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Abstract

This paper presents equilibrium dyeing which is important in the dyeing
process. The paper gives more emphasis on the dyeing equilibrium which is
the position of sorption versus desorption after infinite time. In dyeing process,
the investigation of the equilibrium dye distribution between the dye bath and
the substrate is very important. The thermodynamics of dyeing of different
textile fibers with their respective dyes type were discussed. Furthermore the
three major types of dyeing adsorption isotherms, which are Nernst, Langmuir
and Freundlich and the various dye/fibre systems correspond to one of these
types. The most important thermodynamic parameters such as affinity, heat of
dyeing and entropy of change which is determined at equilibrium have been also
discussed. These values are useful in interpreting the driving force for dyeing
processes and therefore provide a means for understanding what causes dye to
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transfer preferentially from the dye liquor into the fibre.
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Introduction

Chemical thermodynamics examines the energy-chemical
reaction relationship and is applied to a system in equilibrium. It is
more concerned with the final state than with the speed with which it
is reached [1]. The analysis of the equilibrium dye dispersion between
the dye bath and the substrate is particularly significant for a semi-
quantitative evaluation of a dyeing process [2]. When the system is
at equilibrium, an adsorption isotherm relates the concentration of
a substrate adsorbed on a solid surface (Df) to its concentration in
the surrounding fluid (Ds) [3]. Isotherms involving adsorption can
be associated with a particular sorption mechanism.

Chemical thermodynamics, according to examines the
relationship between energy and chemical reactions and applies to a
system in equilibrium, which is reached when a system’s macroscopic
variables, such as temperature, pH value, dye concentration in the

bath, dye amount on the fibre, and so on, do not change with time.

In the investigation of dyeing equilibria, heated the fibre and
dye solution at a steady temperature until a state of equilibrium was
obtained. The degree of exhaustion gradually becomes constant after
the initial increase, but genuine equilibrium requires that the dye be
uniformly dispersed throughout the fibres [3].

Studies of dyeing procedures in which the dyes disseminated into
the fibre and the dye remaining in solution have attained equilibrium.
This component includes the use of thermodynamic concepts and
dyeing over far longer periods of time than are commercially possible.
Also, He described that when a dyeing has reached equilibrium, dye
is continually leaving the fibre and going back into the dye liquor,
whilst simultaneously dye is continually arriving at the fibre surface
and being adsorbed [4].

Wardman RH described also that, when a dyeing has reached
equilibrium, dye is continually leaving the fibre and going back into
the dye liquor, whilst simultaneously dye is continually arriving at the

fibre surface and being adsorbed.

The purpose of studying the thermodynamics of dye adsorption
(i.e. dyeing systems at equilibrium) is to elucidate the mechanism by
which dye adsorption occurs and, in addition, to provide a quantitative
measure of the tendency of the dye to pass from the solution phase
to the fibre phase. The thermodynamics of dyeing is not concerned
with the rate at which dyeing occurs but, rather, considers the dyeing
process only when it has reached equilibrium and is commonly
depicted in terms of an equilibrium adsorption curve [5].

Dyeing equilibria describes the position of sorption versus
desorption after infinite time. Most of the equilibrium properties of
dyeing system depend on three quantities: affinity, heat of dyeing and
entropy change [6].

The amount of dye absorbed by a textile fibre at equilibrium
when there is variation in temperature allows thermodynamic and
kinetic sorption quantities such as standard affinity, heat of dyeing,
entropy of dyeing and activation energy of diffusion to be evaluated
[7]. The standard affinity, Ap® is the transfer of one mole of dye from
its standard state in solution to its standard state in the fibre. The
heat-content change during the dyeing process is the AH’, whereas
the degree of disorder of the dye molecules during the dyeing process
corresponds to the entropy change, AS° [8,9]. The thermodynamic of
dyeing are influenced by the structural features in both the dye and
polymer [10,11].

Adsorption thermodynamic and kinetic studies of C. L. disperse
dye 60 on PBO fiber Pretreated with Polyphosphoric Acid (PPA)
were carried out under the conditions. The results showed that the
equilibrium adsorption isotherm of the disperse dye on the pretreated
PBO fiber was a Langmuir-Nernst mixed Model. The thermodynamic
parameters were calculated by the equilibrium adsorption isotherm,
such as standard affinity, enthalpy change and entropy change, which
indicated that the adsorption of disperse dye on the pretreated PBO
fiber was an exothermic process [12].
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ElifSahin, studied the equilibrium sorption isotherms of 3 reactive
dyes (C. I. Reactive Yellow 84, C. I. Reactive Red 141, C. I. Reactive
Blue 160) and their binary mixtures adsorbed on pre-wetted wool
fiber were investigated. The isotherms obtained are Langmuir type.
The rate parameters of adsorption kinetics decrease with increasing
dye concentration [13].

Montra Chairat studied the adsorption and kinetic study of lac
dyeing on silk. The pseudo second-order kinetic model was indicated
with the activation energy. It was suggested that the overall rate of lac
dye adsorption is likely to be controlled by the chemical process [14].

Thermodynamics of Dyeing Studies

The thermodynamics of adsorption of laccaic acids on silk has
been studied, but without pH control and the results indicated that
the adsorption isotherm of silk dyeing with laccaic acids, from which
the erythro-laccinhad been removed, was of the Langmuir type
[14,15].

Otutu JO, investigated the thermodynamic and kinetic properties
of disazo dyes on polyester fibre and polyamide (nylon) fibre. The
disazo dyes showed high affinity values on the two substrates under
study. However, the affinity values of the dyes were slightly higher
on polyester fibre than onnylon 6 fibre. It was also found that the
enthalpy of dyeing, and entropy of dyeing values were slightly higher
on polyester fibre than on the nylon 6 fibre [7].

The dyeing kinetics and thermodynamic parameters of direct
dye as an example of the used dyes were enhanced by chemical
modification via improving the structural characteristics of cotton
fabrics as a result of the quaternization process [16].

Hema M and Arivoli S studied the sorption of Congo red,
Malachite green and Rhodamine B dyes onto acid activated carbon.
The equilibrium data are fitted to the Langmuir and Freundlich is
other equations [17].

Jihong Wu, studied the dyeing thermodynamics for PLA fibre
dyed with the natural dye curcumin. Linear isotherms are obtained,
suggesting that the mechanism of dyeing is similar to that of disperse
dyes [18].

The adsorption of Remazol Brilliant Blue R (RBBR) dye on pinang
frond based activated carbon (PF-AC) was investigated in a batch
process. The adsorption equilibrium and kinetic were found to follow
Freundlich isotherm models and pseudo-second-order kinetic model,
respectively. Result from adsorption thermodynamic show that
interaction for RBBR dye was found to be feasible, nonspontaneous,
and endothermic. The results indicated that the PFAC is very effective
for the RBBR adsorption from aqueous solution [19].

Elif Sahin, investigated the interpretation of sorption kinetics for
mixtures of reactive dyes on wool. This study focused on the adsorption
and sorption rate constants of reactive dyes and dye mixtures on wool.
The Langmuir kinetic model was used in determining adsorption and
desorption rate constants for the dyes C. I. Reactive Yellow 84, C. L.
Reactive Red 141 and C. I. Reactive Blue 160 [13].

Guan Y, investigated the adsorption thermodynamics of disperse
dye on poly (p-phenylene benzobisoxazole) fiber pretreated with
polyphosphoric acid. The adsorption isotherm of disperse dye on

pretreated PBO fiber was a mixed Langmuir-Nernst model. As the
temperature increased, the adsorption isotherm gradually shifted to
the Nernst model [12].

Hou X studied adsorption kinetic and khermodynamic studies
of silk dyed with sodium copper chlorophyllin. In this study, silk
was dyed into a bright green shade with a natural dye derivative,
Sodium Copper Chlorophyllin (SCC). Addition of sodium chloride
increased SCC adsorption at equilibrium g, increased the diffusion

coefficient D and decreased the half dyeing time ¢, , [20].

Another studies were made oncationic dyeing equilibria on
polyacrylonitrile fibers. Variation of the equilibrium uptake of cationic
dyes with pH has shown that sulfonic groups in polyacrylonitrile
fibers behave as weak acids. Deviations of experimental results from
a Langmuir-type relation derived for competition between different
cations for a limited number of anionic sites could be explained by
electrostatic repulsive interactions between the sites [21].

Adsorption Isotherm Studies

The adsorption isotherm used to show the adsorption molecules
distribute between the solid phase and liquid phase at adsorption
equilibrium state. The Langmuir and Freundlich isotherms are the
most frequently employed models [19].

Adsorption is usually described through isotherms, that is,
functions which connect the amount of adsorbate on the adsorbent,
with its pressure (if gas) or concentration (if liquid) [22].

Hema and Arivoli, studied equilibrium constant and
thermodynamic parameters for the adsorption of dyes onto carbon.
The experimental data are analyzed according to the linear form of
the Langmuir and Freundlich isotherms [17].

The Langmuir isotherm is represented by the following equation
[17,19,22,23].

Ce/Qe = 1/Qmb + Ce /Qm (1)

Here Ce is the equilibrium concentration (mg/L), Qe is the
amount adsorbed at equilibrium (mg/g) and Qm and b are Langmuir
constants related to the adsorption efficiency and energy of
adsorption, respectively. The linear plots of Ce/Qe versus. Ce suggest
the applicability of the Langmuir isotherms. The values of Qm and b
are determined from the slope and intercept of the plots.

Langmuir’s isotherm model is based on the theory that adsorption
energy is constant and uptake occurs on homogeneous surface by
monolayer sorption. When the surface is covered by a monolayer of
adsorbate, the adsorption goes on localized sites with no interaction
between adsorbate molecules and that maximum adsorption occurs
[19,22]. The Langmuir isotherm is well suited to describe dye
adsorption by certain textile fibers. The Langmuir model is valid for
monolayer sorption onto a surface with a finite number of identical
sites [22].

The Langmuir adsorption model is established on the following
hypotheses:

1. Uniformly energetic adsorption sites

2. Monolayer coverage

Submit your Manusecript | www.austinpublishinggroup.com

Adv Res Text Eng 7(2): id1073 (2022) - Page - 02


http://pubs.acs.org/author/Hou%2C+Xiuliang

Wolela AD

Austin Publishing Group

3. No lateral interaction between adsorbed molecules

At equilibrium, saturation point is reached where no
furfurther adsorption can occur. A basic a ssumption is that
sorption takes place at specific homogeneous sites within the
adsorbent. Once a dye molecule occupies a site, no further adsorption
can take place at that site [24].

The Freundlich equation is also employed for the adsorption of
Congo Red (CR), Malachite Green (MG) and Rhodamine B (RDB)
dyes on the adsorbent [17].

The Freundlich isotherm is represented as [17,19,22,23]:
Log Qe =log K.+ 1/nlog Ce (2)

Here Qe is the amount of Congo Red (CR), Malachite Green
(MG) and Rhodamine B (RDB) adsorbed (mg/g), Ce is the
equilibrium concentration of dye in the solution (mg/L) and Kf and
n are constants incorporating all factors affecting the adsorption
capacity and intensity of adsorption, respectively. Linear plot of log
Qe versus. log Ce shows that the adsorption of CR, MG and RDB dye
follows also the Freundlich isotherm [17].

The intensity of adsorption is an indication for the bond
energies between dye and the adsorbent and the possibility of a
slight chemisorption rather than physisorption. The possibility of
multilayer adsorption of dyes through the percolation process cannot
be ruled out [17].

Freundlich model is an empirical expression that is the earliest
known relationship describing the sorption equation. This isotherm
that takes into account a heterogeneous surface and multilayer
adsorption to the binding sites located on the surface of the sorbent
[19]. The Freundlich model assumes a heterogeneous multilayer
adsorption surface with sites that have different energies of adsorption
which are not equally available. In the case of the Freundlich model
(Equation 2) the dye is considered as being contained in an internal
phase of volume V of the fiber [22].

The Freundlich isotherm endorses the heterogeneity of the
surface and assumes that the adsorption occurs at sites with different
energy of adsorption. The energy of adsorption varies as a function of
surface coverage [24].

The Nernst adsorption isotherm is considered as a limit case of
Freundlich and Langmuir adsorption isotherms [22].

[CIf=K, x[C]s (3)

Nernst isotherm equation is a mathematical representation of the
distribution law, which states that a dissolved substance, irrespective
of its total amount, distributes itself between two layers or phases in a
constant concentration ratio, at constant temperature; the ratio, equal
to the constant [22].

The adsorption process of the disperse dye on the polyester can
be regarded as a distribution between two immiscible solvents (water
and fiber). The isotherm parameters of disperse dye on polyester [12].

[D], = [D];=K[Dls (4)

Where [D], is the disperse dye concentration on polyester fiber
calculated based on the Nernst adsorption model (mg/g); K is the

partition coefficient of the Nernst adsorption model (L/g).

The linear Nernst isotherm indicates that the fiber behaves as
a solvent for the dye. Disperse dyes on many synthetic fibers such
as polyester follows this type of isotherm. The Freundlich isotherm
appears similar to the Nernst isotherm except the addition of the
exponent, N, which is an empirical constant between zero and one.
It is based on the fact that in most dye-fiber systems the partition
coeflicient decreases with increasing surface coverage. The Langmuir
isotherm assumes that the adsorption of dye takes place on specific
sites in the fiber, of which the number is limited. The sorption speed
is proportional to the number of unoccupied sites as well as the
concentration of the molecules in contact with the solid phase [1,25].
This isotherm is often applies to acid dyeing of nylon and wool. Both
Freundlich and Langmuir isotherms have been used to describe
the adsorption of direct dyes on cellulose. Even though there is no
specific dye site in cellulose for direct dyes, Langmuir isotherm still
shows a higher correlation for direct dye adsorptions than Freundlich
isotherm [26,27].

However, for cotton dyeing with reactive dyes, the situation is
more complex since the exhaust phase (described by an isotherm) is
followed by a reactive phase (not reversible and cannot be described
by any isotherm). Without the addition of alkali, the chemical reaction
between cellulose and dye can hardly happen. Thus, the adsorption
of reactive dye on cotton with no alkali is similar to direct dyes and
either Freundlich or Langmuir isotherm can be applied [25].

In the Gilbert - Rideal theory, the activity coeflicients of ions
sorbed into the wool phase are reduced due to specific binding with
sites on the wool, that is, the formation of ion pairs. Wool dyeing
generally occurs in the presence of an acid as well as the dye (the acid
is usually applied in a preliminary step). Gilbert and Rideal proposed
that dye uptake is an anion exchange process, in which the dye
molecules displace smaller anions [28].

In Donnan theory, the dye was considered to partition between
the external solution and an internal solution phase in the wool. The
latter phase is believed to contain a high concentration of fixed ionic
groups, and hence solute molecules have reduced activity coeflicients
in that phase due to Coulombic interactions [28].

Clark M, explained that, in the two-phase (solution and fibre)
model the sorbed molecules are considered dissolved in the surface
layer which lacks specific adsorption points, hence also the term
‘diffuse adsorption’. The Donnan model of diffuse adsorption has
been widely used to describe the sorption of dyes on cellulosics [1].

Riza Atav, Derbyshire and Peters, proposed a unified interaction
theory for all dye-fiber systems, postulating that the principal
contribution to the standard affinity of the dyes, of all classical types,
to all kinds of fibers arises from the nonpolar Van der Waals forces.
They postulated that non-polar forces are mainly responsible for dye-
fiber attachment and that in aqueous solution they occur between
hydrophobic surfaces [22].

Thermodynamic Parameters

Thermodynamic parameters provide information of inherent
energetic changes associated with adsorption. The thermodynamic
adsorption parameters to be characterized are standard enthalpy

Submit your Manuseript | www.austinpublishinggroup.com

Adv Res Text Eng 7(2): id1073 (2022) - Page - 03



Wolela AD

Austin Publishing Group

(AH"), standard free energy (AG"), and standard entropy (AS°) [19].

The standard affinity, enthalpy change and entropy change are
usually employed to describe the dyeing ability of a given dyestuff
on a fiber, which were obtained according to thermodynamic theory.
In a specific dyeing system, these values depend on the properties
of the dye and fiber involved when the temperature, pressure and
the amount of other components remain constant. Because the
adsorption isotherm types of the disperse dye on the untreated and
the pretreated PBO fiber were Langmuir model and Langmuir-
Nernst mixed model, respectively, the thermodynamic parameters
of the former adsorption and the front part of the latter adsorption
would change with the alteration of the values of [D]f and [D]s [12].

The standard affinity (Ap®), is defined for thermodynamically
reversible systems, such as cotton and direct dyes, as a measure of
the tendency of the dye to move from its standard state in the dye
solution to its standard state in the fibre [29].

The standard affinity is a measure of the tendency of the dye
moving from its standard state in solution to its standard state in fiber.
The larger the value of standard affinity is, the larger the adsorption
tendency of a dye on fiber [12,30]. The standard affinity values of
the dye on the polyester were similar with that on the pretreated
PBO. This result showed that the disperse dye could adsorb on the
pretreated PBO fiber as well as on the polyester, and proved that
dyeing the pretreated PBO fiber with disperse dye was practicable
[12].

The standard affinity —~Ap® (kJ/mol) of the dye on fibers was
calculated using Equation (5) [7,12].
[D];
) 5)

Where -’ is standard chemical potential of dye on the fiber; -y %is
standard chemical potential of dye in dyeing solution; R is universal
gas constant (8.314 J/mol-K); T is absolute temperature (K); [D], is
dye concentration on the fiber (mg/g); [D]s is dye concentration of
the adsorption solution (mg/L); V is effective volume of dyestuff on
dry fiber in adsorption process.

~Au’ = (g — g =RTIn

Affinity (-Ap°) is the most basic thermodynamic parameter of the
dye in dyeing solution towards fiber substrate. The greater the degree
of exhaustion at equilibrium the greater is the affinity [22,31].

The standard affinity for the distribution of dye between the
fiber and dyebath isproportional to the logarithm of the ratio of the
absolute activities of the dye in the fiber and dyebath. Since the activity
of the dye is assumed to be directly related to its concentration, one
can write equation as follows [22,32]:

Ap® = RT [ In([C]F / [C]L)] (6)

Where Ap®: standard affinity (J mol-1), R: gas constant (8.317 J
K-1 mol-1), T: absolute temperature (°K), [C]F: concentration of dye
on the fiber at equilibrium (g/1), [C]L: concentration of dye remaining
in the dyebath at equilibrium (g/1).

The enthalpy change (AH’) manifested as heat of adsorption
(kJ/ mol) in the adsorption process, which was calculated by Gibbs-

Helmbholtz equation Equation (7) [7,12,18].
AH® = TzA/ﬁo _T1A/1§
T, T, 7)

Where ~Ap,® and —Ap,” are the standard affinity at different
temperatures respectively; T is absolute temperature (K).

The dyeing process is important in describing the heat of dyeing
or the change in enthalpy of the system when adsorption takes
place. As a result of dye molecules to be adsorbed on the fiber surface,
free movement of these molecules gets restricted. So that entropy
decreases when dye molecule is adsorbed. Adsorption also causes free
energy to decrease [22].

The entropy change (AS°) of adsorption at different temperature
(J/mol-K) was calculated using Equation (8) [7,12]

—Au® =TAS® —AH°® (8)

The change in entropy (AS°) represents the ratio of probability of
sorption (p1) to that of desorption (B2) as shown in Equation (9) [22]:

AS® = RInf1 - RInp2 = Rin(B1/p2) )

This entropy of sorption is the gain in entropy or disorder of the
system when dye is adsorbed

Riza Atav described that, he change in entropy upon the
sorption process consists of two parts, one of which results from the
dehydration of dye molecules before their adsorption and the other
is connected with the actual interaction of the molecules with the
solid surface. While the latter part is negative (loss of the molecular
freedom), the former is positive. During a spontaneous adsorption
process, the total entropy change is always positive [22].

Hema and Arivoli studied equilibrium constant and
thermodynamic parameters for the adsorption of dyes onto carbon.
The thermodynamic parameters such as change in free energy
(AG®) KJ/mol, enthalpy (AH®) KJ/mol and entropy (AS°) J/mol are

determined using the following equations [17]:

K0: Csolid/cliquid ( 10)
AG°=-RT InK,, (11)
TogK, = AS°/ (2.303RT) - AH*/(2.303RT)  (12)

Here Ko is the equilibrium constant, C_, is the solid phase
concentration at equilibrium (mg/ L), Cliquid is the liquid phase dye
concentration at equilibrium (mg/L), T is the temperature in Kelvin
and R is the universal gas constant. The values AH® and AS® obtained
from the slope and intercept of Van’t Hoff plots.

In the case of physical adsorption, while increasing the
temperature of the system, the extent of dye adsorption increases,
this rules out the possibility of chemisorptions. However, the very low
AHP value shows that the dye is physisorbed onto the adsorbent [33].

Hou X. et al. (2012) investigated adsorption kinetic and
thermodynamic studies of silk dyed with Sodium Copper
Chlorophyllin (SCC). The thermodynamic parameters of SCC
adsorption with and without sodium chloride showed significant
difference. The adsorption affinity (~Ay°) and enthalpy change (AH®)
of SCC dye on silk indicated that the adsorption is a spontaneous and
exothermic process. SCC could be a good candidate as a natural green
dye for protein fibers [20].

Conclusion

It can be concluded from this study that dyeing equilibrium
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studies the position of sorption versus desorption after infinite time.
Most of the equilibrium properties of dyeing system depend on three
quantities such as affinity, heat of dyeing and entropy change. The
amount of dye absorbed by a textile fibre at equilibrium when there is
variation in temperature allows thermodynamic and kinetic sorption
quantities such as standard affinity, heat of dyeing, entropy of dyeing
and activation energy of diffusion to be evaluated. The standard
affinity, Ap° is the transfer of one mole of dye from its standard state
in solution to its standard state in the fibre. The heat-content change
during the dyeing process is the AH’, whereas the degree of disorder
of the dye molecules during the dyeing process corresponds to the
entropy change, AS°.

The equilibrium adsorption isotherm is fundamental in
describing the interaction behaviour between solutes and adsorbents,
and is important in the design of an adsorption system. The most
commonly encountered adsorption isotherms in dyeing are Nernst,
Langmuir and Freundlich isotherm. Most dyeing systems involving
only adsorption are completely reversible. Equilibrium isotherms,
established by adsorption of dye from solution onto initially
undyedfibres, are identical to those obtained by desorption of dye
from dyed fibres into an initially blank dyebath.

In addition to this, the paper review presented also the
thermodynamic studies (dyeing equilibrium and adsorption
isotherm) of different class of dyes on a textile substrate. It was also
observed that the various dye/fibre systems correspond to one of the
adsorption isotherm types.
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