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Abstract

Disperse dyes are non-water soluble specialized dyes used for the dyeing of polyethylene terephthalate
fibers. Typically, the quantification of their effective content is achieved through a color comparison
method subsequent to the dyeing of polyester fiber textiles. However, this conventional method is notably
complex, labor-intensive, and economically inefficient. This article explores the feasibility of using
spectrophotometry to determine the effective content of dispersed dyes, using a mixture of dispersed
blue 291G filter cake, different proportions of dispersant MF, sodium lignosulfonate dispersant, and
corresponding commercial dispersed dyes as examples. The results demonstrate that optimizing the DMF/
water solventratio, calibrating the dye’s spectral absorption curve, and executing linear regression on “dye
absorbance-dye concentration” yields a maximum deviation of +0.8314% and a minimum of +0.016% in
the effective dye content measured by spectrophotometry, as compared to the color comparison method.
This underscores the substantial consistency between the two methodologies. The spectrophotometry
approach not only offers high precision but also significantly reduces testing duration. For large-scale
assessment of effective dye content in disperse dyes, spectrophotometry provides significant advantages
including rapid analysis, elevated accuracy, and enhanced environmental sustainability.

Keywords: UV visible absorption spectrophotometry; Disperse dyes; Effective content; Rapid
determination; Lambert-Beer law

Introduction

Polyethylene terephthalate (PET) fibers [1,2] have tightly arranged macromolecular
chains, high crystallinity, and strong hydrophobicity. The disperse dyes used for dyeing these
fibers typically contain few strong water-soluble groups and have relatively low molecular
weight. Consequently, these dyes are insoluble or only slightly soluble in water, but they can
dissolve in organic solvents such as acetone and N,N-dimethylformamide. After the synthesis
of the raw dye, disperse dyes require the addition of a certain proportion of dispersants and
other surfactants, followed by grinding [3], crystal transformation [4,5], and standardization
to produce commercial dyes with excellent dyeing properties. The effective content of disperse
dyes is an essential quality control metric for assessing their color-rendering ability. According
to the Chinese national standard GB/T2394 “Determination of color and strength of disperse
dyes”[6], this effective content is determined by dyeing samples using the high-temperature
and high-pressure method, followed by visual comparison [7] or instrumental K/S value [8]
analysis. Assessment is permissible only if the sample’s coloration “closely”, “slightly”, or
“moderately resembles” the standard sample; conversely, if the coloration “deviates markedly”
or “significantly”, evaluating the strength is not feasible. This process is complex and time-
consuming. In this context, this paper examines a simple and rapid method for determining
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the effective content of disperse dyes, using Disperse Blue 291G dye,
dispersant MF, and sodium lignosulfonate as experimental subjects.
This method aims to facilitate the quality control of disperse dyes
while aligning with the ecological development concepts of energy
conservation and emission reduction in textile printing and dyeing.

Spectrophotometric analysis operates on the principles of the
Lambert-Beer law, which establishes a direct correlation between
the concentration of a dye and its absorbance of monochromatic
light [9,10]. When a beam of monochromatic light traverses a
homogenous solution, a portion of the light is absorbed, while
the remainder is transmitted through the solution. Let I, denote
the intensity of the incident light, and I represent the intensity
of the light transmitted through the solution. The absorbance
(A) is defined by the relationship A=IgT=Igl/I, which, following
mathematical transformation, yields Equation (1):

A=—1gT = ecl (1)

Wherein: T denotes transmittance, c represents the
concentration of the substance (mol/L), € is the molar absorption
coefficient (L/(mol-cm)), and 1 signifies the path length (cm).
The formula delineates that, under specified conditions, the
absorbance (A) of the dye exhibits a linear proportionality to both
the concentration of the dye or other absorbing substances within

the solution and the path length of the light through the solution.
Experimental
Experimental reagents

Disperse Blue 291G filter cake and commercial dye, sourced
from Hangzhou FuLaiente Fine Chemical Co., Ltd., are classified as
industrial grade, with their structural formula depicted in Figure
1. Dispersant MF, sodium lignosulfonate, sodium dithionite, N,N-
dimethylformamide, glacial acetic acid, and sodium hydroxide,
all procured from Aladdin Reagent (Shanghai) Co., Ltd., are of
analytical grade.

0

Dr;.l::l Br

Figure 1: Structural formula of disperse blue 291G.

Commercial disperse dyes are primarily formulated from a
blend of disperse dyes and environmentally sustainable dispersants
[11-13], exhibiting high dispersion efficacy in precisely calibrated
proportions. To ensure robust comparability in the experiments,
the employed dye comprised a mixture of disperse dye filter cake
and two types of dispersants routinely utilized in the manufacture
of commercial dyes. This mixture was formulated into a slurry and
subsequently ground. The grinding parameters were established at
a rotational speed of 200r/min and a grinding duration of 7 hours,

with a mass ratio of grinding media to mixed dye of 10:1. The
grinding media was composed of a combination of 3mm zirconia
beads and 1mm zirconia beads, maintained at a 1:1 mass ratio.

The four experimental disperse dyes are named Dyel, Dye 2,
Dye 3, and Dye 4. The compositions are delineated as follows: Dye
1 comprises Disperse Blue 291G (filter cake) and dispersant MF,
formulated in a 1:1 mass ratio. Dye 2 is composed of Disperse Blue
291G (filter cake) and dispersant MF, mixed in a 1:2 mass ratio.
Dye 3 includes Disperse Blue 291G (filter cake) and dispersant
sodium lignosulfonate, blended in a 1:1 mass ratio. Dye 4 consists
of Disperse Blue 291G (filter cake) and dispersant sodium
lignosulfonate, configured in a 1:2 mass ratio.

Experimental testing instruments

Floor-standing planetary ball mill, model PM400, manufactured
by Retsch, Germany. Oscillating dyeing machine, model L-12,
produced by Xiamen Ruibi Precision Machinery Co., Ltd. Oil bath
high-temperature dyeing machine, model H-24CF, from Xiamen
Ruibei Precision Machinery Co., Ltd. Forced convection universal
oven, model UF260Plus, engineered by MEMMERT, Germany.
Malvern laser particle size analyzer, model Master Sizer 3000, by
Malvern Instruments Ltd., UK. UV-Vis spectrophotometer, model
UV2600, produced by SHIMADZU, Japan. Color measurement
and matching system, model 600, developed by Data color, USA.
Ultrasonic cleaner, model SCQ-9201E, by Shanghai Shengyan
Ultrasonic Instrument Co., Ltd. Precision electronic balance, model
FA204S, manufactured by METTLER TOLEDO, Switzerland.

Preferred DMF /water mixed solvent

To ensure complete dissolution of the dye and dispersant within
the disperse dye, thereby forming a true solution compliant with
the Lambert-Beer law prerequisites [14,15], an optimal DMF /water
ratio is imperative. The experimental design establishes a gradient
of DMF /water concentration ratios at 100/0, 80/20, 60/40, 50/50,
40/60, and 20/80, excluding a 0/100 ratio due to the low solubility
of disperse dyes. Variations in the maximum absorption wavelength
(A,,J) will be observed when the dye is not completely dissolved, as
opposed to its fully dissolved state; these variations will guide the
determination of the suitable DMF/water ratio.

Testing of absorption spectra curves for dyes and
dispersants

To precisely delineate the relationship between dye
concentration and its absorbance, both the dye and dispersant
are established within a The
concentration gradient for Disperse Blue 291G filter cake has been
methodically set at 0.004, 0.006, 0.008, 0.010, 0.012, 0.014, 0.016,
0.018, and 0.020g/L. The concentration series for dispersant MF
is designed to be 0.010, 0.015, 0.020, 0.025, 0.030, 0.040, 0.050,
and 0.060g/L. The concentration gradient for dispersant sodium
lignosulfonate is strategically arranged from 0.010 to 0.080g/L in
increments reflecting precise control. A specific concentration from
these series is selected to analyze the absorption spectrum curve,
thereby determining the corresponding maximum absorption
wavelength (A_ ).

max:

concentrations low range.
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Testing of dye strength using high-temperature high-
pressure dyeing method

In this comparative analysis, the effective content of disperse
dyes is quantified utilizing an instrumental colorimetric method,
in accordance with the established intensity testing standards
previously outlined.

(1) Dyeing Concentration: For the dyeing process, each fabric
sample is meticulously weighed to 1g (£0.005g). The dye
concentration gradient is methodically established at intervals
0f 0.3%, 0.5%, 0.7%, 0.9%, 1.0%, 1.1%, 1.3%, 1.5%, 2.0%, 2.5%,
3.0%, 3.5%, and 4.0% (o.w.f).

(2) Dyeing Process and Procedure: Employing a disperse dye
concentration of x% (o.w.f.) and a liquor ratio of 1:50, the pH
is adjusted to 4-5 using acetic acid. The dyeing commences
at room temperature, with the temperature incrementally
increased to 90 °C at a rate of 3 °C/min, followed by a rise to
130 °C at 1 °C/min, sustained for 30 minutes, and subsequently
cooled to 80 °C at 2 °C/min, culminating with a water wash.

(3) Reduction Cleaning Procedure: The process involves
treating the dyed samples with sodium dithionite and sodium
hydroxide, each at 2g/L concentration, with a liquor ratio of
1:50, at 85 °C for 10 minutes, followed sequentially by rinsing
in cold water, washing in hot water, and drying of dyed samples.

(4) Calculation of Effective Content: The effective content of
disperse dyes is determined by measuring the K/S values of
the dyed samples. Employing Dye 1 as the reference standard,
the effective content of each dye is calculated. The relative
effectiveness, denoted as ST and expressed as a percentage, is
derived using Equation (2):

dye 1
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where f2 and f1 signify the K/S values of the test dye and the

standard dye, respectively.
Results and Discussion
Particle size distribution of experimental disperse dyes

The formulation of commercial disperse dyes necessitates small
particle sizesand anarrowly defined particle size distribution. When
particle sizes are excessively large, this results in a reduced dye
uptake rate and may lead to complications such as dye aggregation
and sedimentation during the dyeing process, culminating in the
appearance of color spots on the fabric. Conversely, overly small
particles tend to aggregate into larger formations throughout the
dyeing process. Consequently, the commercial viability of disperse
dyes is contingent upon the incorporation of high-dispersion,
environmentally benign dispersants [11-13] and the application
of suitable grinding techniques [15]. Analysis of the absorption
spectrum curves of the experimental commercial disperse
dyes reveals that they are composed of a single dye component
synergistically blended with a dispersant in precise proportions.
To reduce the difference between the mixed dye in the filter
cake and the commercial dye, it is necessary to grind the above-
mentioned dyes to obtain the appropriate dye particle size. In this
study, the dyes were formulated by integrating commonly utilized
dispersants-MF and sodium lignosulfonate-with dye filter cake in
designated proportions, subsequently subjected to grinding. The
particle size distributions of the resultant experimental dyes post-
grinding are depicted in Figure 2.

%

bulk density,

10 100

1000

Particle size distribution (nm)

() Dye2
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%
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10 100 1000

Particle size distribution (nm)

(d) Dyed

Figure 2: Particle size distribution diagram of experimental disperse dyes after grinding.
(@) Dye 1; (b) Dye 2; (c) Dye 3; (d) Dye 4.
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As depicted in Figure 2, the particle size distribution of the
four experimental disperse dyes is basically similar, predominantly
centers around 100nm, with all particle sizes remaining below
1000nm. This size range is smaller than that typically observed
in commercial dyes, suggesting enhanced dyeing application
performance for the experimental dyes.

Selection of DMF /water mixed solvent ratio

The maximum absorption wavelengths for dyes 1, 2, 3, 4, and
the commercial dye across various DMF/water solvent systems
were systematically analyzed, with the findings presented in Table
1.

Table 1: Maximum absorption wavelength of disperse blue 291G experimental dye in different DMF/water mixed

solvents.
DMF/Water Volume Ratio Maximum Absorption Wavelength A _ (nm)
Dye 1 Dye 2 Dye 3 Dye 4 Commercial Dye
100/0 597 597 597 597 597
80/20 597 597 597 597 597
60/40 597 597 597 597 597
50/50 596 597 594 596 596
40/60 594 595 592 596 590
20/80 584 592 589 595 584

Analysis of the data presented in Table 1 reveals that the
maximum absorption wavelengths of the disperse dyes remain
consistent across the 100/0, 80/20, and 60/40 DMF/water
solvent mixtures. This observation suggests that variations within
these specific solvent mixtures do not markedly impact the dye’s
absorption characteristics within a practical range. Given the
practical considerations for the use of organic solvents, the optimal
experimental solvent mixture has been established as DMF/
water=60/40.

Absorption spectra curves of dyes and dispersants

To determine the maximum absorption wavelengths for
Disperse Blue 291G filter cake, dispersant MF, and dispersant
sodium lignosulfonate, the absorption spectra of these solutions
were analyzed in a DMF/water =60/40 mixed solvent. The findings
are presented in Figure 3. As depicted in Figure 3, the maximum
absorption wavelengths identified for dispersant MF, sodium
lignosulfonate, and Disperse Blue 291G are 283nm, 277nm, and
597nm, respectively.
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Figure 3: Absorption spectrum curve of dispersant MF, sodium lignosulfonate and disperse blue 291G filter cake.

Linear fitting of “absorbance-concentration” and

calculation of molar absorptivity for each substance

Utilizing the established maximum absorption wavelengths
for Disperse Blue 291G filter cake, dispersant MF, and dispersant

sodium lignosulfonate, specifically A,=597nm, A,=283nm, and
A,=277nm, the absorbance of Disperse Blue 291G filter cake
at varying concentrations was systematically evaluated. The
experimental findings are detailed in Table 2.
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Table 2: Absorbance corresponding to the concentration
of disperse blue 291G filter cake at different wavelengths.

Concentration | Absorbance | Absorbance | Absorbance
g/L @) @) @)
0.004 0.258 0.074 0.071
0.006 0.391 0.113 0.108
0.008 0.522 0.155 0.149
0.010 0.648 0.191 0.183
0.012 0.778 0.232 0.222
0.014 0.904 0.270 0.255
0.016 1.031 0.308 0.296

For Disperse Blue 291G filter cake at its maximum absorption
wavelength (1)), a linear regression was applied to model the
relationship between absorbance (y) and concentration (x),
resulting in the equation y=64.682x. This model demonstrated
an exceptionally high linear correlation coefficient, R*=0.9999.
According to Lambert-Beer’s law and the established linear fitting,
the molar absorption coefficient (g ) at 597nm for Disperse Blue
291G filter cake is calculated as 64.682.

Drawing upon the relevant experimental data and the
previously described calculation model, the linear “absorbance-

concentration” relationship for Disperse Blue 291G filter cake at
the maximum absorption wavelengths (A, in dispersant MF and A,
in sodium lignosulfonate) has been established. Furthermore, the
molar absorption coefficients (&, ,4 Eqer 277) fOT the dye filter cake
at these specified maximum absorption wavelengths have been
accurately quantified.

Following the methodology of the aforementioned experiment
and utilizing the same calculation model, the linear “absorbance-
concentration” relationship for
dispersant MF at wavelengths A, and A, has been derived.
Additionally, the molar absorption coefficients for dispersant
MF at these specific maximum absorption wavelengths, €
and €

various concentrations of

MF597
vz Nave been precisely determined. The data reveal that

the absorbance of dispersant MF at wavelength A, is negligible,
effectively zero, thus its impact on the solution’s absorbance at
A, can be disregarded, with ¢, determined to be 0. Similarly,
employing the same experimental framework, the “absorbance-
concentration” linear relationship for sodium lignosulfonate across
a range of concentrations at wavelengths A, and A, along with

the corresponding molar absorption coefficients, € and

sodium 597
€. 4um 277 Nave been established. The detailed relationships and

corresponding data are presented in Table 3.

Table 3: Linear fitting relationship of “absorbance-concentration” and molar absorptivity of disperse blue 291G,
dispersant MF, and sodium lignosulfonate at different wavelengths.

Wavelength (nm) Disperse Blue 291G Dispersant MF Sodium Lignosulfonate
y=64.682x y=0.1505x
A,=597 R?=0.9999 neglect R?=0.9883
€0 97=64.682 o € qum 297=0.150
y=19.232x y=25.132x
A,=283 R?=0.9995 R?=1.000
£,,,283=19.232 Eyrps=25-132
y=18.379x y=9.8431x
A,=277 R?=0.9993 R?=0.9995
£,,.,277=18.379 €, 277=9.8431

Calculation of effective content of disperse dyes by
spectrophotometry

Utilizing Dye 1 as the standard reference and designating
Dyes 2, 3, and 4, along with commercial dyes, as test subjects, the

absorbance measurements for Dye 1 at 597nm and 283nm, Dye 2
at 597nm and 283nm, Dye 3 at 597nm and 277nm, Dye 4 at 597nm
and 277nm, and commercial dyes at 597nm, 283nm, and 277nm
were conducted at various concentrations. These measurements
are graphically represented in Figures 4&5.
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Figure 4: Linear relationship between absorbance and concentration of experimental dyes.
(a) Dye 1; (b) Dye 2; (c) Dye 3; (d) Dye 4.
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Figure 5: Linear relationship between absorbance and concentration of commodity dyes.

The thickness of the cuvette used in the experiments was
consistently maintained at 1cm. Building on Equation (1), Equations
(3), (4), and (5) were derived to further explore the relationships:

4dye597 =& ﬁlter597C1 + & oiiams07C (3)

Adye283 = gﬁlter283cl + &Gy (4)

Ayerrr = € oG+ Esotiuna11Ca (5)

Where, C, represents the concentration of the disperse dye
(g/L), and C, denotes the concentration of the dispersant (g/L).

Utilizing the established “dye concentration-absorbance”
fitting relationship, the absorbance for any given dye concentration
can be accurately determined. The dye concentration values are
maintained at 0.004, 0.008,0.012, 0.016, 0.020, 0.024, 0.028, 0.032,
0.036, and 0.040g/L for consistency in the analysis. By concurrently
solving Equations (3) and (4), along with Equations (3) and (5), the
concentrations C, and C, for each dye sample can be accurately
calculated. The ratio of the test sample to the effective component
at the same concentration quantifies the effective content of the
disperse dye as determined by the spectrophotometric method, as
delineated in Equation (6):

100C

_ 1
== ©

In the formula, F denotes the effective content of the disperse
dye as determined by the spectrophotometric method, while C and
C,’ represent the concentrations of the test dye and the standard
dye, respectively.

Consequently, the spectrophotometric analysis revealed that

the effective content of dye 2 is 64.00, dye 3 is 99.75, dye 4 is 63.06,
and the commercial dye registers at 109.5.

Calculation of disperse dye strength by K/S value method

In order to more accurately determine the effective content of
experimental dispersed dyes, experiments were conducted on the
dyeing enhancement capability of commercial dispersed dyes, and
the results are shown in Figure 6.

0 1 2 3 4 5

concentration (g1}

Figure 6: Enhancement capability of commercial dyes.

As depicted in Figure 6, the K/S value of the commercial
dye on polyester fabric demonstrates a linear relationship with
the dye concentration, exhibiting a critical turning point at
approximately 1.5% (o.w.f). To maintain consistency with the
concentrations employed in the spectrophotometric experiments,
dye concentrations for subsequent dyeing trials were established
at 0.3, 0.5, 0.7, 0.9, and 1.1% (o.w.f). The K/S values for samples
dyed with Dyes 1, 2, 3, 4, and the commercial dye are presented in
Table 4.

Table 4: The K/S value of dyed samples with different experiments.

Dye Name K/S of Dyed Fabrics at Different Dye Concentrations
0.3(o.w.f) 0.5(o.w.f) 0.7(o.w.f) 0.9(o.w.f) 1.1(o.w.f)
dyel 3.8524 6.6509 9.5054 12.265 15.635
dye 2 2.2545 41027 6.0172 8.0639 9.7847
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dye 3 4.0492 6.5509 9.5803 12.505 15.079
dye 4 2.3003 4.1479 5.9364 7.9511 9.5912
commercial dye 4.3778 7.6019 10.523 13.822 16.887

Upon fitting and analyzing the K/S values of the five dyes, the
following results were derived: dye 2 yielded an effective content
of 63.39, dye 3 recorded 99.42, dye 4 measured 62.54, and the
commercial dye achieved an effective content of 110.4.

Analysis of effective content of disperse dyes obtained
by two methods

The variances in the effective content of the dyes, as calculated
by the two distinct methods, are detailed in Table 5. According to the
data, when compared to the standard GB/T 2394 “Determination
of Color Strength and Tone of Disperse Dyes” using the K/S value
method, the spectrophotometric method exhibits a maximum
error in the effective content of the experimental disperse dyes of
+0.8314%, and a minimum error of +0.016%.

Table 5: Differences in effective dye content measured by two methods.

Be Effective Content Measured by K/S Value | Effective Content Measured by | Error Rate Compared to the K/S Method
Method Spectrophotometry (%)
dye 2 63.39 64.00 +0.0160
dye 3 99.42 99.75 +0.3319
dye 4 62.54 63.06 +0.8314
commercial dye 110.4 109.5 -0.8152

Conclusion

This research employed the spectrophotometric method to
assess the effective content of disperse dyes, specifically focusing
on disperse blue 291G, dispersant MF, and dispersant sodium
lignosulfonate. The findings are as follows:

(1) When benchmarked against the standard GB/T 2394
“Determination of Color Strength and Tone of Disperse Dyes”
employing the K/S value method, the spectrophotometric
approach exhibited a maximum deviation of +0.8314% and a
minimum deviation of +0.016% in determining the effective
content of the tested disperse dyes.

(2) Optimization of the DMF/water mixed solvent, calibration
of dye spectral absorption curves, and linear regression of
the “absorbance-dye concentration” relationship facilitated
the spectrophotometric method’s robust alignment with
the standard K/S value method in evaluating the effective
content of disperse dyes. This substantiates the feasibility of
the spectrophotometric method for determining the effective
content of disperse dyes. Owing to its rapid throughput and high
consistency, the spectrophotometric method is particularly
advantageous for large-scale analyses and additionally offers
significant benefits in reducing environmental impact and
energy consumption.
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