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The biobased carriers o-vanillin, p-vanillin, and coumarin, can be used to dye poly(ethylene terephthalate)/
poly(trimethylene terephthalate) (PET/PTT) bicomponent filaments at low temperature without affecting
their excellent elasticity and elastic recovery. These ecological carriers, which are free from any toxic
product, present an effective solution for obtaining an ecological and economical dyeing process. This
paper presents a study of the effects of the kinetics when dyeing bicomponent (PET/PTT) filaments with
three disperse dyes having different molecular weights at 100 °C (upon adding ecological carriers) and at
a high temperature (130 °C). The physicochemical characterization of bicomponent filaments was done
using several techniques, such as SEM, BET and DSC, before carrying out a modelling study. Different

models (pseudo first-order, pseudo second-order, Elovich, and intra-particle diffusion models) were
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Accepted 22nd December 2021 used to identify an acceptable dyeing mechanism. The dyeing rate constants, the half dyeing times, and

the rise time coefficients were then determined and analyzed. The results of this work explain the
adsorption mechanism during the dyeing process of bicomponent (PET/PTT) filaments using ecological
carriers and provide an experimental foundation for future research.
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1. Introduction

Bicomponent polyester filaments are used more and more in
the textile sector. They are particularly used in sportswear,
swimsuits, and so on, giving good levels of comfort,"* soft
touch, good mechanical properties®* and excellent elastic
recovery.>® However, being very crystalline, polyester filaments
absorb very little water and hardly swell, which considerably
limits the penetration and migration of dye molecules.” Only
disperse dyes are used for dyeing polyester. In this case, dyeing
can be done either at a high temperature of 130 °C or by adding
carriers if the dyeing temperature does not exceed 100 °C.*°
Indeed, dyeing polyester filaments in a full bath at a high
temperature is efficient and does not require the addition of
chemical products. However, this dyeing process seems not to
be economical in terms of energy, and does not allow dyeing of
mixtures (polyester and other components). In this last case
(dyeing of mixtures), it is not easy to carry out the dyeing and it
requires the use of a specific device such as an autoclave.
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Likewise, full bath dyeing at 100 °C requires the use of
carriers. These agents break the internal structure of the poly-
ester filaments which allows the disperse dye to penetrate the
interior of the fiber quicker." The carriers giving the best results
are generally based on halogenated aromatic hydrocarbons and
o-phenylphenol. They present, overall, a low solubility in water
and disperse as small droplets in the dye bath.”*® The most used
are butyl benzoate, methylnaphthalene, dichlorobenzene,
diphenyl, o-phenylphenol, and so on.*'* Despite their effects in
speeding up the dye rate when added to the dye bath, these
conventional carriers have inherent drawbacks and dangers
such as toxicity, a foul odor, and vapor volatility.™

In a previous study, the feasibility of dyeing bicomponent
polyester filaments with disperse dyes using bio-based carriers
namely: o-vanillin, p-vanillin and coumarin have been studied
and proved to improve the dying performance.'” This seems to
be the ideal solution because this new dyeing process avoids all
the environmental and health problems caused by the use of
conventional carriers, as well as the drawbacks relating to the
high temperature in dyeing process (without a carrier).****

Although dyeing polyester with disperse dyes seems to
consist of a simple process of transferring the dye from the
solution to the interior of the fiber, the dyeing mechanism is
much more complex. There are some factors must be consid-
ered such as the state of the dye in the bath, the influence of the
dyeing aids, the possible changes in fiber structure during
dyeing, and the nature of the interaction forces between dye and
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carrier, and so on. Various theories have been advanced to
explain the action of the mechanism of carriers in the dyeing
process. Some researchers suggest that there is the formation of
a loose complex between the dye and the carrier, and that this
complex will go more easily into the fiber than the dye mole-
cules alone. However, the absence of various carriers of groups
that can act in this way, as well as the spectrophotometric
analysis of the dye-carrier systems tend to refute this theory.”
Other researchers have found that the carrier action resulting in
an increase in the water solubility of the dye, and therefore an
increase in the rate of dyeing, was then suggested.' Another
hypothesis about the carrier action is the possible formation of
a carrier layer on the surface of the fiber, a layer rich in dye, and
from which the dyeing takes place.” Some studies have tried to
relate the rise of the carrier on the substrate, to an increase in
the water impregnation of the hydrophobic fibers, thus creating
a medium which accepts the partially soluble disperse dye.***”
The various studies carried out previously demonstrate that the
mechanisms of action of the carriers results in a modification of
the microstructure of the fiber. A progressive decrease in the
glass transition temperature (7;) was observed as the quantity of
carrier is increased."®

Several researchers have studied the kinetics of dyeing 100%
PET filaments and this led to several findings and theories.
However, no recent research has been focused on the kinetics of
dyeing bicomponent polyester filaments with disperse dyes,
using both high temperature processes or using a carrier. This
research is devoted to the study of the dyeing kinetics of
poly(ethylene terephthalate)/poly(trimethylene terephthalate)
(PET/PTT) bicomponent filaments using two different
processes: dyeing at 100 °C with the use of ecological carriers,
and dyeing at 130 °C without carriers. Four models were applied
to determine a suitable dyeing mechanism. The results ob-
tained provide a theoretical basis for dyeing bicomponent (PET/
PTT) filaments.

2. Materials and methods

2.1. Reagents

Three disperse dyes were investigated in this study: CI Disperse
Red 60, CI Disperse Yellow 211 and CI Disperse Red 167.1,
which had three different molecular weights: low, medium and
high, respectively. They were purchased from the Huntsman
Company (Basel, Switzerland). Their chemical characteristics
are presented in Table 1.

Sodium bicarbonate (NaHCOj;, CAS no. 144-55-8, Lot no.
S5761), sodium hydroxide (NaOH, CAS no. 1310-73-2, Lot no.
S5881) and sodium hydrosulfite (Na,S,0,, CAS no. 7775-14-6,
Lot no. 157953) were procured from Sigma-Aldrich and were
used without any purification steps.

2.2. Bicomponent (PET/PTT) filaments

The bicomponent filaments used during this study were
composed of 60% PET and 40% PTT filaments placed side by
side. These multifilament yarns had a linear density of 83 dtex
and contained 64 filaments per yarn.
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2.3. Experimental methods

2.3.1. Dyeing procedure. To remove all the lubricants in the
PET/PTT bicomponent filaments, they undergo a pretreatment
in a bath containing 1 g L™" of nonionic detergent, and 2 g ™"
of NaHCOj; at 70 °C for 10 min. Two dyeing processes were used
to dye the filaments: (i) a dyeing process at 130 °C without
a carrier, and (ii) a dyeing process at 100 °C with the use of
ecological carriers. Fig. 1 shows the suggested dyeing processes
of the bicomponent (PET/PTT) filaments with the studied dyes.

Three ecological carriers were used in this study: o-vanillin,
p-vanillin and coumarin. Their chemical structures are illus-
trated in Table 2. After dyeing, the samples were post-treated at
50 °C for 10 min using 2 mL L™ of NaOH solution (36°Be) and
2g L' of Na,S,0, before the analysis and characterization.

All the pretreatments, dyeing and post-treatments were
carried out in an Ahiba Nuance pressure autoclave (Datacolor,
USA). For dyeing, the liquor-to-fiber ratio was 10 : 1.

2.3.2. Techniques of characterization. Several character-
ization techniques were used:

- Scanning electron microscopy (SEM, Hitachi S-2360, Japan)
was used to determine the morphology of the bicomponent
(PET/PTT) filaments.

- Differential scanning calorimetry (DSC, Mettler Instrument
with STARe SW 9.20 thermal analysis software) was carried out.
The sample (10 mg) was heated from 0 °C to 300 °C with
a heating rate of 10 °C min~". Each test was carried out at least
three times.

- The characterization of the bicomponent (PET/PTT) fila-
ments and conventional PET filaments were carried out by N,
physical adsorption at —196 °C (Micromeritics, TriStar 3000,
Norcross, GA, USA). Before measurement, the samples under-
went degassing for 2 h at 100 °C to remove any contaminants
which may have been adsorbed onto the surface or pores of the
samples. The Brunauer-Emmett-Teller (BET) equation was
used to estimate the apparent surface area, using the N,
adsorption isotherms at —196 °C. This equation was valid in the
range of the relative pressure P/P, between 0.18 to 0.28 m* g~ *
and 0.16 to 0.23 m”> g~ for the bicomponent (PET/PTT) fila-
ments and conventional (PET) filaments, respectively.

All the analysis conditions were reported in more detail in
our previous studies.>***®

2.3.3. Determination of the extinction coefficients. A
spectrophotometer (Hach Lange, DR 3900, USA) was used to
measure the absorbance of the dye bath solution. The absor-
bance of the solution was determined by applying the Beer-
Lambert law:****

A=ex Cx|I (1)

where ¢ is the molar extinction coefficient which is dependent
on the substance and its wavelength, [ is the path length, and C
is the dye concentration of the solution.

In the experimental part, if the value ¢ for a substance is
known, under given conditions, the concentration of a solu-
tion can be deduced by measuring the corresponding
absorbance.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical characteristics of the disperse dyes studied
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Disperse dye no. 1

Generic name: CI Disperse Red 167.1. Commercial name: Terasil Rubin 2GFL

MW: 473.15 g-mol ™!

Minimum steric energy: 6.1873 kcal-mol™

cl
y N N(C,H,COCHj),
O,N N/
H

N
%CHs

0]

Disperse dye no. 2

Generic name: CI Disperse Yellow 211. Commercial name: Terasil Yellow 4G

MW: 361.74 g-mol™

Minimum steric energy: -15.2761 kcal-mol™

HO /CHZ—CHa
N
C|QN:N / &
NO, HaC CN

Disperse dye no. 3

Generic name: CI Disperse Red 60. Commercial name: Terasil Red FBN

MW: 331.08 kcal-mol™

Minimum steric energy: 7.45231 kcal-mol™

o) NH,
o\©
o) OH

2.3.4. Determination of dye bath exhaustion. At the end of

the dyeing process, the extent of the dye bath exhaustion E (%)

is given by the following equation:
Co — C;

E(%) = =% &= x 100
0

© 2022 The Author(s). Published by the Royal Society of Chemistry

(2)

where C, is the initial dye concentration in the dye bath before
dyeing (mg L"), and Cj is the residual dye concentration in the
dye bath after dyeing (mg L 7).

2.3.5. Determination of the adsorption kinetics. To assess
the adsorption of the dye into the fiber over time, the quantity of
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Fig.1 Processes for the dyeing of the bicomponent filaments with the
studied dyes.

adsorbed substance per unit of solid mass, g. (mg g '), was
determined using the following equation:

N ®)
where C, and C. (mg L") are the initial and equilibrium
concentrations of the dye, respectively, V (mL) is the volume of
the dye bath solution, and m (g) is the mass of the dye.

2.3.6. Models of adsorption kinetics. Due to the complexity
of the theoretical equations describing the dye kinetics, a large
number of empirical equations have been developed. To study
the kinetics of the dyeing of bicomponent (PET/PTT) filaments
using ecological carriers and using high temperature dyeing
processes, four models: pseudo first-order model, pseudo
second-order model, Elovich model and intra-particle model,
were studied. The pseudo first-order model is the oldest model,
and the adsorption corresponds to a single layer of adsorbent
on the surface of the adsorbate. This model also assumes that
the rate of dyeing is directly proportional to the amount of
undyed fiber.”> The pseudo-second-order model, represents
second-order kinetics. Its use concluded that the adsorption
was of the chemical type involving an exchange of electrons
between the adsorbate and the adsorbent.>® The Elovich equa-
tion, which describes the chemisorptions that were activated,
but it did not give any precise adsorbate-adsorbent interaction
mechanism.* The intra-particle diffusion model was applicable
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when the intra-particle diffusion limited the adsorption
process.”® This model shows that several stages of adsorption
exist: the first stage is adsorption by external diffusion, the
second step corresponds to the gradual adsorption of the
coloring solution into the fiber, i.e., an intra-particle diffusion,
and the last step corresponds to a state of equilibrium where
there is no more adsorption. Table 3 presents the nonlinear
equations for each of the models studied.

2.3.7. Models of adsorption isotherms. To analyze the
adsorption isotherms, various models, namely, Freundlich,
Langmuir, and Nernst models were used. These models were
used to model the experimental isotherm results .>> The corre-
sponding equations in their linear form are summarized in
Table 4.

3. Results and discussion

3.1. Physicochemical characterization of bicomponent (PET/
PTT) filaments using SEM, BET, and DSC

The dyeing kinetics were influenced by several physicochemical
factors particularly the nature of the dye, the bath ratio, the
aqueous medium, and especially by the textile material to be
dyed (chemical composition, radius and external surface, specific
surface and free volume). Dyeing bicomponent (PET/PTT) fila-
ments differs from dyeing conventional polyester filaments.
Indeed, the bicomponent filaments studied contained 60% PET
and 40% PTT extruded side by side from a special spinneret as
shown in Fig. 2. Their adsorption surface was greater than that of
conventional polyester filaments made with 100% PET.

The specific area of the bicomponent (PET/PTT) filaments,
determined using the BET specific area measurement, was
0.3244 m> g~ ' with an average particle size of 0.0185 mm. This
value seemed to be important when it was compared to the
conventional polyester which was found to have values of 0.2313
m?” g~ " and 0.0259 mm for specific area and average particle size,
respectively. This proved that the dyeing of bicomponent (PET/
PTT) filaments had higher dyeing yields than those obtained
for conventional polyester filaments. This was due to their larger
external surface and their amorphous zone, which were much
larger, because of the configuration of PTT which had a more
flexible trimethylene sequence and a trans-left-left-trans confor-
mation. Likewise, the crystalline percentage of the bicomponent
filaments was about 60% which was much lower than that of
conventional polyester which reached up to 80%. These deduc-
tions and others were reported in our previous studies.>***°

To clarify the effect of the different dyeing processes on the
thermal properties of the filaments studied, DSC analysis was
carried out after dyeing the bicomponent filaments with CI
Disperse Red 167.1 at 130 °C without carriers, and at 100 °C by
incorporating 0.08 mol L™" of the three carriers (o-vanillin, p-
vanillin and coumarin). The results obtained from the DSC
determination are presented in Fig. 3 and Table 5. The existence
of two melting temperatures (T},) can be seen at about 226 °C
and 248 °C, and these values corresponded to the T, of PTT and
PET, respectively. As shown in Table 4, the bicomponent (PET/
PTT) filaments before dyeing had T, values of 37 °C (PTT) and
62 °C (PET).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Chemical structures of the ecological carriers
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Ecological carriers

0-Vanillin
Generic name: 2-hydroxy-3-methoxybenzaldehyde
MW: 152.15 g-mol™

Minimum steric energy: 8.7307 kcal-mol™

0 H
OH
CHs
o~
p-Vanillin

Generic name: 4-hydroxy-3-methoxybenzaldehyde
MW: 152.15 g-mol™

Minimum steric energy: 5.4807 kcal-mol™

(o}

HO

(0]

\CH3

Coumarin
Generic name: 2H-chromen-2-one
MW: 146.14 kcal-mol™

Minimum steric energy: 9.5426 kcal-mol™

X

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Models of adsorption kinetics®

Model Equation Modeling
Pseudo first-order d = ge[l — exp(—K;t

%:Kl(qe g ge| p(—Kit)]
Pseudo second-order d Krq.2t

I Kyge— q) g = 24T

dr 1+ (quet)
Elovich dg: g, _ 1

ar % 1 4= 5 n(apr)
Intra-particle diffusion ¢ = Kinc22 g1 = KineV1 + Cip

“ Where: g. (mg g ') is the adsorption capacity at equilibrium, ¢, (mg
g ") is the adsorption capacity at time ¢, K; (min') is the pseudo
first-order rate constant, K, (g mg ' min~") is the pseudo second-
order rate constant, « (mg g ' min~') is the Elovich constant, which
represents the initial sorption rate, 8 (mg g~' min™") is the Elovich
constant, which represents the extent of surface coverage, Kiy, (mg
¢ ' min~") is the intra-particle diffusion rate constant.

Table 4 Models of adsorption isotherms®

Model Equation
Nernst Cr = CKy
Freundlich Cp = KzCM'"
Langmuir Ce K C.

Cmax - 1 +KL Ce

“ Where: C; (mg g ') is the quantity of dye absorbed on the absorbent,
C. (mg L") is the dye concentration at equilibrium, Ky (mg g~ ") is the
Nernst constant, which represents the maximum amount of dye
adsorbed on a unit weight of fiber, Cpa (mg g~ ') is the Langmuir
constant, which represents the maximum amount of dye absorbed per
unit weight of fiber, K, (L mg ') is the Langmuir constant related to
the affinity of the binding sites, Kz (L mg™') is the Freundlich
constant, which represents the adsorption capacity, n is the
Freundlich constant, which represents the adsorption intensity.

After dyeing at 130 °C, a microstructural modification of the
bicomponent filament was observed: the T, of PET showed
a slight decrease (T, = 60 °C) whereas that of PTT was

WD
x 10.3 mm

Fig. 2
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camouflaged. Both T, increased slightly and reached values of
226 °C and 255 °C for PTT and PET, respectively.

However, adding ecological carriers to the dye bath made it
possible to slightly reduce the T, values of the bicomponent
filaments to 61, 59 and 50 °C, by adding 0.08 mol L™" of the
carriers o-vanillin, p-vanillin and coumarin, respectively. Thus,
predictions can be made about changes in the microstructures
of polyester filaments during their dyeing at low temperature
upon adding carriers.*®

3.2. Extinction coefficients of the dyes studied

The kinetics of the dye correspond to the determination of the
concentration of dye in the bath over time. The molar extinction
coefficient of the Beer-Lambert law allows the relationship of
the absorbance of the solution to the corresponding dye
concentration to be calculated. For this, the absorbance of
solutions containing different concentrations of dyes studied
was measured at maximum wavelength values. i.e., 524, 452 and
492 nm for CI Disperse Red 60, CI Disperse Yellow 211, and CI
Disperse Red 167.1, respectively.

Fig. 4a shows examples of the absorption spectra of the dyes
studied, with a concentration of 1.2 g L™, and Fig. 4b shows the
Beer-Lambert law plots of the dyes.

Table 6 shows the extinction coefficients for dyes studied
and their relative correlation coefficients. It is important to note
that the CI Disperse Yellow 211 had a higher extinction coeffi-
cient than the CI Disperse Red 60 and CI Disperse Red 167.1.

3.3. Determination of the exhaustion rates

To study the dyeing kinetics of the bicomponent filaments
using the two different processes (dyeing at 130 °C without
carriers, and at 100 °C by adding ecofriendly carriers), the
exhaustion (%) of the dye bath was measured at various times
during the dyeing process (5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70,
80, 90 and 100 min).

Fig. 5 shows the kinetics curves of dyeing bicomponent (PET/
PTT) filaments with the dyes studied at 130 °C and at 100 °C,
with o-vanillin, p-vanillin and coumarin as carriers. From the
results obtained, it can be seen that the shape of the different

Pressure

20.0pm:

Images of the bicomponent (PET/PTT) filaments from SEM analysis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The DSC analysis of bicomponent (PET/PTT) filaments dyed with CI Disperse Red 167.1: (a) dyeing at 130 °C; and (b)—(d) dyeing at 100 °C

with the addition of o-vanillin, p-vanillin, and coumarin, respectively.

curves was similar for the two processes tested. However, the
dye bath exhaustion became constant faster when dyeing the
bicomponent filament using carriers (less than 20 min),
whereas with the high temperature process, a time of 30 min
was required to obtain maximum values of the dye bath
exhaustion.

This confirmed that the carriers increased the rate of
adsorption of the dispersed dye by the polyester filaments, and
there was better dye migration, than when dyeing at 130 °C.
This increase in adsorption rate was due to the improvement in

the solubility of the dye in water because of the presence of the
carrier, which generated significant kinetics of the dye mole-
cules in the chain segments of the fiber. The maximum values
of dye bath exhaustion, the half dyeing time, the rise time and
the fixation time of the dyes studied were evaluated and are
shown in Table 7. The half-dyeing time (denoted as ) corre-
sponded to the time taken by the polyester filaments to absorb
half of the amount of dye that it will have absorbed when
equilibrium is reached. This parameter also allows the
comparison of several dyes from the point of view of their rise

Table 5 Results of the DSC analysis of the bicomponent (PET/PTT) filaments with Cl Disperse Red 167.1 using different dyeing processes

Tg (PTT) Tg (PET) Tm (P'IT) Tm (PET)
Dyeing process (°CQ) (°Q) (°Q) (°Q)
Before dyeing 37 62 222 248
After dyeing at 130 °C — 60 226 255
After dyeing at 100 °C with o-vanillin — 61 226 255
After dyeing at 100 °C with p-vanillin 36 59 225 255
After dyeing at 100 °C with coumarin 33 50 226 255

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Extinction coefficients of the dyes studied

Amax e
Dye (nm) (Lmg 'em™) R
CI Disperse Red 60 524 0.0542 0.9926
CI Disperse Yellow 211 452 0.0914 0.9962
CI Disperse Red 167.1 492 0.0565 0.9998

kinetics on the fibers: the shorter the half-dyeing time is, the
faster the dyeing speed is, and therefore, the higher the diffu-
sion coefficient is. The fixation time is the necessary time for the
dye to be adsorbed, then diffused and finally fixed into the
amorphous zones of the filaments.
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While, observing the results in Table 7, it can be seen that
the exhaustion rates of dyeing at equilibrium using the three
dyes (low, medium and high energy) had similar values, in the
majority higher than 90%, and then the use of ecological
carriers, in particular p-vanillin, was efficient and lead to equal
dyeing yields being obtained at the high dyeing temperature of
130 °C. From these results (Table 7), it was obvious that the half-
dyeing time, the rise time and the fixation time of dyeing
bicomponent filaments with the three dyes studied present all
lower values when using ecofriendly carriers. So, the dyeing
process at 100 °C and using ecological carriers, gave a saving in
terms of energy (100 °C instead of 130 °C), and also in terms of
dyeing duration (more than 30 min).

3.4. Determination of the adsorption kinetics

To understand the dyeing kinetics, the quantity of dye adsorbed
during the dyeing process at time intervals ranging from 5 min
to 100 min for the two processes (dyeing at 130 °C without
carrier and dyeing at 100 °C using carriers with a concentration
of 0.04 mol L™" of o-vanillin, p-vanillin and coumarin) were
determined using eqn (2). The choice to use a carrier concen-
tration of 0.04 mol L™ was based on previous studies.*? It was
proved that this carrier concentration value of 0.04 mol L™ " was
sufficient to maximize the color yield (K/S) of the dyed samples
and the exhaustion (E (%)) of the dye bath. The reaction kinetics
models used to elucidate the adsorption mechanism and to
validate the experimental data were: the pseudo first-order,
pseudo second-order, Elovich and intra-particle models. By
applying the equations of these four models, the curves of the
instantaneous adsorbed quantity as a function of the dyeing
time were plotted. Fig. 6a-d show the kinetics of the dyeing of
the bicomponent (PET/PTT) filaments at 130 °C (without using
carriers) and at 100 °C using 0.04 mol L™' of o-vanillin, p-
vanillin and coumarin. By observing the shape of the plotted
curves, it was concluded that for the pseudo first-order model,
the experimental values were almost similar to the theoretical
ones.

Table 8 presents the correlation coefficients of the fitting
curves of each model as well as the values of the different
adsorption constants: the adsorption capacity at equilibrium g,
(mg g7"), the pseudo first-order rate constant K; (min~'), the
pseudo second-order rate constant K, (g mg ' min~'), the
Elovich constant which represents the initial sorption rate
o (mg g~ min~"), the Elovich constant which represents the
extent of surface coverage 8 (mg g~ min~"), and the intra-
particle diffusion rate constant Ki,; (mg g * min™%).

The results obtained show that the pseudo first-order model
presented the most important correlation coefficients so that
was the best model for describing the dyeing kinetics of the
bicomponent (PET/PTT) filaments with disperse dyes. In this
case, the adsorption of the dye by the bicomponent filaments
was produced on localized sites without interaction between the
adsorbed ions. The maximum adsorption corresponded to
a single layer of dye on the surface of the bicomponent fila-
ments. It was noted that the two processes studied at 130 °C
(without carriers) or at 100 °C with the addition of the three

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Kinetics curves for dyeing bicomponent (PET/PTT) filaments with dyes at 130 °C (without carriers) and at 100 °C with o-vanillin, p-vanillin,

and coumarin.

different carriers, obeyed the same adsorption mechanisms.
The reaction speed, which was observed using the value of the
pseudo first-order dyeing rate constant (K;), was much greater
when dyeing occurred at 100 °C with added ecological carriers.

Table 7 Different dyeing times of the dyes studied

Moreover, by evaluating the dyeing kinetics at 130 °C, it was
evident that the insertion of the low and medium energy dyes
(having low and medium molecular weights, respectively) into
the fiber was easier than the insertion of the high energy dye

Exhaustion
Dyeing process Dye (%) Half-dyeing time® (min)  Rise time” (min)  Fixation time® (min)
Dyeing at 130 °C CI Disperse Red 60 92.86 15.89 31.78 63.56
CI Disperse Yellow 211 96.37 11.36 22.72 45.44
CI Disperse Red167.1 92.06 9.028 18.06 36.11
Dyeing at 100 °C with o-vanillin  CI Disperse Red 60 90.45 4.32 8.64 17.28
CI Disperse Yellow 211 96.74 3.44 6.88 13.76
CI Disperse Red 167.1 83.69 4.39 8.78 17.56
Dyeing at 100 °C with p-vanillin ~ CI Disperse Red 60 93.42 4.22 8.44 16.88
CI Disperse Yellow 211 96.65 4.15 8.30 16.60
CI Disperse Red167.1 92.46 4.21 8.42 16.84
Dyeing at 100 °C with coumarin  CI Disperse Red 60 91.49 6.73 13.46 26.92
CI Disperse Yellow 211 95.73 3.93 7.86 15.72
CI Disperse Red 167.1 87.50 3.83 7.66 15.32

“ The half-dyeing time ¢ is the time required to reach 50% of the exhaustion time. b The rise time = 2 x t:. © The fixation time = 4 x .

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Non-linear adsorption kinetics models of dyeing bicomponent (PET/PTT) filaments with the dyes studied: (a) at 130 °C without using
carriers, (b) at 100 °C and with 0.04 mol L™ of o-vanillin, (c) at 100 °C and with 0.04 mol L~* of p-vanillin, and (d) at 100 °C and with 0.04 mol L™*

of coumarin.

(having a high molecular weight). Consequently, as can be seen
in Table 8, CI Disperse Red 60 and CI Disperse Yellow 211 dyes
have higher values of the dyeing rate constant K; than the CI
Disperse Red 167.1 dye.

For dyeing at 100 °C using o-vanillin, p-vanillin and
coumarin, the three disperse dyes studied showed different
values of the dyeing rate constant K;. It should be noted that the
medium energy dye had the highest dyeing rate constant K;
when compared to that of the low energy dye. This proved that
the molecular weight of the dye certainly influenced its
adsorption kinetics on the textile support but also its solubility,
polarity and ability to create interactions with the carrier which
will thus promote its rapid insertion into the fiber.

More importantly, the results show that carrier, p-vanillin
was compatible with the three classes of disperse dyes, allowing
for a better dyeing rate constant K; to be obtained even with CI
Disperse Red 167.1 which belonged to the high energy class.

2370 | RSC Adv, 2022, 12, 2361-2374

It can also be seen that the rate constant (K;) was not similar
for each carrier. So, it could be concluded that the chemical
structure influenced the adsorption of dye into the polyester
fabric, and the distribution of the carrier between water and
fiber had a great impact on dyeing performance. It was noted
that among the carriers studied, o-vanillin, and p-vanillin were
hydrophilic unlike coumarin which was rather hydrophobic.>*>*

Based on those results, it was assumed that the action of
both hydrophobic and hydrophilic carriers was based on the
breaking of the inter-chain forces in the fiber. Indeed, the
aromatic part of the hydrophilic carrier molecule had a van der
Waals type attraction towards the hydrophobic fiber, and the
hydrophilic part of the carrier attracted water molecules. Thus,
when the carrier was absorbed by the fiber, it carries with it
a certain quantity of water (thanks to the -OH or -NH, type
groups) which made it possible to fix a greater quantity of dye.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Adsorption kinetics constants of the dyes studied®
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Pseudo first-order

Pseudo second-order

model model Elovich model Intra-particle diffusion model
o

Dyeing ge (mg K ge (mg K (g (mg B (mg Kine (mg Cint (mg

process  Dye g ! (min"HY R* g mg 'min") R* g 'min"Y) g 'min') B ¢g'min') g'min") R

130 °C CI Disperse Red 11.31 0.07 0.97 11.31 0.01 0.83 2.21 0.34 0.92 0.97 3.39 0.83
60
CI Disperse 11.57 0.09 0.95 11.57 0.02 0.85 4.06 0.38 0.87 0.81 5.23 0.75
Yellow 211
CI Disperse Red 11.00 0.01 0.91 11.00 0.02 0.98 5.23 045 0.91 0.71 5.30 0.83
167.1

o-Vanillin CI Disperse Red 10.85 0.19 0.99 10.85 0.05 0.96 71 933.06 1.45 0.93 0.31 8.45 0.91
60
CI Disperse 11.57 0.26 0.99 11.57 0.08 0.98 71 933.06 1.33 0.97 0.23 9.83 0.95
Yellow 211
CI Disperse Red 10.04 0.18 0.99 11.04 0.05 0.97 911.83 0.94 0.94 0.28 9.44 0.91
167.1

p-Vanillin CI Disperse Red 11.20 0.19 0.99 11.20 0.05 0.96 758.97 0.94 0.94 0.32 8.72 0.92
60
CI Disperse 11.55 0.21 0.98 11.55 0.06 0.93 3087.19 1.03 0.91 0.28 9.44 0.89
Yellow 211
CI Disperse Red 10.94 0.21 0.99 11.09 0.07 0.96 3087.19 1.08 0.94 0.26 9.06 0.91
167.1

Coumarin CI Disperse Red 10.98  0.19 0.99 10.98  0.05 0.95  785.55 0.96 0.94 0.31 8.57 0.91
60
CI Disperse 11.44 0.19 0.99 11.44 0.05 0.97 911.83 0.93 0.94 0.28 9.44 0.91
Yellow 211
CI Disperse Red 10.50 0.14 0.99 10.50 0.04 0.90 37.32 0.68 0.89 0.44 7.10 0.84
167.1

“ Where: q. (mg g™ ") is the adsorption capacity at equilibrium; K; (min™") is the pseudo first-order rate constant; K, (g mg™' min™") is the pseudo
second-order rate constant; « (mg g~ ' min~") is the Elovich constant, which represents the initial sorption rate. 8 (mg g~* min~") is the Elovich
constant, which represents the extent of surface coverage. Kin, (mg g ' min~') is the intra-particle diffusion rate constant.

There is also a theory which assumes that there is a certain
loosening of the compact structure of the fiber, and then the
carrier is adsorbed by the fiber in a manner comparable to that of
the disperse dyes. As the carriers have smaller molecular sizes
than the disperse dyes, they penetrate more easily into the
amorphous areas of the fiber by pushing the dye molecules away
from the polymer chains. This mechanism facilitated the diffu-
sion of the molecules of the larger dye into the new spaces created.

In addition, as described next, the insertion of the molecules
of the three carriers generated a change in the microstructure of
the bicomponent (PET/PTT) filaments, and a decrease in the T,
was observed by adding a large amount of 0.08 mol L™ " of o-
vanillin, p-vanillin and coumarin. The addition of a high
concentration of carrier in the dye bath generated a plasticizing
effect resulting in a decrease in T, and was accompanied by
a variation in the mechanical and dyeing properties of the fiber.
This effect was more visible with coumarin as carrier because
being hydrophobic its insertion in the polyester filaments was
rather abrupt and it spread the polymer chains more to let the
dye pass. For a more hydrophilic carrier such as o-vanillin and p-
vanillin, it reduced the size of the dye molecules and thus
promoted their insertion into the polyester. Moreover, this type of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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carrier does not act on the microstructure of the studied fila-
ments but rather it tended to conserve the mechanical and
physical properties of the bicomponent (PET/PTT) filaments
which are known to have excellent elasticity and elastic recovery.

3.5. Determination of the adsorption isotherms

The adsorption isotherms were obtained for each disperse dye
at concentrations of 0.05, 0.1, 0.2, 0.4, 0.8, 1.2, 1.4, 1.8, 2, 3, and
4 g L', The samples in jersey knits (100% bicomponent (PET/

PTT) filaments) were introduced into dye baths preheated to
the dyeing temperature which was 130 °C.

From Fig. 7, it could be deduced that there was a linear
relationship between the concentration of dye absorbed by the
fiber and the concentration which persisted in the dye bath for
the three types of disperse dyes studied. Nernst's linear model
was the best model for describing the adsorption isotherm of
the disperse dyes on the bicomponent filaments.

However, it could also be seen that the slopes, which repre-
sented the partition coefficients of the three curves showing the

Table 9 The parameters of the different isotherms from the different disperse dyes

Dyes

CI Disperse

Model Constants CI Disperse Red 167.1 CI Disperse Yellow 211 Red 60
Nernst Ky (mgg™) 0.0091 0.0097 0.0097
R? 0.9984 0.9999 0.9999
Freundlich n 0.9999 0.9986 0.9975
Ky (L mg™) 0.0138 0.0096 0.0096
R’ 0.9998 0.9999 0.9997
Langmuir Crmax (Mg g™ ") 35.7605 39.0778 39.2224
Ky, (L mg™) 0.0006 0.0005 0.0005
R? 0.8214 0.8018 0.8037
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isotherms of the three dyes (with different molecular weights),
were not similar. In fact, the lower the molecular weight of the
dye, the easier its penetration into the bicomponent (PET/PTT)
filaments. This resulted in a greater exhaustion of the dye bath
and therefore gave a greater partition coefficient.

Based on the Freundlich, Langmuir and Nernst, equations,
the nonlinear representations of these models for the three
studied dyes were plotted. Fig. 8 shows the results obtained.
Table 9 summarizes the obtained adsorption isotherm
constants of the Freundlich, Langmuir and Nernst models. The
assessment of the suitability of the isotherm models was
controlled by the regression coefficient R,

By comparing the different models, it should be noted that
the evolution of the concentration of the three disperse dyes
followed the two linear distribution laws of Nernst and
Freundlich. However, the value of the Freundlich exponent (1/n)
is very close to 1. The linear equation of the Nernst model is
therefore the most suitable. It can be concluded that for dyeing
the bicomponent (PET/PTT) filaments with disperse dyes, the
adsorption isotherm took the form of the Nernst isotherm
which means that there was a linear relationship between the
dye concentration in the bath and that in the filament over
a wide range of concentrations until the filament is saturated
with dye. In addition, by observing the curves of the different
models (Fig. 8), it could be noted that the bicomponent (PET/
PTT) filaments were not yet saturated with disperse dyes, even
at concentrations of 4%. By comparing the results obtained
with those found in the literature for the dyeing of 100% PET
filaments with disperse dyes, it could be deduced that the
bicomponent (PET/PTT) filaments have more amorphous areas
and a much larger free volume than a conventional PET. Indeed,
according to the study carried out on the isotherms of dyeing
PET filaments at 130 °C with CI Disperse Yellow 42 and CI
Disperse Orange 3 dyes, it could be concluded that the satura-
tion concentrations of the dyes were lower at 1%.%

4. Conclusions

In this study, bicomponent (PET/PTT) filaments were dyed with
different disperse dyes at a dyeing temperature of 100 °C, and
with the addition of different ecofriendly carriers. The obtained
results showed excellent dyeing yields, similar to those obtained
at a dyeing temperature of 130 °C. The dyeing process at 100 °C
allows savings in terms of energy and time. The adsorption
kinetics were investigated and controlled. The pseudo first-
order kinetics model presented good agreement with the
kinetics behavior of dyeing bicomponent (PET/PTT) filaments
with all types of disperse dyes at a dyeing temperature of 100 °C
with the addition of carriers, and at a high temperature of
130 °C without using carriers. In addition, it is found that the
hydrophilia of the carriers influences the dyeing mechanism,
the microstructure, and the mechanical and physical properties
of the dyed filaments. The findings of this work give an exper-
imental foundation for future research and investigations, as
they clarify and explain the adsorption mechanism during the
dyeing process of bicomponent (PET/PTT) filaments at 100 °C
using ecofriendly carriers and/or at 130 °C without carriers.
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