improved to 94.18% and 14.73, respectively. However, dye exhaustion was reduced from
90.73% to 82.61% and the final K/S value of the dyed fabric decreased from 14.77 to 14.01
when the dosage of MF was 1.2%. If only the dispersant was added to the silicone waterless
dyeing system, there was no leveling problems on dyed samples. Moreover, the maximum
absorption wavelength of disperse red 177 did not change after adding the dispersant.
When dispersant NNO was employed in the silicone solvent dyeing system, the solubility
of disperse red 177 in the silicone solvent decreased, which could improve the exhaustion of
dye. Compared with dispersant NNO, dispersant MF can increase the solubility of the dye
in the silicone solvent dyeing system, thus decreasing the exhaustion of dye. Furthermore,
the hydrophobic constant values of dispersants were calculated and proved their influence
on the dye solubility in the silicone solvent dyeing system. The smaller the ClogP values,
the higher the dye exhaustion. From the investigation into dispersants’ effects on polyester
fabric dyeing in a silicone solvent dyeing system, the dispersant with a better hydrophilic
nature can decrease the dye solubility, which is beneficial to the final dye exhaustion.

Author Contributions: J.C. and L.P. designed the experiments; J.W., J.Y. and L.P. performed the
experiments and analyzed the data; J.C. wrote the paper; W.S. revised the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (22072089)
and the Key Research and Development Program of Xinjiang Production and Construction Corps
(2019AA001).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are thankful to the Engineering Research Center of Textile Chemistry
and Clean Production for supporting this research.

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



Polymers 2023, 15, 1046 11 of 12

References
1. Zhao, Z.; Tong, N.; Song, H.; Guo, Y.; Wang, J. Preparation and Characterization of Phase Change Polyester Fiber. Integr. Ferroectr.

2022, 228, 238–248. [CrossRef]
2. Aysha, T.; Zain, M.; Arief, M.; Youssef, Y. Alkali-stable solid state fluorescent pyrazolo/pyrrolinone disperse dyes: Synthesis and

application for dyeing polyester fabric. J. Mol. Struct. 2022, 1249, 131623. [CrossRef]
3. Al-Etaibi, A.M.; Alnassar, H.S.; El-Apasery, M.A. Dyeing of polyester with disperse dyes: Part 2. Synthesis and dyeing

characteristics of some azo disperse dyes for polyester fabrics. Molecules 2016, 21, 855. [CrossRef]
4. Aysha, T.; Zain, M.; Arief, M.; Youssef, Y. Synthesis and spectral properties of new fluorescent hydrazone disperse dyes and their

dyeing application on polyester fabrics. Heliyon 2019, 5, E02358. [CrossRef]
5. He, J.; Luo, Y. Novel carboxylate comb-like dispersant used in disperse dyes. J. Appl. Polym. Sci. 2022, 139, 52147. [CrossRef]
6. Overdahl, K.E.; Gooden, D.; Bobay, B.; Getzinger, G.J.; Stapleton, H.M.; Ferguson, P.L. Characterizing azobenzene disperse dyes

in commercial mixtures and children’s polyester clothing. Environ. Pollut. 2021, 287, 117299. [CrossRef]
7. Lim, J.; Szymczyk, M.; Mehraban, N.; Ding, Y.; Parrillo-Chapman, L.; El-Shafei, A.; Freeman, H.S. Molecular and excited state

properties of isomeric scarlet disperse dyes. J. Mol. Struct. 2018, 1161, 254–261. [CrossRef]
8. Yan, L.; Yi, Z.; Ben, Z.; Juan, D.; Shuilin, C. Effect of microencapsulation on dyeing behaviors of disperse dyes without auxiliary

solubilization. J. Appl. Polym. Sci. 2011, 120, 484–491. [CrossRef]
9. Dihom, H.R.; Al-Shaibani, M.M.; Mohamed, R.M.S.R.; Al-Gheethi, A.A.; Sharma, A.; Khamidun, M.H.B. Photocatalytic degrada-

tion of disperse azo dyes in textile wastewater using green zinc oxide nanoparticles synthesized in plant extract: A critical review.
J. Water Process. Eng. 2022, 47, 102705. [CrossRef]

10. Pasquet, V.; Perwuelz, A.; Behary, N.; Isaad, J. Vanillin, a potential carrier for low temperature dyeing of polyester fabrics. J. Clean.
Prod. 2013, 43, 20–26. [CrossRef]

11. Shili, X.; Pengjun, X.; Qingyan, P.; Jiali, C.; Jiankang, H.; Faming, W.; Noor, N. Layer-by-layer assembly of polyelectrolyte
multilayer onto pet fabric for highly tunable dyeing with water soluble dyestuffs. Polymers 2017, 9, 735.

12. Hou, A.; Li, M.; Gao, F.; Xie, K.; Yu, X. One-step dyeing of polyethylene terephthalate fabric, combining pretreatment and dyeing
using alkali-stable disperse dyes. Color. Technol. 2013, 129, 438–442. [CrossRef]

13. Paschoal, F.M.; Anderson, M.A.; Zanoni, M.V.B. The photoelectrocatalytic oxidative treatment of textile wastewater containing
disperse dyes. Desalination 2009, 249, 1350–1355. [CrossRef]

14. Paziresh, F.; Salem, A.; Salem, S. Super effective recovery of industrial wastewater contaminated by multi-disperse dyes through
hydroxyapatite produced from eggshell. Sustain. Chem. Pharm. 2021, 23, 100501. [CrossRef]

15. Anouzla, A.; Abrouki, Y.; Souabi, S.; Safi, M.; Rhbal, H. Colour and COD removal of disperse dye solution by a novel coagulant:
Application of statistical design for the optimization and regression analysis. J. Hazard. Mater. 2009, 166, 1302–1306. [CrossRef]

16. Aysha, T.; El-Sedik, M.; Mashaly, H.M.; El-Apasery, M.A.; Machalicky, O.; Hrdina, R. Synthesis, characterisation, and applications
of isoindigo/pechmann dye heteroanalogue hybrid dyes on polyester fabric. Color. Technol. 2015, 131, 333–341. [CrossRef]

17. Zaidy, S.S.; Vacchi, F.I.; Umbuzeiro, G.A.; Freeman, H.S. Approach to waterless dyeing of textile substrates—Use of atmospheric
plasma. Ind. Eng. Chem. Res. 2019, 58, 18478–18487. [CrossRef]

18. Saleem, M.A.; Pei, L.; Saleem, M.F.; Shahid, S.; Wang, J. Sustainable dyeing of nylon with disperse dyes in Decamethylcyclopen-
tasiloxane waterless dyeing system. J. Clean. Prod. 2020, 276, 123258. [CrossRef]

19. Oyama, Y.; Mamada, M.; Shukla, A.; Moore, E.G.; Lo, S.C.; Namdas, E.B.; Adachi, C. Design strategy for robust organic
semiconductor laser dyes. ACS Mater. Lett. 2020, 2, 161–167. [CrossRef]

20. Wang, Y.; Peng, Y.G.; Ji, J.L. Research on the Dyeing Diffusion Coefficient of Microencapsulated Disperse Dyes on Polyester. Knitt.
Ind. 2021, 21, 52–55.

21. Granato, M.A.; Gaspar, T.M.; Alves, A.F.; Augusto, U.; Guelli, U.S.; Selene, M.A. Reuse of wastewaters on dyeing of polyester
fabric with encapsulated disperse dye. Environ. Technol. 2019, 40, 408–417. [CrossRef]

22. Gao, Z.; Qu, D.; Qu, Y.; Wang, W.; Cui, S.; Guo, H.; Li, F.; Sun, F. A novel jig dyeing apparatus for dyeing polyester with
supercritical carbon dioxide and its dyeing effect. Fibers Polym. 2022, 23, 745–750. [CrossRef]

23. Hart, A.; Anumudu, C.; Onyeaka, H.; Miri, T. Application of supercritical fluid carbon dioxide in improving food shelf-life and
safety by inactivating spores: A review. J. Food Sci. Technol. 2022, 59, 417–428. [CrossRef]

24. Zhu, W.; Fan, Y.; Zhang, C.; Cai, C.; Long, J.; Shi, M. Impregnation of viscose substrate with nicotinamide in supercritical carbon
dioxide. Text. Res. J. 2019, 89, 3475–3483. [CrossRef]

25. Guan, L.; Shi, M.; Long, J. One-step method for stain proofing finishing of polyester fabric in supercritical carbon dioxide. J. CO2
Util. 2023, 67, 102316. [CrossRef]

26. Deng, Y.; Xu, M.; Zhang, Y.; Zhou, G.; Li, N.; Qiu, X. Non-water dyeing process of reactive dyes in two organic solvents with
temperature-dependent miscibility. Text. Res. J. 2019, 89, 3882–3889. [CrossRef]

27. Fité, F.C. Dyeing polyester at low temperatures: Kinetics of dyeing with disperse dyes. Text. Res. J. 1995, 65, 362–368. [CrossRef]
28. Xu, S.; Chen, J.; Wang, B.; Yang, Y. An environmentally responsible polyester dyeing technology using liquid paraffin. J. Clean.

Prod. 2016, 112, 987–994. [CrossRef]
29. An, Y.; Miao, J.; Fan, J.; Li, M.; Shao, M.; Shao, J. High-efficiency dispersant-free polyester dyeing using D5 non-aqueous medium.

Dyes Pigments 2021, 190, 109303. [CrossRef]

http://doi.org/10.1080/10584587.2022.2072137
http://doi.org/10.1016/j.molstruc.2021.131623
http://doi.org/10.3390/molecules21070855
http://doi.org/10.1016/j.heliyon.2019.e02358
http://doi.org/10.1002/app.52147
http://doi.org/10.1016/j.envpol.2021.117299
http://doi.org/10.1016/j.molstruc.2018.02.028
http://doi.org/10.1002/app.33158
http://doi.org/10.1016/j.jwpe.2022.102705
http://doi.org/10.1016/j.jclepro.2012.12.032
http://doi.org/10.1111/cote.12050
http://doi.org/10.1016/j.desal.2009.06.024
http://doi.org/10.1016/j.scp.2021.100501
http://doi.org/10.1016/j.jhazmat.2008.12.039
http://doi.org/10.1111/cote.12161
http://doi.org/10.1021/acs.iecr.9b01260
http://doi.org/10.1016/j.jclepro.2020.123258
http://doi.org/10.1021/acsmaterialslett.9b00536
http://doi.org/10.1080/09593330.2017.1393017
http://doi.org/10.1007/s12221-022-3314-1
http://doi.org/10.1007/s13197-021-05022-7
http://doi.org/10.1177/0040517518813683
http://doi.org/10.1016/j.jcou.2022.102316
http://doi.org/10.1177/0040517518819840
http://doi.org/10.1177/004051759506500609
http://doi.org/10.1016/j.jclepro.2015.08.114
http://doi.org/10.1016/j.dyepig.2021.109303


Polymers 2023, 15, 1046 12 of 12

30. Cheng, W.; Pei, L.; Saleem, M.A.; Zhu, L.; Wang, J. Sustainable pilot scale disperse dyeing in a waterless silicone medium dyeing
system for no discharge of wastewater. J. Clean. Prod. 2021, 321, 128953. [CrossRef]

31. Wang, J.; Cheng, W.; Gao, Y.; Zhu, L.; Pei, L. Mechanism of accelerant on disperse dyeing for PET fiber in the silicone solvent
dyeing system. Polymers 2019, 11, 520. [CrossRef] [PubMed]

32. Li, H.; Pei, L.; Zhang, H.; Wang, Z.; Saleem, M.A.; Alebeid, O.K.; Wang, J. Extraction of Cyclic Oligomer and Their Influence on
Polyester Dyeing in a Silicone Waterless Dyeing System. Polymers 2021, 13, 3687. [CrossRef]

33. Pei, L.; Huang, Y.; Zhang, H.; Wang, J. Effect of dispersant on disperse dyeing for polyester fabric in silicone waterless dyeing
system. J. Text. I 2022, 113, 185–190. [CrossRef]

34. Pei, L.; Li, H.; Zhang, H.; Wang, Z.; Wang, J. Migration and Chemical Characterization of Cyclic Oligomers from Polyester Fiber
in Waterless Dyeing System. Fibers Polym. 2022, 23, 2648–2656. [CrossRef]

35. Zhang, H.; Pei, L.; Yu, S.; Liang, S.; Yang, Q.; Dong, A.; Wang, J. Investigation from molecular packing to application of azobenzene
disperse dyes on polyester fabrics to realize waterless dyeing. J. Mol. Liq. 2022, 349, 118133. [CrossRef]

36. ISO 105-C06; Textiles-Tests for Colour Fastness-Part C06: Colour Fastness to Domestic and Commercial Laundering. International
Organization for Standardization: Geneva, Switzerland, 2010.

37. ISO 105-E04:2013; Textiles—Tests for Colour Fastness—Part E04: Colour Fastness to Perspiration. International Organization for
Standardization: Geneva, Switzerland, 2013.

38. ISO 105-B02; Textiles—Tests for Colour Fastness—Part B02: Colour Fastness to Artificial Light: Xenon Arc Fading Lamp Test.
International Organization for Standardization: Geneva, Switzerland, 2014.

39. Wu, W.; Zhou, Q.; Xu, B.; Zhong, Y.; Xu, H.; Zhang, L.; Mao, Z. Study on the dispersion mechanism of the polycarboxylic acid
dispersant for disperse dyes. J. Mol. Liq. 2022, 349, 118140. [CrossRef]

40. Dhouib, S.; Lallam, A.; Sakli, F. Study of dyeing behavior of polyester fibers with disperse dyes. Text. Res. J. 2006, 76, 271–280.
[CrossRef]

41. Ketema, A.; Worku, A. Review on intermolecular forces between dyes used for polyester dyeing and polyester fiber. J. Chem.
2020, 6628404, 2–7. [CrossRef]

42. Song, Y.; Fang, K.; Bukhari, M.N.; Zhang, K.; Tang, Z.; Wang, R. Disperse dye/poly (styrene-methacrylic acid) nanospheres with
high coloration performance for textiles. J. Clean. Prod. 2020, 263, 121538. [CrossRef]

43. Kim, T.K.; Son, Y.A.; Lim, Y.J. Affinity of disperse dyes on poly (ethylene terephthalate) in non-aqueous media: Part 1. Adsorption
and solubility properties. Dyes Pigments 2005, 64, 73–78. [CrossRef]

44. Qian, H.; Song, X. Structure–property relationships for azo disperse dyes on polyurethane fibre. Color. Technol. 2009, 125, 146–150.
[CrossRef]

45. Qian, H.; Song, X. Adsorption behaviour of azo disperse dyes on polyurethane fibre. Color. Technol. 2009, 125, 141–145. [CrossRef]
46. Lu, L.; He, L.; Zhang, S.; Freeman, H.S. Novel yellow azo–anthraquinone dyes for polylactide fibres: Effects of alkyl chain length.

Color. Technol. 2012, 128, 121–126. [CrossRef]
47. Miyazaki, K.; Tabata, I.; Hori, T. Relationship between colour fastness and colour strength of polypropylene fabrics dyed in

supercritical carbon dioxide: Effect of chemical structure in 1, 4-bis (alkylamino) anthraquinone dyestuffs on dyeing performance.
Color. Technol. 2012, 128, 60–67. [CrossRef]

48. Qin, Y.; Qiu, X.; Liang, W.; Yang, D. Investigation of adsorption characteristics of sodium lignosulfonate on the surface of disperse
dye using a quartz crystal microbalance with dissipation. Ind. Eng. Chem. Res. 2015, 54, 12313–12319. [CrossRef]

49. Hou, L.; Gao, L.; Qian, H.; Fang, S.; Chen, X.; Song, X. Novel dispersant-free disperse dyes containing polyethylene oxide moieties:
Synthesis and eco-friendly dyeing on polyethylene terephthalate fabrics. Polym. Advan. Technol. 2022, 33, 3583–3590. [CrossRef]

50. Yang, D.; Li, H.; Qin, Y.; Zhong, R.; Bai, M.; Qiu, X. Structure and properties of sodium lignosulfonate with different molecular
weight used as dye dispersant. J. Disper. Sci. Technol. 2015, 36, 532–539. [CrossRef]

51. Jang, H.; Doh, S.; Lee, J. Eco-friendly dyeing of poly (trimethylene terephthalate) with temporarily solubilized azo disperse dyes
based on pyridone derivatives. Fibers Polym. 2009, 10, 315–319. [CrossRef]

52. Kang, J.; Min, G.; Ji, E.; Ko, J.; Lee, S. Alkaline hydrolysis and dyeing characteristics of sea-island-type ultramicrofibers of pet
tricot fabrics with black disperse dye. Polymers 2020, 12, 1243. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jclepro.2021.128953
http://doi.org/10.3390/polym11030520
http://www.ncbi.nlm.nih.gov/pubmed/30960504
http://doi.org/10.3390/polym13213687
http://doi.org/10.1080/00405000.2020.1868137
http://doi.org/10.1007/s12221-022-3195-3
http://doi.org/10.1016/j.molliq.2021.118133
http://doi.org/10.1016/j.molliq.2021.118140
http://doi.org/10.1177/0040517506061243
http://doi.org/10.1155/2020/6628404
http://doi.org/10.1016/j.jclepro.2020.121538
http://doi.org/10.1016/j.dyepig.2004.03.018
http://doi.org/10.1111/j.1478-4408.2009.00188.x
http://doi.org/10.1111/j.1478-4408.2009.00186.x
http://doi.org/10.1111/j.1478-4408.2011.00354.x
http://doi.org/10.1111/j.1478-4408.2011.00331.x
http://doi.org/10.1021/acs.iecr.5b03582
http://doi.org/10.1002/pat.5811
http://doi.org/10.1080/01932691.2014.916221
http://doi.org/10.1007/s12221-009-0315-2
http://doi.org/10.3390/polym12061243

	Introduction 
	Material and Methods 
	Materials 
	Dyeing Method 
	Exhaustion of Dye 
	Color Depth of Dyed Fabric 
	Dyeing Level Property 
	Color Fastness Test 
	Solubility of Disperse Dye 
	CLogP Value of Dye 

	Results and Discussion 
	Exhaustion of Dye and Color Depth of Dyed Fabric 
	Dyeing Performance in Silicone Solvent Dyeing System and Traditional Water Base 
	Dyeing Level Property of Dyed Fabrics 
	Solubility of Disperse Dye 
	Relationship between Hydrophobic Constant and Exhaustion 
	Dispersion Mechanism in Silicone Solvent Dyeing System 

	Conclusions 
	References

