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Improved Color Yield on Polyamide 66 with a High Molecular Weight Acid Dye:
Optimization by Response Surface Methodology

Gang Wang, “** Yuqing Zhang,** Xinxu Niu," Ziyan Kong,* Xiaochun Wang,**
Kejie Ma,* Jianing Bao," Rui Wang™* and Xiuqin Zhang"

“School of Material Design & Engineering, Beijing Institute of Fashion Technology, Beijing, 100092, China

Many efforts have been put into improving the color strength of polyamide (PA) 66. In this study,
Color Index (C.1.) Acid Blue 90, a kind of triphenylmethane dye with a large conjugated structure
and high molecular weight, was used to dye PA 66 fibers. The response surface method (RSM) was
used to determine the optimum dyeing conditions, and the results verified its effectiveness. A color
strength (K/S value) of 37.1 can be achieved, which is among the highest K/S values on PA 66,
when using 4% on weight of fabric (o0.w.f.) dyestuff at the optimized technological parameters.
Further studies on adsorption kinetics revealed a pseudo-second-order model was more accurate,
and the half-dyeing time was only 1.02 min. The diffusion coefficient of C.I. Acid Blue 90 on
PA 66 increased with the rise of temperature, and was mainly in the range of (3-15) x 10> m?> min'.
The dyeing affinity is 815.2, 2861.6 and 5877.8 J mol™! at 80, 90, and 100 °C, respectively. These
results provide a theoretical basis for understanding the processes and mechanisms of nylon dyeing
using dyestuffs with large conjugated structures and high molecular weights.

Keywords: polyamide 66, C.I. Acid Blue 90, dyeing kinetics, diffusion coefficient,

thermodynamics

Introduction

Polyamide (PA) is a class of synthetic fiber containing
methylene chain segments and amide groups (-CONH-)
in the repeating structural units of the macromolecules,'?
its trade name is widely known as nylon. The capability
of forming hydrogen bonds between water molecules
and the amide groups, as well as the terminal amino or
carboxyl groups, improves the moisture absorption rate of
nylon to higher than 4% under standard conditions,’ which
is superior to most other synthetic fibers. Besides, the
pretty good physical performances such as high abrasion-
resistant,* elastic,” and high strength,® endow nylon with
wide applications in textile, automotive, aerospace, etc.’
Nowadays, the production of nylon all over the world
reaches about 8.9 million tons annually, and the global
production is expected to reach 10.4 million tons by 2027,
with the average annual growth rate being approximately
5%.%° In the textile industry, nylon is widely used to
make sportswear, yoga clothes, socks, etc. Due to the
presence of terminal amino groups and the hydrophobic
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—CH,— segments in molecular structures, nylon can be
dyed with reactive dyestuffs, acid dyestuffs, and disperse
dyestuffs, of which, acid dyestuffs are a more ideal choice
currently because of several significant advantages.'®
Firstly, the amino groups of nylon become positively
charged in an acidic aqueous solution and have a strong
electrostatic interaction with the negatively charged
dyestuff anions. Thus, the uptake of dyestuff molecules is
fast and the whole production process is time-saving and
cost-effective.!" Secondly, many commercialized acidic
dyestuffs can be selected for nylon dyeing, while the kinds
of reactive dyestuffs and disperse dyestuffs available are
relatively fewer because most of these dyestuffs are not
specifically developed for nylon.'? Thirdly, the problem of
wastewater treatment for reactive and dispersed dyestuffs
is prominent.'® In contrast, acid dyestuffs greatly alleviate
the load of the following wastewater treatment process,
as the high affinity between dyestuff and fibers improves
its exhaustion. However, despite the above advantages,
there are also some issues that need further addressing.
Among them, improving the color strength of nylon is of
key importance, considering that fabrics with higher color
strength present many unique advantages, such as masking
various stains and more resistance to dirt.
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The main reason for the insufficient color strength
of nylon lies in the lack of sufficient amino groups,
which act as the dyeing sites for acid dyestuffs to bond.'
Increasing the amounts of amino groups is effective in
enhancing the interaction between fibers and dyestuffs. For
example, modification of nylon 6 fabrics using chitosan-
poly(propylene imine) dendrimer hybrid successfully
increased the number of free amine groups, and the K/S (K
absorption coefficient of the dyestuff and S scattering
coefficient) values increased from 2.46 to 12.0 and from
8.07 to 22 when dyeing with Color Index (C.I.) Reactive
Red 198 and C.1. Reactive Black 5, respectively.' Similarly,
polyaniline-coated nylon-6 nanofibers exhibited a highly
positive-charged surface in acidic conditions, and the
uptake of methyl orange reached up to 370 mg g'.!° These
results suggest appropriate treatment processes can increase
the number of amino groups, and thus improve the uptake of
dyestuffs on nylon. However, these modification processes
are complex and lengthy with various organic compounds
involved.'”!8

Efforts have also been made to synthesize new acid
dyestuffs to enhance the color strength of nylon.' Cui et al.*
synthesized novel triphenodioxazine acid dyestuffs
with non-planar conformation using diphenylamine and
3-methyldiphenylamine as raw chemicals. The phosphinic
group greatly improved the exhaustion and the rubbing
fastness of nylon after dyeing. A dosage of 2% on weight
of fabric (o.w.f.) resulted in a K/S value of 14.5 and
the exhaustion of about 66%. Sharma et al.*' found the
2-amino-3-cyano-based thiophene azo dyestuffs with
carboxylic and salicylic acid groups were very good
substitutes for commercial acid dyestuffs in nylon textile
dyeing. The K/S value and exhaustion rate were about 21.6
and 72.2% respectively when the dosage was 2% o.w.f.
Cai et al.? used the rigid quinoidal heterocyclic structure
with high coplanarity as the chromophore to generate an
acid dyestuff with a high color yield and high fastness. The
color strength of nylon reached 25.9 when using dyestuff
of 1% o.w.f., which was much higher than other dyestuffs.
These newly developed acid dyestuffs have demonstrated
great potential for application in terms of novel structures,
environmental friendliness, and multifunctionality.?***
Yet their color strength is still not high enough and more
importantly, they are mostly in the stage of research and
still early from being industrialized.

Shifting towards existing commercial dyestuffs and
seeking alternatives with higher color strength is more
feasible.!'?6 Triphenylmethane dyestuffs are a special
kind of dyestuff with three aromatic rings bonded to
the central carbon atom as the chromophore.?”* The
large conjugated systems and relatively high molecular

20f12

Improved Color Yield on Polyamide 66 with a High Molecular Weight Acid Dye

weights endow them with significant absorption at long
wavelengths, and represent high brightness and color
strength, especially in the range of dark colors such as
blue and green.”*° Besides, the high molecular weights
exhibit good electrostatic attraction, van der Waals forces,
and hydrogen interactions towards nylon fibers,?! which is
believed to enhance the fastness of nylon simultaneously.
In this study, we choose C.I. Acid Blue 90 as a
representative of triphenylmethane dyestuffs to investigate
its dyeing properties on PA 66 fibers. Toxicological
studies have proved its safety to human body, and
the skin sensitization is level 1, i.e., reliable without
restriction, according to the scientific assessment of U.S.
Environmental Protection Agency.*? The response surface
method (RSM) is used to optimize the technological
parameters including dyeing temperature, time, and pH
value, considering its advantages in analyzing any point
within the experimental condition range by constructing
a continuous mathematical model. Besides, the number
of exploratory experiments on the dyeing process can be
greatly reduced. The thermodynamics and kinetics are also
studied, and special attention is paid to the calculation of
diffusion coefficient and activation energy. These results
are helpful in revealing the processes and mechanisms of
dyestuffs with high molecular weights on nylon, which
in turn will guide the development of dyeing processes
more accurately and effectively.

Experimental
Materials

PA 66 was self-synthesized in the form of yarns and the
fineness of a single fiber is 0.2 dTex. The diameter of a single
fiber is 13.5 um based on the scanning electron microscopy
(SEM) image shown in Figure S1 (Supplementary
Information (SI) section). The instrument used for testing
was GeminiSEM 300 (Carl Zeiss AG, Oberkochen,
Germany), the resolution was 1.0 nm @ 15 kV, and the
accelerating voltage was 5 kV. The working distance was
8.0 mm. C.I. Acid Blue 90 of chemically pure grade was
obtained from Wuhan Kamik Technology Co., Ltd. (Hubei,
China), and its structural formula is shown in Figure 1. Soap
flakes and anhydrous sodium carbonate were purchased
from Tianjin Yongda Chemical Reagent Co., Ltd. (Tianjin,
China). Glacial acetic acid was purchased from Shanghai
Maclean Biochemical Technology Co., Ltd (Shanghai,
China). All the reagents were analytically pure and used as
received. Grey scale for assessing staining, and grey scale
for assessing change in color were purchased from Shanghai
Textile Institute of Technical Supervision.
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Figure 1. Structural formula of C.I. Acid Blue 90.
Dyeing process

Before dyeing, nylon fibers were pretreated in a mixed
solution containing 2 g L' soap flakes and 2 g L'! anhydrous
sodium carbonate at 70 °C for 30 min, to completely remove
the residual spinning oils and stains. Subsequently, 1 g
nylon fibers were immersed into 50 mL dyeing liquor, and
the dosage of dyestuff was 1, 2 and 4% o.w.f., respectively.
An infrared dyeing machine (Yano Manufacturing Co., Ltd,
Guangdong, China) heated the dyeing liquor from 40 °C to
the target temperature at a ramping rate of 1 °C min™'. After
stabilizing for a certain period, the solution was cooled
down to 60 °C, and the fibers were washed using water
and liquid soap, then dried in the air. The dyeing process
is shown in Figure 2.

T°C

Dye, fibers t min

1 °C min"'! Soaped and rinsed

40 °C,10 min

Figure 2. Dyeing process of C.I. Acid Blue 90 on nylon fibers.

RSM using Box-Behnken design is selected to
investigate the effects of dyeing temperature, pH value,
and dyeing time on the exhaustion of C.I. Acid Blue 90.
The specific parameters were listed in Table 1 and inputted
into the Design-Expert software.* Preliminary experiments
were performed based on a single-factor method and
narrowed the technological conditions to the ranges of
90-110 °C, pH value 2-4, and dyeing time 35-65 min,
respectively.

Table 1. Ranges of independent variables and their coded values, for the
design of dyeing conditions using RSM

Coded values®

Variable

-1 0 1
Dyeing temperature / °C 90 100 110
pH value 2 3 4
Dyeing time / min 35 50 65

“The coded values represent different levels of each factor: low level (—1),
medium level (0), and high level (1).
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Dyeing rate and isotherm

A dyeing liquor with 0.8 g L' C.I. Acid Blue
90 was prepared to study the dyeing kinetics. The
absorbance at different times was measured using a
visible spectrophotometer (Puxi General Instrument
Co., Ltd, Beijing, China) at the maximum absorption
wavelength (A,,,,) of 610 nm, and the amount of dyestuff
on fibers, q, (mg g), can be calculated as equation 1:3

q[:(CO—C[)xV (1)

where, C,and C, are the initial and residual concentration of
the dyeing liquor, respectively, mg L!; V is the volume, L;
C, can be obtained from the absorbance based on the standard
curve that reflects the relationship between concentration and
absorbance. The exhaustion (E) is defined to describe the
percentage of dyestuff on fibers as equation 2:%

E(%) = @ x 100 )

0

Studies on the dyeing isotherms were similar to the
kinetics except that a series of dyeing liquors with different
concentrations were used. After equilibrium, the dyeing
isotherms were obtained by graphing the q, at equilibrium
(i-e., q.) against C,.

Evaluation of fastness

According to the standard of ISO 105-X12, the dry and
wet rubbing fastness of nylon after dyeing was evaluated by
a friction color fastness tester (Y571A, Wenzhou Darong
Textile Instrument Co., Ltd., China). After 10 manual
friction cycles, the white square friction cloth, which is pure
cotton and 50 + 2 mm, was removed and the staining level
was evaluated according to the standard of ISO 105-A03.
The staining fastness of nylon was evaluated according to
ISO 105-C10 on a washing color fastness tester (SW-12G,
Wenzhou Darong Textile Instrument Co., Ltd., China),
which using soap as the test medium to simulate the washing
conditions in actual household situations. The fastness of
color in change was evaluated according to ISO 105-A02.

Results and Discussion
Parameters of Box-Behnken RSM
The exhaustion (E) of the 17 independent experiments

using Box-Behnken design of RSM is shown in Table 2.
Based on the results, a multivariate quadratic model for
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predicting the exhaustions of C.I. Acid Blue 90 on nylon
fiber can be constructed as equation 3:

E =-1048.6358 + 16.7281A + 109.8592B + 4.9125C +
0.1550AB - 0.0380AC + 0.0805BC — 0.0730A* —
25.7668B* — 0.0106C> 3)

The statistical testing through analysis of variance
(ANOVA) is shown in Table 3. The F-value is defined as
the ratio of variance between groups to the variance within
groups, and the p-value is the evidence of determining
whether to reject the proposed hypothesis. Generally, if the
F-value is large and the corresponding p-value is less than
0.05, it indicates that the overall model is significant, that is,
there is a significant relationship between the input variable
and the response value.*® From Table 3, the F-value of the
model is 43.17, and the p-value is < 0.0001, indicating the
level of fit is highly significant. Besides, the p-value of
lack of fit is > 0.05, suggesting the quadratic equation is
adequate to reveal the relationships between various factors
and the exhaustion.”” The F value of each factor reflects the
degree of influence on the exhaustion following the order of
B>B*>A>A?>C>AC>C?>AB > BC. This highlights
the importance of pH value during dyeing, and is reasonable
considering acid dyestuffs react with fibers mainly through
ionic bonds, which are easily affected by pH value.?®

Table 2. Exhaustions (E) of different experimental programs designed
by RSM, to obtain the optimal dyeing conditions of C.I. Acid Blue 90
on nylon

RUC g o Pvive DGR mi%
1 90 2 50 71.59
2 110 2 50 77.62
3 90 4 50 11.79
4 110 4 50 24.02
5 90 3 35 49.12
6 110 3 35 78.83
7 90 3 65 71.84
8 110 3 65 78.77
9 100 2 35 71.17
10 100 4 35 24.59
11 100 2 65 75.35
12 100 4 65 33.60
13 100 3 50 80.17
14 100 3 50 83.10
15 100 3 50 78.50
16 100 3 50 79.24
17 100 3 50 75.62

“Run represents the serial number of each experiment; °E: exhaustion of
the dyestuff under the dyeing conditions of the corresponding run number.
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Table 3. The statistical testing through ANOVA for verifying the validity of
the fitted multivariate quadratic model, which can be used for determining
the influence of variables and predicting the exhaustions of C.I. Acid
Blue 90 on nylon

Sum of Mean

Source squares  square F-value p-value  Significance
Model 8956.99 99522  43.17 <0.0001 oAk
A-T 376.75  376.75 16.34  0.0049 o
B-pH 5086.87 5086.87 220.65 <0.0001 HEE
C-time 160.65 160.65 6.97 0.0334 *
AB 9.61 9.61 0.4168  0.5391 -
AC 129.73 129.73 5.63 0.0494 *
BC 5.83 5.83 0.2530  0.6304 -
A2 224.64  224.64 9.74 0.0168 *
B2 279548 279548 121.26 <0.0001 ok
C? 23.89 23.89 1.04 0.3426 -

Residual 161.38 23.05

Lack of fit ~ 132.00 44.00 5.99 0.0582 -
Pure error 29.38 7.34

Cor total 9118.37

A:independent variable of T, i.e., temperature; B: independent variable of
pH value; C: independent variable of dyeing time; AB: coefficient of A and B;
AC: coefficient of A and C; BC: coefficient of B and C; A% quadratic term
of variable A; B%: quadratic term of B; C* quadratic term of C; F: ratio
of variance between groups to the variance within groups, p: probability
value; *p < 0.05 (significant difference), **p < 0.01 (significant difference),
*##%¥p < 0.0001 (significant difference), —: not significant; Residual is
the difference between the predicted value of the model and the actual
value; lack of fit: ratio of variance between groups to the variance within
groups; Pure error: unreducible errors caused by random fluctuations;
Cor total: total correlation.

The diagnostics of the model validation are depicted in
Figure 3. The experimental values of the model are close
to the residual distribution straight line and located in the
horizontal confidence band of the residuals. The distribution
is scattered and irregular, which satisfies the randomness,
normality, and variance chi-square test.’”*-! Besides,
the experimental values are close to the predicted values,
manifesting the validation of the model.

Three-dimensional (3D) response surface plots and
contour plots were plotted according to the quadratic
equation and were shown in Figure 4 to visualize the
interaction between every two factors on the exhaustion.*?
The slopes of the response surfaces reflect the influence
of factors on the response results, with steeper surfaces
indicating more significant effects.** From Figures 4a and
4b, the response surface plots of pH value are steeper than
other factors, indicating the influence of pH on exhaustion
is more significant than temperature. Similarly, the dyeing
temperature represents a higher degree of significance than
dyeing time. This is consistent with the F values shown
in Table 3 and reflects the degree of influence of factor B
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(pH) is the highest, while the influence of factor C (dyeing
time) is the weakest.

The contour plots are also able to provide a judgment
basis for determining the optimum conditions. In the
contour plots, the change of color from blue to red
indicates the change of the exhaustion from less to more,
and the center point of the smallest ellipse in the contour
line means the most augmented condition to achieve the
highest exhaustion.** Thus, the optimal conditions for
dyeing of C.I. Acid Blue 90 on nylon can be obtained,
i.e., the dyeing temperature is 100.88 °C, the pH value
is 2.53, and the dyeing time is 58.96 min. Considering
the actual condition, the corresponding parameters were
adjusted to be 100 °C, 3, and 60 min, respectively. The
resultant exhaustion under the optimum conditions
reached 84.66% after three parallel experiments. This
value was quite approximate to the predicted value of
87.23%, manifesting the constructed model based on
Box-Behnken design can provide a good prediction of
exhaustion. The dyeing parameters and results of C.I. Acid
90 and other acid dyestuffs are listed in Table 4. The color
strength of C.I. Acid Blue 90 is higher than most other
dyestuffs when the dyeing conditions are similar. Table
5 shows the color fastness of C.I. Acid Blue 90 on nylon.
The fastness against rubbing showed a high scale rating
of 5 under both the dry and wet conditions. Similarly, the
sample also exhibited good fastness to color change and
staining. The scaling ratings of color staining on almost
all the portions of the multifiber fabric are 5, except the

Improved Color Yield on Polyamide 66 with a High Molecular Weight Acid Dye

polyamide portion displayed a slightly lower level of 4-5.
Dyeing kinetics

The dyeing kinetics of C.I. Acid Blue 90 on nylon at
80, 90, and 100 °C are shown in Figure 5a. The trends were
almost the same at different temperatures, with a rapid
increase at the early stage, and then gradually reaching
equilibrium. This is reasonable considering the number
of dyestuff molecules and the un-dyed sites on fibers are
sufficient initially, but the dyeing sites are gradually occupied
as the dyeing process goes on. The dyeing kinetics is essential
to reveal the dyeing mechanisms of dyestuffs onto fibers,
and in this study the pseudo-first-order (PFO) kinetic model,
pseudo-second-order (PSO) kinetic model, and also the intra-
particle diffusion (IPD) kinetic model were used because of
their simple digital expressions and no need for redundant
parameters during the fitting process. Their formulas can
be described by the following equations, respectively:*-#

In(q.— q) =Inq, -kt )
t 1 1

—=—t+— (5)
qt qe que

q, = Kito'5 +C (6)

where g, is the amount of dyestuff on the fibers at
equilibrium, mg g'; g, is the corresponding amount at time t,

Table 4. The dyeing conditions, exhaustions and K/S values of different acid dyes on nylon. The data are collected from literature, and compared with

data of this study, to verify the high K/S value of C.I. Acid Blue 90

. Pye usage . Dyeing Dyeing time / . .
Material weight of fabric . pH . Bathratio  Exhaustion / % K/s® Reference
(owf) /% temperature / °C min

PA® 1 98 5 80 1:50 99.6 24.6 35
PA 2.5 90 3-4 60 1:10 62.3 15.1 19
PA 6 4 100 5-7 60 1:50 - 28 23
PA 66 2 90 3 20 1:10 66 15.1 20
PA 66 2 100 5 60 1:50 81 - 45

PA 66 2 100 4 60 1:20 72.2 21.6 21

PA 66 1 100 3 60 1:50 92.1 28.0

PA 66 2 100 3 60 1:50 93.9 31.3 this work
PA 66 4 100 3 60 1:50 88.9 37.1

1K: absorption coefficient of the dyestuff; S: scattering coefficient; "PA: polyamide.

Table 5. Color fastness to rubbing, staining and color change of nylon 66 dyed with C.I. Acid Blue 90 under the optimized dyeing condition. Level of 4-5

and 5 implies a higher fastness that can be commercially applied

Color fastness to rubbing Color fastness to staining Color
Dry rubbing Wet rubbing CA CO PA PES PAC WO change
5 5 5 5 4-5 5 5 5 5

CA: acetate; CO: cotton; PA: polyamide; PES: polyester; PAC: acrylic; WO: wool.
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mg g'; k, (min'), k, (g mg"' min') and K (mg g"' min®3) Generally, the PSO model is followed when the available
are the rate constants of the PFO, PSO, and IPD kinetic sites but not the initial concentration of the dyestuff control
model, respectively. the molecules uptake.*® Considering the interaction between
The PFO, PSO and IPD models are fitted using the nylon fiber and acid dyes is mainly through ionic bonds, the
OriginPro 2022 software* and shown in Figure 5. The better correlation of the PSO model is reasonable.*
PSO model fitted better with the experimental data than the
PFO model. Plots of g, vs. t* in Figure 5d suggested the Diffusion coefficient and diffusion activation energy
intercepts were not passing through the origin, indicating
the intra-particle diffusion was not the rate-determining step. The diffusion coefficient (D) reflects the number of
The fitted kinetic parameters and correlation coefficients are dyestuffs passing through a unit area per unit of time, it can
listed in Table 6, and a higher correlation coefficient further be calculated using Hill’s equation which can be described
verified the validity of the PSO model. Besides, when the as equation 7:%!
temperature rose to 100 °C, the rate constant of the PSO _vaDt
model was 0.0249 g mg' min’', and the half-dyeing time Qg 4i e v 7
calculated from the dyeing rate curve was only 1.02 min. q. = V!
4:
ol @
29 @ ° e e 2 ®
35- o’
e R . ° ?
< 30 o ° -
o o @ &
? 254 L] \c‘l’
g ° £
& 204 °
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(©
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[}
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=Fr E
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14
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Figure 5. (a) Dyeing rate curves of C.I. Acid Blue 90 at different temperatures (pH = 3, 60 min, 4% o.w.f.); (b) the plots of PFO model (c) the PSO model,
and (d) the IPD model.

Table 6. Parameters of the PFO, PSO and IPD model to reveal the uptake mechanism of C.I. Acid Blue 90 on nylon at different temperatures (pH = 3,
60 min, 4% o.w.f.)

. PFO model PSO model IPD model
e k, / min’! R? k,/ (g mg"' min™) R? K, R? K, R?
80 0.0254 0.8640 0.0087 0.9986 2.044 0.890 1.311 0.814
90 0.0261 0.9547 0.0053 0.9994 3.488 0.963 0.951 0.900
100 0.0307 0.7982 0.0249 0.9999 1.780 0.927 0.246 0.429

T: temperature; PFO: pseudo-first-order kinetic model; k;: rate constant of the PFO model; R*: coefficient of determination; PSO: pseudo-second-order
kinetic model; k,: rate constant of the PSO model; IPD: the intra-particle diffusion model; K ;: first rate constant of IPD model; K ,: second rate constant
of IPD model. A higher R? value verified the validity of the PSO model.

J. Braz. Chem. Soc. 2026, 37, e-20250188 7of 12
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where D is the diffusion coefficient (m> min'); t is the dyeing
time (min); a is the radius of the fiber (um) and V, is the
radius of the N tested fiber. A simplified calculation method
based on the relationship between q/q, and Dt/a* (Table S1,
Sl section) is used to calculate diffusion coefficients, and the
results are plotted in Figure 6.

From Figure 6, the diffusion coefficient of C.I. Acid
Blue 90 was mainly in the range of (3-15) x 10"* m?> min’!,
which is similar to other acid dyes but much slower than
reactive dyes and disperse dyes.”>¢ This may be because
the larger conjugated structure and higher molecular
weight inhibit the diffusion of dyestuff molecules.”” If
the dye molecules are assumed to move randomly in
the dyeing liquor, the time required when their mean
square displacement equals the radius of the fiber is about
5-25 min.”® Considering the actual dyeing conditions are
under intense stirring and the dyeing time is about 60 min,
a reasonable conclusion can be drawn that the dyestuff
molecules fully enter the center of the nylon fiber. Figure 6
also shows that a higher temperature promotes the diffusion
of dye molecules, and the diffusion rate at 100 °C is about
three times higher than that at 80 °C. By contrast, as the
dyeing time increases, the diffusion rate gradually decreases
to about 5 x 10"* m? min'".

Diffusion activation energy (E,) refers to the energy
needed to overcome for molecules to diffuse, it can be
calculated from the Arrhenius equation 8:%

E
InD =1InD, - ﬁ (8)

where D, is a constant; R is the gas constant, 8.314 J mol' K.
Plotting InD against 1/T yields a straight line, and
E, (kJ mol') can be calculated from the slope of the line.
Figure 6b shows the diffusion activation energy at different
dyeing times. At the early stage of the dyeing process,
the interaction force between dye molecules and fibers is
mainly the Coulombic force, which restricts the further
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diffusion of the dye. However, when the majority of the dye
sites are occupied, the main binding forces change to van
der Waals forces and hydrogen bonds, which are weaker
than the Coulombic force, and represent a lower activation
energy of diffusion.

Adsorption thermodynamics

The dyeing isotherms at 80, 90, and 100 °C were fitted
by the Langmuir, Freundlich, and Langmuir-Nernst dual
model to investigate the thermodynamics. The formulas
of these models can be described as equations 9-11:3%¢0

K,SC

:—e 9

LR ©)

q.=K.C" (10)
K,SC

=K C, +—L2 11

=™K e (n

where, g, (mg g') and C, (mg L") are the corresponding
concentrations of dyestuffs in fiber and solutions when
reaching equilibrium, respectively; K, is the Langmuir
constant (L g'), S is the saturated adsorption capacity (mg g);
K is the Freundlich affinity constant (L" mg g™'), n is
the adsorption index reflecting the adsorption intensity or
surface heterogeneity; K is the Nernst constant (L g™).
The fitted adsorption isotherms are shown in Figure 7.
The uptake of dyestuff on the fiber increased with the
rise of concentration in the dye bath. Similarly, a higher
temperature also promoted the uptake of dyestuffs. In order
to more accurately evaluate the fitting degree between
experimental data and adsorption models, the correlation
coefficient, as well as the sum of squares due to error (SSE)
and the average relative error (ARE) are calculated. The
detailed formulas of SSE and ARE are as follows,*

80

40 ~ o

a E
=== fitcurve
confidence intervals at 90%.
o T T T T T T T T T

0 10 20 30 40 50 60 70 80 90
t/ min

Figure 6. (a) Diffusion coefficients of C.I. Acid Blue 90 dyed nylon at different temperatures (pH = 3, 60 min, 4% o.w.f.); (b) changes of diffusion

activation energy.
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Figure 7. Sorption isotherms of C.I. Acid Blue 90 on nylon at different temperatures (pH = 3, 60 min, 4% o.w.f.), (a) Freundlich model; (b) Langmuir

model; (c¢) Langmuir-Nernst model.

SSE=Y"" (du. =) (12)

qexp, i qcal, i |

ARE (%):%i x100 (13)

i=1 exp, i

where, N is the number of the data points, q.,, ; is the
experimental adsorption capacity (mg L"), q, ; is the
calculated adsorption capacity (mg L).

The fitting parameters of the adsorption models are
shown in Table 7. Comparatively, the larger correlation
coefficients and smaller SSE and ARE values, identify the
Langmuir-Nernst model as most appropriate to describe
the uptake behavior of C.I. Acid Blue 90. This suggests
the interaction between fibers and dyes has a composite
mechanism, i.e., ionic bond as well as hydrogen bonding
and/or van der Waals forces.®!

Dyeing affinity can quantitatively evaluate the tendency
of dyestuffs to transfer from the solution to the fiber. When
the dyeing process reaches equilibrium, the affinity can
be calculated from the activity of the dye on the fiber (a;)
and that in the dye solution (a,) according to equation 14:%
~Ap®=RTIn 2L = RTIK (14)

a

s

J. Braz. Chem. Soc. 2026, 37, e-20250188

Table 7. Parameters of the non-linear equilibrium isotherm models for
C.I. Acid Blue 90 on nylon fibers at different temperatures (pH = 3,
60 min). The comprehensive evaluation of R?, SSE and ARE verifies the
validity of the models

Type Factor 80 °C 90 °C 100 °C
K./ (L"mgg™) 2525 48.21 63.96
n 0.27 0.42 0.28
Freundlich R? 0.9487 09696  0.9356
SSE 21.37 67.60 249.25
ARE/ % 7.30 10.04 16.52
K, /(Lg" 5491 24.74 47.04
S/(mgg") 25.86 50.15 64.62
Langmuir R? 0.9388 09650  0.9216
SSE 24.00 95.02 284.77
ARE/ % 6.20 9.81 17.03
K,/(Lg" 1.32 2.58 6.65
K, /(Lg" 70.08 38.99 63.34
Langmuir- S/(mgg" 23.50 45.53 55.82
Nernst R? 0.9823  0.9801 0.9605
SSE 12.83 39324 158.02
ARE/ % 5.12 8.76 14.15

K; and n: Freundlich constants; R coefficient of determination; SSE:
sum of squares due to error; ARE: average relative error; K : Langmuir
constant; S: maximum adsorption capacity; K: Nernst constant.
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The dyeing enthalpy (AH®) and entropy (AS°) are
used to evaluate the change of energy and the degree of
disorder during the dyeing process, respectively. They can
be calculated according to equations 15-16:%

AH® A
e e (15)

T T

—Ap° = TAS® — AH® (16)

The thermodynamic parameters were calculated
using the Langmuir-Nernst adsorption model, and the
results are shown in Table 8. The value of AH® is positive,
indicating that the dyeing is an endothermic process.
Similarly, a positive of AS® indicates that increasing the
temperature favors the dyeing of C.I. Acid Blue 90 on
nylon.’ Generally, the interaction between the dyestuff
molecules and the nylon fiber in acidic solution is mainly
through the electrostatic force, and physical adsorption,
such as the hydrogen bonding and/or van der Waals forces.
However, the force of physical adsorption usually decreases
with increasing temperature. Thus, a positive AH® value
further implies that the electrostatic force between dyestuff
molecules and fibers is much higher than the physical
adsorption forces.

Table 8. Thermodynamic parameters at different temperatures (pH = 3,
60 min)

Temperature / °C _APO/ AH? /, ASO,/ :
(J mol ") (kJ mol™") (kJ mol'' K1)

80 815.2 88.4 88.7

90 2861.6

100 5877.8

—Ap°: dyeing affinity; AH®: dyeing enthalpy; AS®: dyeing entropy.
Conclusions

In this study, the dyeing performance and mechanism
of C.I. Acid Blue 90 on nylon fiber were systematically
studied. The larger conjugated structure and higher
molecular weight improved the K/S value of nylon to
37.1 when the amount of dyestuff was 4% o.w.f. under
the optimized dyeing parameters. A pseudo-second-order
kinetic model shows a good correlation with the adsorption
kinetics, and the half-dyeing time was only 1.02 min. The
diffusion coefficient of C.I. Acid Blue 90 was mainly in
the range of (3-15) x 10" m?> min™!, which is much smaller
than reactive dyes and disperse dyes. Besides, a higher
temperature promotes the diffusion of dyestuffs, and the
diffusion coefficient of C.I. Acid Blue 90 at 100 °C is
approximately three times that of 80 °C. The Langmuir-
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Nernst model fitted well with the adsorption behavior of
C.I. Acid Blue 90, suggesting the ionic bonds between
dyestuffs and fibers, as well as hydrogen bonds and van
der Waals forces together contribute to the adsorption
interaction. These results help reveal the processes and
mechanisms of dyestuffs with high molecular weights
on nylon. However, considering various surfactants and
inorganic salts exist in dyeing solutions in practical
situations, further studies are needed to investigate the
adsorption process and dyeing mechanism of dyestuffs in
the presence of these chemical auxiliaries.
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