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With the rapid development of digital inkjet printing, it will inevitably lead to the uneven quality of inkjet

printing ink products on the market. Therefore, making a more comprehensive and accurate quality

evaluation of digital printing ink is particularly important. In this study, a short process and environment-

friendly washing-free disperse dye ink was prepared based on the research on ink quality. The quality of

printing ink is closely related to its physical properties, printing ink stability, inkjet performance, and inkjet

printing effect. The microdistribution state of water for washing-free disperse dye ink was analyzed by

LF-NMR, and the influence of the microstate of water on the macro physical properties of the ink was

clarified. The physical properties (particle size, pH value, surface tension, viscosity, rheological properties,

etc.) of the washing-free disperse dye ink were systematically tested and analyzed. At the same time, the

stability (weatherability, the temperature sensitivity of viscosity, and shear stability) and inkjet

performance (drive waveform A, B, and C) of washing-free disperse dye ink were systematically

investigated. Finally, the inkjet printing effect of washing-free disperse dye ink was evaluated. This study

systematically examined the quality and printing effect of the prepared washing-free disperse dye ink

and provided quality evaluation reference for the development of high-quality washing-free disperse dye

ink.
Introduction

The three elements of digital printing are soware, inkjet
printing machine, and printing ink.1–3 Among them, printing
ink is the main consumable material in the production of
digital printing. Its development has become an indispensable
part of the development of digital inkjet printing technology
and has become a research hotspot in the eld of ne chemicals
for textile.4–7 With the rapid development of digital printing
technology, the number of digital printing ink manufacturers
continues to expand, which will inevitably lead to uneven
quality of printing ink products on the market. Thus, con-
ducting a more comprehensive and accurate quality identica-
tion of digital printing ink is very important. Digital printing
inks mainly include the following types: disperse dye inks,
reactive dye inks, acid dye inks, and pigment inks.8–14 Inkjet
printing inks are generally composed of colorant, organic
solvent, surfactant, defoamer, dispersant, pH regulator, water,
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the Royal Society of Chemistry
etc.12–17 Although different types of inkjet printing inks have
certain differences in their components, inkjet printing ink
products have many commonalities while having individual
characteristics.

Therefore, the quality level of digital printing ink can be
evaluated from the following aspects: (1) viscosity is the resis-
tance of printing ink uidity, and surface tension is the
spreading ability of ink to the printing medium. The viscosity of
printing ink is generally 2–10 mPa s. The surface tension of
printing ink is generally 25–50 mN m−1.5,14–16 (2) To prevent the
printing ink from corroding the nozzle, the pH value is generally
7–10.5,15,16 (3) In the printing ink, the value of conductivity is
a measure of its salt content.5,15,16 The conductivity of printing
ink is generally less than 10 000 mS cm−1. (4) The inkjet uency
is directly related to the effect and quality of digital printing. For
disperse dye ink and pigment ink, the inkjet uency is related to
the particle size of the ink, and the ink particle size is generally
less than 500 nm. At the same time, a certain amount of water-
based polymer is added to the pigment ink, and the water-based
polymer in the ink has a crucial inuence on its inkjet uency.
The inkjet performance of printing ink is also related to the
physical properties of printing ink and the driving waveform
loaded on the piezoelectric nozzle.15,16,18 (5) The inuence of the
storage environment on printing ink. It has been reported that
storage environments have little effect on the pH, conductivity,
viscosity, and surface tension of the printing ink, and the above
RSC Adv., 2023, 13, 12141–12152 | 12141
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parameters of the ink mainly depend on the ink components.
The storage stability of printing ink is usually evaluated for the
particle size stability of disperse dye ink or pigment ink.5,19,20 (6)
Color has three elements, namely, hue, saturation, and light-
ness. The hue refers to the texture and appearance of the color.
The saturation of color refers to the brightness of color. The
lightness of printing fabrics can also be characterized by color
densitometer.19–21 The above color parameters are closely
related to the quality of printing ink. (7) The color fastness of
printing fabrics includes washing fastness, dry rubbing fast-
ness, and wet rubbing fastness. The color fastness is also an
important standard for measuring the printing effect of
printing ink. For the printed fabric products printed with
excellent printing ink, the color fastness of 4–5 or 6–8 is the
best.19–21 In addition to the color fastness of printed fabrics, the
sharpness of printed patterns is also closely related to the
quality of printed ink.19,21

In the eld of digital inkjet printing of textiles, disperse dye
ink accounts for a large proportion, which is mainly based on
conventional disperse dye ink. The conventional disperse dye
ink printing process consists of ve processes: printing, drying,
color xing, washing, and nishing. However, the production
process of washing-free disperse dye ink printing includes
printing and baking nishing.19,22–25 It can be seen that the
biggest advantage of the washing-free disperse dye ink printing
production process is that the process is short and the efficiency
is high. However, there is a lack of systematic evaluation,
induction, and research on the quality of washing-free disperse
dye ink and its inkjet printing fabrics.

Therefore, based on the research background of green
environmental protection, energy conservation, and emission
reduction of textile printing and dyeing, this study prepared
washing-free disperse dye ink. The physicochemical properties
of washing-free disperse dye ink were systematically evaluated.
At the same time, the stability and inkjet performance of
washing-free disperse dye ink has also been tested and
analyzed. Finally, the inuence mechanism of color strength,
color fastness, and pattern sharpness of polyester fabric inkjet
printed with washing-free disperse dye ink was claried. In
conclusion, this study provides a theoretical and experimental
basis for the preparation and quality research of washing-free
disperse dye ink.

Experimental section
Materials

C. I. Disperse Blue 359 (press cake) was obtained from Shanghai
Annoqi Group Co., Ltd. The dispersant MF (naph-
thalenesulfonic acid, polymer with formaldehyde, sodium salt,
industrial grade) was provided by Anyang Shuanghuan Reagent
Co., Ltd. Ethylene glycol (EG), butane-1,2-diol, and sodium
dodecyl sulfate (SDS) were supplied by Sinopharm Chemical
Reagent Co., Ltd. The foam-free powder (organosilicon
defoamer) was purchased from Shanghai BBI Co., Ltd. Trie-
thanolamine (TEOA) were provided by Shanghai Macklin
Biochemical Co., Ltd. Polyacrylate emulsion (4008A, solid
content, 51.2 wt%, industrial grade) was supplied by
12142 | RSC Adv., 2023, 13, 12141–12152
Guangzhou Fanhao Trading Co., Ltd (China). Deionized water
(DI water) was prepared in laboratory. Polyester fabric (135 g
m−2, plain weave) was supplied by Shanghai Textile Industry
Institute.
Preparation of color paste and washing-free disperse dye ink

C. I. Disperse Blue 359 (10.00 wt%), dispersant MF (10.00 wt%),
EG (10.00 wt%), silicone defoamer (0.05 wt%), and deionized
water (69.95 wt%) were weighed and added to 100.00 g zirconia
beads (0.40–0.60 mm, diameter). Grinding was performed using
a planetary ball mill (Nanjing Chishun Science & Technology
Co., Ltd., CN) operated at 600.0 rpm for 20.0 h. As a result, the
color paste was successfully prepared.

The preparation of washing-free disperse dye ink (Table 1) is
as follows: color paste (30.00 g), butane-1,2-diol (25.00 g), TEOA
(0.50 g), SDS (0.50 g), silicone defoamer (0.05 g), polyacrylate
emulsion (0.000 g, 0.586 g, 1.172 g, 1.758 g, 2.344 g, 2.929 g, and
3.906 g), and deionized water (44.400 g, 43.814 g, 43.228 g,
42.642 g, 42.056 g, 41.471 g, and 40.494 g) were accurately
weighed. It was stirred evenly through the magnetic stirrer and
nally ltered with a waterborne lter membrane (0.22 mm, 0.45
mm, and 0.80 mm) to obtain the required washing-free disperse
dye ink (Ink a, b, c, d, e, f, and g), respectively.
LF-NMR measurements

LF-NMR relaxation measurements were performed using Niu-
mag Bench-top Pulsed NMR Analyzer PQ001 (Niumag Electric
Corporation, Shanghai, China) operated at a proton resonance
frequency of 22.7 MHz at 32 °C (±0.01 °C). For this purpose,
accurately weighed 1.5 g sample (Ink components, washing-free
disperse dye ink) was inserted in the LF-NMR probe. Spin–spin
relaxation time, T2, was measured using the Carr-Purcell-
Meiboom-Gill (CPMG) sequence. For the measured samples,
the relaxation signal could also be expressed in the multi-
exponential form. The spin–spin relaxation time inversion was
performed using eqn (1), where pi is the signal intensity of the
ith component whose spin–spin relaxation time is T2i.20,26

MðtÞ ¼
X
i

pi exp

�
� t

T2i

�
(1)
Characterization of washing-free disperse dye ink

The particle size and zeta potential of the washing-free disperse
dye ink were characterized using a Zetasizer Nano-ZS90 from
Malvern Instruments Co., Ltd., UK at 25.00 °C. The pH of the
washing-free disperse dye ink was tested using the pH meter
(PHS-3C, Shanghai Instrument Science Instrument Co., Ltd.,
CHN). The conductivity of the ink was determined using the
conductivity meter (ST3100C, OHAUS Instrument Co., Ltd.,
CNH). The surface tension was measured with a BP100 bubble
pressure tensiometer (Kruss, Hamburg, Germany) at 25.00 °C.
The viscosity was determined using a rotational viscometer
(Rhellab QC, Anton Paar Instruments Co., Ltd., CHN) at 20 °C or
32 °C with a speed of rotation of 60 rpm. The rheological
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The formulation of washing-free disperse dye ink

Sample Color paste (wt%) SDS (wt%) TEOA (wt%)
Butane-1,2-diol
(wt%)

Polyacrylate
emulsion (wt%)

Silicone defoamer
(wt%)

Deionized water
(wt%)

Ink a 30.000 0.500 0.050 25.000 0.000 0.050 44.400
Ink b 30.000 0.500 0.050 25.000 0.586 0.050 43.814
Ink c 30.000 0.500 0.050 25.000 1.172 0.050 43.228
Ink d 30.000 0.500 0.050 25.000 1.758 0.050 42.642
Ink e 30.000 0.500 0.050 25.000 2.344 0.050 42.056
Ink f 30.000 0.500 0.050 25.000 2.929 0.050 41.471
Ink g 30.000 0.500 0.050 25.000 3.906 0.050 40.494
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properties of inks were characterized in the shear rate range of
150.00–1000.00 s−1 at 20.00 °C (shear increase rate 10.00 s−1).
The washing-free disperse dye ink (the lter membrane with
pore size of 0.22 mm) was diluted 10 000 times with DI water and
analyzed by an ultraviolet spectrophotometer (TU-1900, Beijing
General Instruments Co., Ltd.).

The stability of the washing-free disperse dye ink was mainly
evaluated by its weatherability (Sampling aer ink oscillation),
such as thermal stability (60 °C, 7 days, RTS), and freeze-thaw
stability (−18 °C, 7 days, RFT). The rate of change (R) for the
particle size was calculated using eqn (2) (original washing-free
disperse dye ink, P0 nm

−1; measured washing-free disperse dye
ink, P nm−1; particle size relative change, R/%). The higher is
the R value, the poorer is the ink stability.19

R ð%Þ ¼
����ðP� P0Þ

P

����� 100% (2)
Observation of droplet formation and inkjet printing

The droplet formation process and driving waveform optimi-
zation were achieved using JetXpert analytical instrument at
20 °C (driving waveform (A, B, C), Fig. 1, Imagexpert Co., Ltd,
America). The JetXpert analytical instrument consisted of
a jetting driver (piezoelectric type; A, B, C waveform), print head
(nozzle diameter 21 mm, Epson Dx5), and drop watcher stro-
boscope LED delay camera system (CCD). Three different trap-
ezoidal driving waveforms (A, B, C) were used for the testing of
washing-free disperse dye ink inkjet performance, and the
Fig. 1 Driving waveform of the piezoelectric nozzle.

© 2023 The Author(s). Published by the Royal Society of Chemistry
driving waveforms matching the washing-free disperse dye ink
was optimized.
Characterization of printing fabric

The line width of the printed lines was specied as 352.00 mm.
The size of inkjet printing block is 160 mm × 200 mm. Inkjet
printing was carried out using an Epson R330 inkjet printer
(Seiko Epson Corporation, Japan) at 20.00 °C (Warp direction
inkjet printing). The printing patterns (lines and color blocks)
were subsequently thermo-xed by treatment in a hot air oven at
110.00 °C for 1.00 min and post-treatment at 175.00 °C for
1.00 min. The printing pattern (line width) was photographed
by a 3D super depth digital microscope (VHX-1000, Keyence
Instruments Company, Japan). The rate of change (W) of the
line width was calculated using eqn (3) (Print Linewidth, D0

mm−1; measured linewidth, D mm−1; linewidth relative change,
W/%). The larger theW value, the more serious the ink diffusion
and the worse the pattern sharpness.19

W ð%Þ ¼ ðD�D0Þ
D0

� 100% (3)

The color strength data (K/S) was obtained using an Ultra
Scan Hunter Lab K/S (USA) with a D65 spectrophotometer. The
printing fabrics were folded twice and four measurements were
performed in each case. The K/S value was calculated using the
Kubelka–Munk equation (eqn (4); K is the adsorption coeffi-
cient, S is the scattering coefficient, and R is reectance of the
printing fabrics). The colorfastness of the printing fabrics was
RSC Adv., 2023, 13, 12141–12152 | 12143
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analyzed according to GB/T3921-2008 (soaping fastness),
GB250-2008, and GB251-2008 (dry/wet rubbing fastness).16,20

K=S ¼ ð1� RÞ2
2R

(4)
Results and discussion
Analysis of main components of washing-free disperse dye ink

The information on molecular motions and intermolecular
interactionwas obtained by the relaxation time information of LF-
NMR.15,16,19,20 It was employed to further reveal the mechanism of
interaction between the main components of the ink and DI
water.19,20 Fig. 2 is the T2 inversion spectrum of LF-NMR relaxation
time of ink components. The characteristics of molecular
motions are closely associated with the relaxation time. The larger
the relaxation time, the stronger the molecular motions.15,16,19,20 It
can be seen fromFig. 2 that there is only one peak at the inversion
spectrum of DI water, and the relaxation time range is 1873.82–
4922.02 ms.20 The inversion spectrum of the butane-1,2-diol
molecule also exhibits only one peak, and the relaxation time
range is 89.07–219.64 ms. This indicates that the uidity of water
molecules is much stronger than that of butane-1,2-diol. For
25 wt% butane-1,2-diol aqueous solution, there are three peaks
T21 (7.84–10.35 ms), T22 (235.43–622.26 ms), and T23 (880.49–
2866.07 ms), which are completely different from DI water and
butane-1,2-diol. The reason is that butane-1,2-diol has a strong
intermolecular force with DI water, which binds the uidity of
water molecules. It can be seen that there are three states of water
in polyacrylate emulsion: intra-microstructure water (T21, T22) and
extra-microstructure water (T23).19 The inversion spectrum of
polyacrylate emulsion (1.758 wt%) (Fig. 3a and b) shows the three
states of water, T21 (0.74–2.25 ms), T22 (2.25–5.54 ms), and T23
(1644.68–3072.11 ms), respectively. This indicates that the poly-
acrylate emulsion can increase the water content in the poly-
acrylate microstructure and enhances the bound intensity to DI
water. The polyacrylate emulsion was dried into a lm by thermal
drying (Fig. 3c). From the freeze-drying SEM image of the poly-
acrylate emulsion (Fig. 3d), it is known that the polyacrylate
Fig. 2 T2 relaxation time (T2 relaxation time range is 0–7000 ms) dis
emulsion 1.758 wt% (a), T2 relaxation time (T2 relaxation time range is 0–

12144 | RSC Adv., 2023, 13, 12141–12152
emulsion exhibits a three-dimensional network structure in the
emulsion dispersion system. The SEM image of freeze-drying
polyacrylate emulsion can further conrm the existence of
intra-microstructure water and extra-microstructure water in the
washing-free disperse dye ink system.16,19

Analysis of washing-free disperse dye ink

It is well known that washing-free disperse dye ink components
(butane-1,2-diol, polyacrylate emulsion, H2O, Table 1) contain
a hydroxyl or three-dimensional structure, which can form
a strong binding effect on DI water and butane-1,2-diol.
According to Fig. 4(a) and (b), the relaxation time of the
washing-free disperse dye ink is divided into two parts or three
parts. For example, the relaxation times of Ink a are T21 (4.20–
12.75 ms) and T22 (382.75–1011.64 ms). The relaxation times of
Ink g are T21 (2.97–7.32 ms), T21–1 (7.84–20.73 ms), and T22
(270.49–880.49 ms), which may be because the content of pol-
yacrylate emulsion in Ink g is relatively high, the three-
dimensional structure is more compact, and the binding to
water is stronger. As shown in Fig. 4b, the relaxation times of
washing-free disperse dye ink shows a trend of moving to the
le with an increase in the content of polyacrylate emulsion in
the ink, which indicates that the three-dimensional structure
formed by polyacrylate emulsion has a strong binding effect on
DI water and the uidity of the ink is decreasing. Table 2 shows
the relaxation time data of the washing-free disperse dye ink.
For example, the relaxation times of Ink a, Ink c, and Ink g are
T22 (382.75–1011.64 ms), T22 (357.09–1011.64 ms), and T22
(270.49–880.49 ms), respectively. According to the relaxation
time data of washing-free disperse dye ink shown in Table 2, the
relaxation time of washing-free disperse dye ink decreases with
the increase in the polyacrylate emulsion content, which indi-
cates that the uidity of washing-free disperse dye ink decreases
with the increase in the polyacrylate emulsion content. This
phenomenon suggests that the addition of polyacrylate emul-
sion can reduce DI water uidity and further restrict their
degree of freedom.19 In particular, the presence of polyacrylate
emulsion (three-dimensional structure) in the washing-free
disperse dye ink is the most effective in entrapping the ink
component in the washing-free disperse dye ink.15,16,19 Due to
tribution of DI H2O, butanediol, butanediol 25 wt% and Polyacrylate
650 ms) distribution of butanediol 25 wt% (b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Polyacrylate emulsion T2 relaxation time distribution (a and b), polyurethane emulsion heating drying SEM diagram (c), and polyurethane
emulsion freeze-drying SEM diagram (d).

Fig. 4 T2 relaxation time (T2 relaxation time range is 0–25 ms) distribution of washing-free disperse dye ink (a), T2 relaxation time (T2 relaxation
time range is 0–1500 ms) distribution of washing-free disperse dye ink (b).
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the different intermolecular forces (hydrogen bond, ion bond
force, van der Waals force, etc.) between water molecules and
various ink components and the existence of microstructure in
washing-free disperse dye ink, the water molecules in washing-
free disperse dye ink are in an uneven environment, showing
multiexponential relaxation characteristics.19,21
Quality evaluation of the washing-free disperse dye ink

The physicochemical properties of washing-free disperse dye
ink are important parameters of ink. The physicochemical
© 2023 The Author(s). Published by the Royal Society of Chemistry
properties of ink are mainly evaluated from the pH, conduc-
tivity, zeta potential, viscosity, rheological properties, particle
size, and surface tension.5,11,13,15,20 The pH value of inkjet
printing ink has an important inuence on the ink character-
istics and applicability. To prevent the ink from corroding the
important parts of the inkjet system, such as the nozzle, the pH
value range of the ink is about 7–10.5,21 In this study, the pH
value of washing-free disperse dye ink was regulated by pH
regulator (0.05 wt%, TEOA). In Table 3, the washing-free
disperse dye ink pH is 7.4–7.9. The conductivity is another
RSC Adv., 2023, 13, 12141–12152 | 12145
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Table 2 Low field nuclear magnetic data of the washing-free disperse dye ink

Sample Peak
Initial time
of peak (ms)

Peak maximum
time (ms) Peak end time (ms) Peak area

Ink a 1 4.20 7.32 12.75 26.56
2 382.75 622.26 1011.64 2225.83

Ink b 1 1.82 4.50 9.01 20.69
2 357.08 622.26 1011.64 2231.93

Ink c 1 3.41 4.82 8.41 20.27
2 357.09 622.26 1011.64 2257.24

Ink d 1 2.58 7.32 14.65 17.41
2 289.94 541.59 880.49 2205.44

Ink e 1 2.97 4.20 8.41 16.86
2 333.13 622.26 1011.64 2232.47

Ink f 1 4.20 6.83 14.65 14.05
2 289.94 541.59 943.79 2222.04

Ink g 1 2.97 6.37 7.32 10.61
1–1 7.84 10.35 20.73 10.19
2 270.49 505.26 880.49 2207.96

Table 3 Physicochemical properties of washing-free disperse dye ink

Sample pH
Conductivity
(mS cm−1) Zeta potential (mV) Viscosity (mPa s) Particle size (nm)

Surface tension
(mN m−1)

Ink a 7.6 � 0.2 2.9 � 0.1 −53.2 � 0.1 4.1 � 0.1 169.2 � 2 38.8 � 0.1
Ink b 7.5 � 0.1 2.9 � 0.2 −51.4 � 0.1 3.9 � 0.1 169.0 � 1 39.0 � 0.1
Ink c 7.6 � 0.1 3.0 � 0.2 −52.2 � 0.2 3.8 � 0.1 169.4 � 2 38.8 � 0.1
Ink d 7.5 � 0.2 3.0 � 0.1 −49.9 � 0.1 4.3 � 0.1 170.5 � 1 38.4 � 0.1
Ink e 7.6 � 0.1 3.1 � 0.2 −50.3 � 0.2 3.8 � 0.1 166.5 � 1 38.3 � 0.2
Ink f 7.7 � 0.2 3.1 � 0.2 −52.7 � 0.2 4.0 � 0.1 167.0 � 2 38.2 � 0.1
Ink g 7.7 � 0.1 3.2 � 0.2 −47.2 � 0.2 4.3 � 0.1 167.7 � 1 37.8 � 0.1

Fig. 5 Surface tension of washing-free disperse dye ink.
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important index to evaluate the washing-free disperse dye ink
properties, which can be used to reect the salt content of ink.
To prevent the clogging of the nozzle and the corrosion of the
ink path system, the conductivity is preferably as small as
possible.5,21 The conductivity of the washing-free disperse dye
ink described in Table 3 is in the range of 2.9–3.2 mS cm−1,
which is less than the required conductivity of the printing ink,
which does not exceed 10.0 mS cm−1.

Zeta potential is an important indicator of the stability of the
dispersion system.20 It is a measurement of strength of repul-
sion or attraction between disperse dye particles in washing-free
disperse dye ink. The higher the absolute value of zeta potential
(positive or negative), the more stable the system; then, disperse
dyes can resist aggregation. The absolute value of the zeta
potential for the washing-free disperse dye ink needs to be
greater than 25 mV.20 The zeta potential of the washing-free
disperse dye ink is between 47 and 53 mV (Table 3). The zeta
potential of washing-free disperse dye ink is between 47 and
53 mV (Table 3), which indicates that the disperse dye in the
prepared ink is not easy to agglomerate and has good stability.
In general, the particle size of the disperse ink is less than
200.0 nm, which is due to the aperture of the piezoelectric
nozzle of about 21.0 mm. The particle size of the washing-free
disperse dye ink is too large, which will clog the nozzle. As
illustrated in Table 3, the average particle size of washing-free
disperse dye ink is 166.5–169.2 nm, indicating that the
12146 | RSC Adv., 2023, 13, 12141–12152
particle size of the ink meets the demands of the printing
washing-free disperse dye ink.

The surface tension of printing ink is mainly regulated by the
surfactant.27–29 In this study, the surfactant (SDS, 0.5 wt%) was
used to regulate the surface tension of the washing-free disperse
dye ink, which was about 38.0–39 mN m−1 (Table 3, Fig. 5),
which indicated that the surface tension of the prepared ink was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Relationship between shear stress and shear rate (the shear rate range is 150–1000 s−1) of washing-free disperse dye ink (a), relationship
between shear stress and shear rate (the shear rate range is 200–640 s−1) of washing-free disperse dye ink (b).
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mainly determined by the surfactant SDS. The viscosity of
printing ink is related to the interaction of ink components and
its microstructure.19,20 Table 3 presents the viscosity of inks (Ink
Fig. 7 Effect of temperature on the viscosity of washing-free disperse
dye ink.

Fig. 8 Shear stability (the shear rate range is 200–1000 s−1) of washing-
500–800 s−1) of washing-free disperse dye ink a and e (b).

© 2023 The Author(s). Published by the Royal Society of Chemistry
a–g), which are 4.1, 3.9, 3.8, 4.3, 3.8, 4.0, and 4.3 mPa s,
respectively. The surface tension and viscosity of inks with
different formulations are different,27–29 whichmay be caused by
the different content of polyacrylate emulsion in the inks,
leading to the different microstructure of the inks. Fig. 6 gives
the rheological properties of the washing-free disperse dye ink,
and the shear-rate increases almost linearly with the shear
stress. Fig. 6 illustrates that the prepared washing-free disperse
dye ink presents the characteristics of Newtonian uid. Fig. 7
presents the change in viscosity of the washing-free disperse dye
ink at different temperatures (20 °C, 32 °C). As shown in Fig. 7,
there are some differences in the viscosity changes of different
washing-free disperse dye inks at different temperatures. It can
be seen from Fig. 7 that the viscosity of Ink a is less sensitive to
temperature, and the viscosity of Ink b is more sensitive to
temperature. The viscosity change rate of Ink a at different
temperatures (20 °C, 32 °C) is 28.83%. The viscosity change rate
of Ink e at different temperatures (20 °C, 32 °C) is 30.53%; the
reason may be that the change in the ink temperature has
a great inuence on the microstructure of its internal three-
dimensional network (polyurethane emulsion).30,31 Fig. 8
shows the shear stability of washing-free disperse dye Ink a and
free disperse dye ink a and e (a), shear stability (the shear rate range is

RSC Adv., 2023, 13, 12141–12152 | 12147
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e. Fig. 8 indicates that the prepared washing-free disperse dye
ink has good consistency in ink rheological properties under
different shear conditions. The reason may be that the prepared
disperse dye ink belongs to Newtonian uid.

The weatherability of washing-free disperse dye ink is crit-
ical, which is related to the service life of printing ink. The
weatherability of printing ink is mainly evaluated by the
thermal stability (60.0 °C) and freeze stability (−18.0 °C).19 It has
been reported that temperature has little effect on the pH,
conductivity, viscosity, and surface tension of printing ink, and
the above parameters of ink mainly depend on the ink
components.5,19 For washing-free disperse dye ink, the ink was
le at a high temperature (60.0 °C) or low temperature (−18.0 °
C) environment for two weeks without stratication
phenomena and sedimentation. Table 4 shows the low
temperature stability and high temperature stability of washing-
free disperse dye ink (Ink a–g). As shown in Table 4, the particle
size of washing-free disperse dye ink changes little under
different temperature conditions, which shows that the
components in the washing-free disperse dye ink prepared have
good compatibility.

The concentration of the colorant in the ink can be deter-
mined by UV absorption spectrum because the absorption value
of the specic spectral wavelength is different for different
concentrations.21 The UV absorption spectra of washing-free
disperse dye ink is shown in Fig. 9. The ink component in
washing-free disperse dye ink (C. I. Disperse Blue 359) had little
effect on the UV spectral shi of the ink. The UV spectrum
Table 4 Weatherability of washing-free disperse dye ink

Sample
Original particle
size (nm)

Thermal stability Freeze stability

Particle size
(nm) RTS (%)

Particle size
(nm) RFT (%)

Ink a 169.2 170.6 0.83 165.1 2.42
Ink b 169.0 172.1 1.83 172.4 2.01
Ink c 169.4 158.8 6.26 174.8 3.19
Ink d 170.5 175.4 2.87 173.7 1.88
Ink e 166.5 165.3 0.72 173.7 4.32
Ink f 167.0 161.3 3.41 170.9 2.33
Ink g 167.7 166.5 0.71 174.9 4.29

Fig. 9 UV spectrum (the wavelength range is 190–800 nm) of washing-fr
360 nm) of washing-free disperse dye ink a–g (b), UV spectrum (the wave

12148 | RSC Adv., 2023, 13, 12141–12152
intensity of the washing-free disperse dye ink is different due to
the difference in the polyacrylate emulsion content of the
washing-free disperse dye ink. The color strength of the
prepared washing-free disperse dye ink will affect the color
strength of the printed fabric.

Inkjet performance of washing-free disperse dye ink

The inkjet performance is the combined result of the nozzle
parameters (nozzle aperture, nozzle interface material, etc.),
driving waveform parameters (driving voltage, driving wave-
form, and pulse time), and physical properties of ink (viscosity,
uidity, surface tension, and density).26,29–31 The drop-on-
demand pulse was controlled using a jetxpert analytical
instrument with the trapezoidal waveform illustrated in Fig. 1
(A, B, C). The parameters of trapezoidal waveform include
voltage initial value (V0), voltage maximum value (V1), voltage
minimum value (V2), voltage rise time (Tr), voltage dwell time
(Td), voltage fall time (Tf), and voltage echo time (Te).26 In this
study, piezoelectric nozzle was used to observe the inkjet
process of washing-free disperse dye ink. Due to the nozzle
aperture (about 21.00 mm) and driving waveform (driving
voltage 27.00 V) used in the inkjet observation, the inkjet
performance depends on the physical properties of the
washing-free disperse dye ink, voltage dwell time (Td), and
voltage fall time (Tf). The voltage dwell time (Td) of driving
waveform (A, B, C) are 2.4 ms, 2.8 ms, and 3.2 ms, respectively. The
voltage fall time (Tf) of driving waveform (A, B, C) are 3.4 ms, 3.0
ms, and 2.6 ms, respectively.

As illustrated in Table SI,† the inkjet process of ink is noted
to be different for different driving waveforms. When the
washing-free disperse dye ink (Ink a–g) was observed under the
condition of driving waveform A, the ink droplets could not
merge and the phenomenon of satellite droplets was seen,
which indicated that the prepared washing-free disperse dye ink
was not suitable for inkjet printing under the condition of
driving waveform A. The formation process of ink droplets was
observed under the condition of driving waveform B. It was
found that the washing-free disperse dye ink (Ink c, e, g) could
not inkjet normally, while the Ink f showed inkjet instability,
which may be due to the different physical properties (viscosity,
4.0 mPa s; surface tension, 38.2 mN m−1) of the ink. When
observing the inkjet process under the condition of driving wave
ee disperse dye ink a–g (a), UV spectrum (the wavelength range is 190–
length range is 400–800 nm) of washing-free disperse dye ink a–g (c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Printing fabric parameters (fixation temperature 175 °C)

Printing sample
We linewidth
(mm) Printing lines (warp direction inkjet printing) K/S

Dry rubbing
fastness

Wet rubbing
fastness Washing fastness

Ink a 401.19 4.9 3–4 3 3–4

Ink b 392.91 3.2 4 3–4 4

Ink c 417.36 3.5 4 3–4 4

Ink d 378.48 4.0 4 3–4 4

Ink e 395.48 3.5 4 3–4 4

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 12141–12152 | 12149
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Table 5 (Contd. )

Printing sample
We linewidth
(mm) Printing lines (warp direction inkjet printing) K/S

Dry rubbing
fastness

Wet rubbing
fastness Washing fastness

Ink f 389.38 3.1 4 3–4 4

Ink g 372.50 3.0 4 3–4 4
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C, only Ink b has satellite droplets (viscosity, 3.9 mPa s; surface
tension, 39.0 mN m−1), and other inks can be inkjet normally.
The ink droplet formation process is observed under the
condition of driving waveform C. The ink droplet formation
process depends on the physical properties of the ink. For
example, the ink droplet inkjet time and the primary and
secondary ink droplet merging time of Ink a are 23 ms and 48 ms,
respectively. The ink droplet inkjet time and the primary and
secondary ink droplet merging time of ink g are 23 ms and 41 ms,
respectively.
Analysis of pattern quality of polyester fabric inkjet printing

For the fabric inkjet printing pattern, the principal index to
evaluate the quality of printing ink is the sharpness, color
strength, and color fastness of the printing pattern.25,26,30–32

Table 5 lists the printing fabric parameters of washing-free
Fig. 10 The UV spectrum of polyester fabric printing soaping (a), SEM im

12150 | RSC Adv., 2023, 13, 12141–12152
disperse dye ink. It can be seen from Table 5 that the line
width of the printing fabrics is related to the ink viscosity and
uidity (The uidity of ink is closely related to its transverse
relaxation time).19,21,31 The viscosity of Ink a, b, c, d, e, f, and g
were observed to be 4.1 mPa s, 3.9 mPa s, 3.8 mPa s, 4.3 mPa s,
3.8 mPa s, 4.0 mPa s, and 4.3 mPa s, respectively. The shis in
the T23 main peak in the T2 relaxation time inversion spectra of
the printing Ink a, b, c, d, e, f, and g are 382.75–1011.64 ms,
357.08–1011.64 ms, 357.09–1011.64 ms, 289.94–880.49 ms,
333.13–1011.64 ms, 289.94–943.79 ms, and 270.49–880.49 ms,
respectively. The viscosity and uidity of the ink can overcome
the capillary force caused by the fabric structure and weaken the
diffusion of the ink on the surface, which will help to improve
the sharpness of the printing pattern.19,21,31 For example, the
viscosity of ink c is 3.8 mPa s, the transverse relaxation time is
357.09–1011.64 ms, and the line width of the printed polyester
age of polyester fabrics (b), and printed polyester fabrics (c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fabric is 417.36 mm. The viscosity of ink g is 4.3 mPa s, the
transverse relaxation time is 270.49–880.49 ms, and the line
width of the printed polyester fabric is 372.50 mm.

The K/S value of the printing pattern is directly related to the
content of the disperse dye in the printing ink.21,31 The UV
spectral absorption intensity (Fig. 5) of different washing-free
disperse dye inks (Ink a, b, c, d, e, f, and g) are 1.454, 1.460,
1.275, 1.483, 1.210, 1.400, and 1.126, respectively. As shown in
Table 5, the K/S values of the printing fabrics for Ink a, b, c, d, e,
f, and g are 4.9, 3.2, 3.5, 4.0, 3.5, 3.1, and 3.0, respectively. It can
be seen from the above data that the UV absorption strength of
ink b, c, d, e, f, and g is consistent with the K/S value of printed
polyester fabric, while Ink a is quite different because it is not
lled with polyacrylate emulsion. As listed in Table 5, the dry/
wet rubbing fastness and washing fastness (level 3) of
printing fabrics generally meet the color fastness requirements.
The dry rubbing fastness and washing fastness of the printed
fabric with ink a are level 3–4, and the wet rubbing fastness is
level 3. However, the dry rubbing fastness and washing fastness
of other ink (Ink b–g) printing fabrics are level 4, and the wet
rubbing fastness is level 3–4. The results show that there is
almost no disperse dye in the soaping solution of printed fabric
by UV spectral (Fig. 10a). The reason is that the washing-free
disperse dye ink is added with polyacrylate emulsion. When
the printing fabric was thermo-xed at high temperature, the
disperse dye is covered by polyacrylate, and a layer of poly-
urethane lm is formed on the surface of the printed fabric
(Fig. 10c). The existence of the polyurethane lm helps to
improve the color fastness of the printed fabric.31

Conclusion

The purpose of this study is to develop high-quality washing-
free disperse dye ink and systematically study the quality of
the prepared ink. The physical properties of the ink were tested
and evaluated. The results showed that the ink's particle size
(131.3–147.8 nm), pH value (7.5–7.7), conductivity value (2.9–3.2
mS cm−1), surface tension (38.0–39 mN m−1), viscosity (3.8–4.3
mPa s), and rheological properties (Newtonian uid) were in
line with the requirements of the printing ink. In terms of the
evaluation of the stability of the prepared washing-free disperse
dye ink, the prepared ink has good weatherability as a whole,
without ink delamination, and only Ink c has poor thermal
stability and freeze stability. The study on the sensitivity of the
viscosity of the prepared ink to temperature shows that the
change in the ink temperature has a greater impact on the
microstructure of its internal three-dimensional network
(polyurethane emulsion). The study on the shear stability of ink
indicates that the prepared ink belongs to Newtonian uid and
has good shear stability. The research on the inkjet perfor-
mance of the prepared ink demonstrated that the prepared ink
has good inkjet performance under the condition of driving
waveform c (driving voltage, 27.00 V; Td, 3.2 ms; Tf, 2.6 ms).
Finally, the inuence mechanism of color strength and color
fastness of polyester fabrics printed with washing-free disperse
dye ink was studied. The experimental data reported that the
color strength of printing fabrics is related to the content of
© 2023 The Author(s). Published by the Royal Society of Chemistry
disperse dyes in the preparation of inks. The color fastness of
the printing fabric is excellent. The reason is that the poly-
acrylate emulsion contained in the washing-free disperse dye
ink can be served as the carrier of the disperse dye and help to
x the disperse dyes. In conclusion, this study provides a theo-
retical and experimental basis for the preparation and quality
research of washing-free disperse dye ink.
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