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Abstract Traditional cotton fiber dyeing requires an

abundance of salt, which leads to environmental

pollution. Consequently, decreasing or eliminating

the use of salt has become the primary focus of current

research. In this study, Crocein Orange G was used to

dye carboxymethyl cotton. Carboxymethyl cotton has

better color shades than raw cotton and it is used along

with a mordant in a simultaneous-mordant dyeing

process, at a pH of 7, Al2(SO4)3�18H2O as the

mordant. In addition, it was found that the adsorption

kinetics of carboxymethyl cotton followed a pseudo-

second-order kinetic model. The equilibrium adsorp-

tion capacity increased as the temperature increased

from 30 to 50 �C, and the maximum equilibrium

adsorption was 8.21 mg g-1 at 50 �C. Furthermore,

the adsorption isotherm data exhibited good agree-

ment with the Freundlich isotherm. These results will

help achieve salt-free dyeing of cotton fabric in the

textile industry.

Keywords Crocein Orange G � Mordant �
Carboxymethyl cotton � Kinetic � Thermodynamic

Introduction

Cotton fiber has many noteworthy properties as a

natural polysaccharidematerial, such as softness, good

breathability, and high hygroscopicity (Wang et al.

2015). The traditional dyeing process of cotton fiber

usually involves dyeing with reactive dyes. A large

amount of inorganic salt and alkali is required to

ensure effective utilization and fixation of reactive

dyes. However, dyeing wastewater containing an

abundance of electrolytes is a source of environmental

pollution that will damage the ecological system. As

the living standards of people improve, natural dyes

have gradually become the focus of consumers

because of their green, natural, nontoxic, and envi-

ronmental protection characteristics (Sadeghi-Ki-

akhani and Safapour 2015). During the last few

decades, researchers have devoted their attention to

the study of natural dyes (Bechtold et al. 2003;

Mikropoulou et al. 2009; Zarkogianni et al. 2011). The

flavonoids from the aqueous extract of Eupatorium

odoratum leaves can be used as dyes for cotton dyeing.
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The dyed fabric possesses better light fastness and

washing fastness in the presence of inorganic mordant

alum (Chairat et al. 2011). The natural dye antho-

cyanin is extracted from the aqueous solution for

dyeing silk and cotton using black cowpea seed coat as

a rawmaterial. Good washing and heat resistance were

obtained under suitable dyeing conditions (Jung and

Bae 2014). Microwave treatment of silk fabric and

wool fabric, under the same dyeing conditions, the

fabric after microwave treatment can get better dyeing

performance (Adeel et al. 2018a, b). Silk fabric dyed

with the natural pigment extracted from pomegranate

peel powder, under gamma rays, has the potential to

replace gold synthetic dyes in textile industry (Ajmal

et al. 2014). UV radiation treatment on the fabric can

improve the color intensity value (Bhatti et al. 2016).

Gamma irradiated treated cotton fabric, direct dye can

have good dyeing effect and excellent fastness (Adeel

et al. 2015). The aqueous solution from madder was

used to dye wool fabric, and the effects of different

mordants on the dyeing properties of wool fabric were

studied (Feiz and Norouzi 2015). The traditional

natural dyeing process still has some problems, such as

poor washing fastness and poor light fastness. Addi-

tion of auxiliary reagents or modifications to fabric has

proved to be an effective method to combat these

problems. Using rare earths as a mordant greatly

improves the washing, rubbing and light fastness of

ramie fabrics (Zheng et al. 2011). Alum, copper and

tin were used as mordant, and carmine was used to dye

the wool, and the adsorption equilibrium and kinetics

were studied (Ajmal and Piergiovanni 2018). Chem-

ical and biological mordants are used to improve color

shades (Adeel et al. 2019). Pre-mordant dyeing that

employs sodium chloride can effectively increase the

K/S value of dyed fabric (Chauhan et al. 2015). Three

metal mordants and three biological mordants were

used to dye the cotton fabric to improve its absorption

and dyeing fastness (Souissi et al. 2018). Plant

mordant, tannins extracted from Emblica officinalis

G, and copper sulphate are used in the pre-dyeing

process (Chao et al. 2017). Tannic acid and pome-

granate peel extracts are used as natural mordants. An

aqueous solution of grape leaves is used to dye silk

fabric, thereby improving the fastness of the dyed

fabric (Mansour et al. 2016).

Crocein orange G (COG) is a common natural dye,

which is soluble in water and widely used in coloring

medicines, cosmetics, and foods (Zhang et al. 2020).

The basic properties of cotton fabric are unable to

meet the growing environmental requirement. There-

fore, the functional modification of cotton fabric is a

crucial aspect to consider. In this study, cotton fabric

was first modified to produce a large amount of

carboxymethyl groups on the fiber, and then dyed with

COG according to the complexation mechanism.

Complexation reactions can take place under the

action of metal mordants, to realize dyeing without the

addition of a salt or alkali. Moreover, the kinetics and

thermodynamics of COG dyeing on carboxymethyl

cotton were also studied. This work explores a novel

and effective approach to natural and salt-free dyeing.

Experimental

Material

The cotton fabric (High whiteness and wettability after

desizing and bleaching) was obtained from Wuhan

Rongsheng Printing and Dyeing Co., Ltd., China.

Sodium chloroacetate (AR grade) was purchased from

ShanghaiMacklin Biochemical Co., Ltd., China. COG

was purchased from Shanghai Aladdin Biochemical

Technology Co., Ltd., China. Its chemical structure is

illustrated in Fig. 1. All the other reagents, including

acetic acid, sodium hydroxide, ethanol, ferric sulfate

(Fe2(SO4)3), cupric sulfate (CuSO4), zinc sulfate

heptahydrate (ZnSO4�7H2O), and aluminum sulfate

octadecahydrate (Al2(SO4)3�18H2O) were supplied by

Sinopharm Chemical Reagent Co., Ltd., China, and all

reagents are AR grade.

Preparation of carboxymethyl cotton fabric

The preparation process for carboxymethyl cotton is

divided into two steps: alkalization and etherification

(Liu et al. 2019).

Fig. 1 Chemical structure of COG
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Alkalization: First, the cotton fabric was cut into a

piece with a length and width of 30 cm. It was

subsequently immersed into the sodium hydroxide

aqueous solutions (15 wt%) at 20 �C for 10 min.

Finally, it was dried at 60 �C for 10 min.

Etherification: Sodium chloroacetate treatment

solution (100 g L-1) was prepared by dissolving

sodium chloroacetate in an ethanol/water (v/v = 6/4)

solution.

The alkalized cotton fabric obtained in the previous

process was dipped in this treatment liquid at 20 �C for

10 min, and then it was placed in a self-sealing bag

and kept at 70 �C for 60 min.

After this, the fabric was washed in water thrice,

neutralized with acetic acid, washed in water thrice

again, and finally dried at ambient temperature. A

carboxymethyl cotton fabric was obtained.

Carboxymethyl cotton dyeing with COG

Dyeing parameters, such as dyeing procedures, time,

pH value, dye dosage and concentration of mordants

were discussed under single-factor conditions. The

dyeing time was set at 10–60 min. The pH value was

3–11, and the dye dosage was 1–5% owf. Fe2(SO4)3,

CuSO4, ZnSO4�7H2O and Al2(SO4)3�18H2O, this four

mordants were used in the experiment at a dosage of

1–5% owf.

Direct dyeing: 0.5 g carboxymethyl cotton was

dyed and the liquid ratio was 1:50. The pre-dyeing

temperature was 50 �C, and the fabric was placed in

stainless steel beakers with dye solution. The heating

rate was 2 �C min-1 to 80 �C, and dyeing duration

was 30 min. The samples were then washed and dried

before further testing.

Pre-mordant dyeing: Before dyeing, the fabric was

treated in mordant solution at 50 �C for 30 min. The

dyeing process was the same as that of direct dyeing.

Simultaneous mordant dyeing: Initially, both the

fabric and mordant were placed together in a beaker at

50 �C for 10 min. The dyeing process was the same as

that of direct dyeing.

Post-mordant dyeing: After dyeing by the same

process as direct dyeing, the fabric was moved into a

mordant solution bath at 50 �C, then heated to 80 �C at

a rate of 2 �C min-1, and mordanted for 30 min.

Adsorption kinetics and thermodynamics

A 250 mL flask was filled with the required concen-

tration of the COG solution, the liquor ratio was 1:50,

and the pH value was 7.0. The flask was sealed and

preheated in a constant-temperature. After 10 min,

carboxymethyl cotton fabric was added to the dye

solution. The adsorption rate experiments were per-

formed at 30 �C and 50 �C with an initial dye

concentration of 2% owf for 1–180 min. Adsorption

thermodynamic experiments were performed at 30 �C
and 50 �C for 180 min with an initial dye concentra-

tion of 0.5–5% owf.

The absorbance of the initial dye before dyeing and

the residual dye after dyeing was measured using a V-

5600 visible spectrophotometer at the maximum

absorption wavelength. The dye percentage is calcu-

lated using Eq. (1):

E ¼ aA0 � bA1

aA0

� 100% ð1Þ

where A0 and A1 are the absorbance of the initial and

residual solutions, respectively, and a and b are

dilution multiples of the initial and residual solutions,

respectively.

K/S values test

The K/S values of unmodified and carboxymethyl

cotton fabrics were determined with an x-rite Color i7

computer Color matching apparatus (x-rite, USA).

The measurement parameters were set as follows: D65

light source and 10� Standard Observer (D65/10�).

Dyeing fastness test

The dry rubbing and wet rubbing dates were deter-

mined using Y571N rubbing color fastness testing

instrument according to the ISO 105-X12:2001, MOD

test standard. Color fastness to washing with soap and

soda testing was carried out according to the ISO

105-C10:2006 standard.
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Results and discussion

Effect of carboxymethylation on the K/S value

of cotton fabric

As illustrated in Fig. 2, raw cotton fabric and

carboxymethyl cotton fabric were dyed at different

dosages of COG. During the dyeing process, we used

the mordant, and found that the higher the concentra-

tion of COG, the higher the K/S value. In addition, the

K/S values of carboxymethyl cotton fabric were

significantly higher than those of raw cotton fabric.

Cell-OHþ NaOH ! Cell-ONa ð2Þ

Cell-ONaþ Cl�CH2�COONa

! Cell-O�CH2�COONa ð3Þ

According to Eqs. (2) and (3), under alkaline

conditions, the hydroxyl groups on the cotton fabric

reacted with alkali to form alkaline cellulose, which

was etherified by sodium chloroacetate in the ethanol/

water solution to form carboxymethyl cotton. After

etherification, some of the hydroxyls of the cotton fiber

were replaced by carboxymethyl groups, resulting in

the formation of carboxymethyl cotton (Liu et al.

2020).

As depicted in Fig. 3, the carboxymethyl groups

were grafted onto the cotton fabric, which made the

carboxymethyl cotton fabric more reactive than cotton

fabric. As seen in Fig. 4, during this reaction, the

mordant acts as a bridge to be able to combine with the

fiber group and the dye molecule, where the aluminum

ions in the mordant form a stable ring structure with

the oxygen atom on the carboxyl group on the fiber,

the nitrogen atom on the azo structure of the dye

molecule, and the oxygen atom on the terminal

hydroxyl group of the dye molecule, with higher

binding energy. Therefore, the carboxymethyl cotton

fabric possesses a higher adsorption capacity than

cotton fabric.

As exhibited in Fig. 5a, of all the 4 mordants, when

Al2(SO4)3�18H2O was used, the K/S values were the

highest. Aluminum and zinc are located in groups III

and II B of the periodic table of elements, respectively,

and the ability of these two elements to form

complexes is strong. The charge/radius ratio of

aluminum is larger than that of zinc, so it is relative

to the same ligand. The complexing ability of

aluminum should be greater than that of zinc. Copper

ions are heavy metal ions, the use of which is banned

in textiles. Iron ions can cause fabrics to darken.

Therefore, they cannot be widely promoted in indus-

trial applications. Thus, in the following experiment,

Al2(SO4)3�18H2O was selected as the mordant.

Four dyeing processes were conducted to explore

the dyeing effect in different dyeing procedures.

Figure 5b illustrates that under simultaneous mordant

dyeing, the K/S value was the highest. In the dyeing

process, mordants should be used to promote superior

combination with the fiber. With the metal ion

mordant, the fabric has a higher color depth than that

of the directly dyed fabric.

It can be seen from the Fig. 4b that, except at

1589 cm-1, the curves in the figure all show similar

absorption characteristics. The broad absorption band

at 3500–3200 cm-1 is the stretching vibration peak of

–OH, the peak at 2897 cm-1 is the characteristic peak

of C–H bond stretching vibration, and the peak at

1644 cm-1 is the bending of O–H bond vibration

characteristic peak, the absorption band at

1160–1000 cm-1 is the tensile vibration characteristic

peak of ether bond C–O–C. It can be seen from the

figure that the main body of the modified fabric sample

is still cellulose. However, on the carboxymethyl

cotton spectrum, a new absorption peak was observed

at 1589 cm-1, which belongs to the COO- bond in the

carboxyl group, which indicates that the cotton fabric

was successfully modified by sodium chloroacetate.

After mordant dyeing, it is found that the fabric

obtained after dyeing, the peak at 1589 cm-1 almost
Fig. 2 K/S values of carboxymethyl cotton fabric and raw

cotton fabric dyed with COG
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disappeared, and the overall spectrogram was close to

that of the unmodified cotton fabric, indicating that the

carboxyl group was involved in the coordination and

formed coordination bonds with the metal aluminum

ions, and the more metal ions in the system, the more

carboxyl groups participated in the reaction.

As illustrated in Fig. 5c, addition of a mordant can

cause an evident increase in the color depth. On

comparison of different dosages of mordants, it was

observed that when the concentration was greater than

2% owf, the K/S values of the fabrics did not increase

but decreased instead. Therefore, when the mordant

exceeds a certain amount, excessive metal ions lead to

Fig. 3 Schematic diagram of carboxymethyl cotton fabric dyeing with COG and proposed mechanism

Fig. 4 a Interaction between dye, mordant and fiber during the dyeing process, b infrared spectra of different samples
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excessive complexation between metal ions and dye

molecules, resulting in agglomeration between mole-

cules, thereby increasing the molecular aggregation of

the dye and reducing the color depth. Dyeing took

place on carboxymethyl cotton fabric at the selected

temperature with 2% owf of dye for 30 min. The K/S

values of the dyed fabric are exhibited in Fig. 5d. As

observed from the figure, the K/S values of car-

boxymethyl cotton fabric displayed a trend of first

rising and then falling with the increase in pH value

and the K/S value of the sample was the highest when

the pH value was 7. This is because under low pH

conditions, the dye solution is acidic, which inhibits

the ionization of carboxyl groups on carboxymethyl

cotton fiber. When the pH value was increased, the

ionization of carboxymethyl cotton fabric car-

boxymethyl group continued to increase, resulting in

more dye molecules adsorbed on the fabric. Therefore,

the K/S value of the dyed fabric sample continued to

increase. Nevertheless, when the pH value was too

high, the dye solution was alkaline, and the COG was

not alkali resistant. Under alkaline conditions, the

structure of the dye changes, leading to a decrease in

the amount of dyes adsorbed on the fabric, which

decreases the K/S value of the dyed fabric sample.

Therefore, it is more suitable to dye carboxymethyl

cotton fabric with COG dyes with neutral pH values.

To study the effect of time on dyeing, the K/S values of

the dyed fabric were presented in Fig. 5d. They

exhibited a trend of first increasing and then decreas-

ing with increasing dyeing time. The K/S value was

the highest when it was dyed for approximately

40 min. Cotton fiber is a natural fiber containing many

holes, and it conforms to the channel diffusion model

mechanism when dyeing. At the beginning of dyeing,

the dye continuously adsorbed on the fabric and

gradually diffused into the fabric. At this time, the K/S

value of the fabric increases by extending the dyeing

time. The dye on the carboxymethyl fabric adsorbs to

saturation and the K/S value of the fabric no longer

increases with time. On the contrary, the desorption

rate of dyes on the fabric is higher than the adsorption

Fig. 5 a Effect of mordant types on dyeing K/S value, b effect of dyeing process on dying K/S value, c effect of mordant concentration

on dyeing K/S value, d effect of pH value and dyeing time on dyeing K/S value

123

5916 Cellulose (2021) 28:5911–5922



rate with the passage of time. This causes a slight

decrease in the K/S value of the fabric. Thus, the

dyeing time should be controlled and fixed at approx-

imately 40 min.

Figure 6a shows the UV spectrum of COG, it can be

seen that the maximum absorption peak is at 442 nm.

Figure 6b shows four different mordant dye solutions,

the dyeing performance of Al2(SO4)3�18H2O is the

best under the same dye concentration and mordant

concentration conditions. It is puzzling that the

absorption peak of Fe3? was not observed at the same

wavelength, probably because Fe3? reacted with the

dye molecule and changed the molecular structure of

the dye, resulting in the inability to observe the

corresponding absorption peak at 442 nm and poor

dyeing effect.

As shown in Table 1, under the same dye concen-

tration and mordant concentration conditions, for the

Df values, Al2(SO4)3�18H2O[CuSO4[ZnSO4-

7H2O, which is consistent with the K/S values

obtained from the previous experiments.

Dyeing kinetics

Kinetic rate curves

The dyeing percentage curve is a characteristic of the

diffusivity of dyes on fibers. The carboxymethyl

cotton fabric was dyed at 30 �C and 50 �C. The

dyeing rate curve obtained is depicted in Fig. 7a. The

slope of the curve represents the dyeing rate. It can be

seen from the figure that the dyeing rate of COG on

carboxymethyl cotton fabric increased significantly

within a short time and the slope gradually decreased

with time and stabilized after 140 min. This indicates

that the initial dyeing rate of COG on carboxymethyl

cotton fabric was relatively fast, followed by a gradual

slowing down before finally attaining dyeing equilib-

rium. This is due to the treatment of mordant and

carboxymethyl cotton fabric with metal cation. The

dye in the water contains anions, and the fabric and

dye undergo complexation with a strong force, causing

the initial dyeing rate to be fast. However, by

extending the dyeing time, the dye adsorbed on the

carboxymethyl cotton fabric gradually decreases,

causing the amount of dye being diffused and

adsorbed on the fabric to gradually decrease, thereby

decreasing the dyeing rate. When the dye adsorption

on the fabric reaches saturation, the dyeing percentage

tends to be stable and will not increase with time,

having reached dyeing equilibrium.

Pseudo-second-order equation fitting

Dyeing equilibrium refers to a dynamic process in

which the amount of adsorbed dyes and desorbed dyes

are equal at a moment in the dyeing process. In order to

study the mechanism of the adsorption process, a

pseudo-second-order kinetic model was adopted to fit

the dyeing percentage curve presented in Fig. 7a.

Fig. 6 a UV Spectra of COG, b UV spectra of different mordant dye solution

Table 1 Df and Ds of different mordant dye solution

Mordant Df (g kg-1) Ds (g L-1)

CuSO4 7.752 0.245

ZnSO4�7H2O 5.170 0.297

Al2(SO4)3�18H2O 8.924 0.221
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dCt

dt
¼ k C1 � Ctð Þ2 ð4Þ

here, k is the dyeing rate constant [kg (g min)-1], C?

is the amount of dye adsorbed on the fabric when the

dyeing reaches equilibrium (g kg-1), and Ct is the

amount of dye on the fabric at a specific time (Chairat

et al. 2005).

After integrating Eq. (4), it can be converted into:

t

Ct

¼ 1

C1
tþ 1

kC2
1

ð5Þ

It can be seen from Eq. (5) that there is a linear

correlation between t/Ct and t. The dyeing data is fitted

by a pseudo-second-order equation, as shown in

Fig. 7b.

t1=2 ¼
1

kC1
ð6Þ

C? and k were estimated based on the pseudo-

second-order plot and the half-adsorption time (t1/2)

was estimated according to Eq. (6). These parameters

are listed in Table 2.

Half-dyeing time refers to the dyeing time required

for the adsorption amount of dyes on the fabric to

reach half of its equilibrium adsorption amount. It is

observed from Table 2 that both the half-dyeing times

are short when dyeing is conducted at different

temperatures, which can be attributed to the fact that

the carboxymethyl cotton fabric contains a lot of

electronegative carboxymethyl and metal ions after

the treatment of the mordant. These three kinds of

groups combined by complexation make the affinity

between carboxymethyl cotton fabrics and COG

stronger and lead to faster adsorption. The dyeing

rate constant increases and the half-dyeing time

decreases with increasing dyeing temperature. This

is because the diffusion and adsorption rate of dye

molecules on the fabric becomes faster when the

temperature increases, leading to a faster dyeing rate.

However, the equilibrium adsorption capacity of dyes

on the fabric decreases slightly, which may be because

the desorption rate of dyes on the fabric is higher than

the adsorption rate when the temperature increases.

Diffusion coefficient and activation energy

of the diffusion

The diffusion coefficient of COG on carboxymethyl

cotton fabrics was calculated using Crank’s equa-

tion (7) (Yang et al. 2002).

Ct

C1
¼ 4

r

ffiffiffiffiffi

Dt

p

r

ð7Þ

Fig. 7 a Adsorption kinetics of COG on carboxymethyl cotton fabric, b plot of the pseudo-second-order equation

Table 2 Kinetics parameters for COG on carboxymethyl cotton fabric at different temperatures

Temperature (�C) C1 (g kg-1) k (kg (g min)-1) t1/2 (min) R2

30 8.15 9.71 9 10–3 12.71 0.9961

50 8.21 10.76 9 10–3 11.33 0.9915
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where r is the radius of the carboxymethyl cotton fiber

(cm) and r = 6.9625 9 10–4 cm, measured by SEM.

The activation energy of the diffusion was calcu-

lated according to Eq. (8):

ln Dt ¼ ln D0 �
E

RT
ð8Þ

where Dt is the diffusion coefficient at a particular

temperature (cm2 min-1), D0 is a constant, E is the

activation energy, and T is the absolute temperature

(�C).
As highlighted in Table 3, the diffusion of COG on

carboxymethyl cotton fabric increased with an

increase in dyeing temperature, which caused the

movement of dye molecules to intensify. Therefore,

more dye molecules overcame the resistance to the

interior of the fiber, thereby increasing the diffusion

coefficient (Zhang et al. 2013). The diffusion activa-

tion energy of COG on carboxymethyl cotton fabric is

12.9753 KJ mol-1. This represents the energy

required to overcome the resistance of COG molecule

diffusion and elucidates the relationship between

diffusion coefficient and temperature.

Thermodynamic studies

Adsorption isotherms

The dyeing adsorption isotherm refers to the relation-

ship curve between the dye concentration on the fiber

([D]f) and in the dye ([D]s) when the dyeing of the fiber

reaches equilibrium at a certain temperature. Dyeing

was conducted at 30 �C and 50 �C. Dyeing bath ratio

of 1:100, and the adsorption isotherms obtained are

portrayed in Fig. 8a.

As depicted in Fig. 8a, the amount of dye on the

fiber increases with an increase in dye concentration.

This is because the mordant acts as a center ion in

dyeing, forming complexes and performing the role of

a ‘‘bridge’’ between fiber and dyemolecules.When the

dosage of mordant was appropriate, along with an

increase in the concentration of the dye, more

coordination bonds were formed between the dye

and fiber by complexation, thereby increasing the

adhesion strength of the dye and fiber. In addition,

when the temperature is higher, the amount of dye on

the fiber also increases. This is because the increase in

temperature increases the swelling degree of the fiber

and makes the movement of Al3? in the mordant

faster. The more ions effectively bound to the fiber, the

more dye molecules were bound and the deeper the

color.

Figure 8b presents the batch isothermal data fitted

to the linear form of the Freundlich isotherm (Rat-

tanaphani et al. 2007):

lg½D�f ¼ lg½K� þ n lg D½ �s ð9Þ

where K is constant, and 0\ n\ 1.

It illustrates that the correlation coefficients for the

linear plots are higher than 0.99 for all experimental

data, and indicates that the equilibrium sorption data

fits the Freundlich isotherm well when the dye

concentration is lower than 0.6 g L-1. Values of

n[ 1 suggest that the sorption of COG on car-

boxymethyl cotton fabric is beneficial for sorption in

the temperature range 30–50 �C. The Freundlich

isotherm is suitable for medium coverage adsorption

and multilayer adsorption. After considering the

intermolecular interaction in this process, it can be

concluded that the adsorption of molecules on the

solid surface is completely random, and the adsorption

of COG on carboxymethyl cotton fabric displayed

good agreement with the Freundlich sorption

isotherms.

Standard affinity, dyeing enthalpy and dyeing entropy

Standard affinity is a thermodynamic parameter,

which can be calculated by Eq. (10):

�Dl� ¼ RT ln
af
as

ð10Þ

where - Dl� is the affinity of dye molecules to the

fabric, R is the gas constant (8.314 J (mol K)-1), and T

is the absolute temperature (K), af is the activity of dye
in the fiber and as is the activity of dye in the solution.

The enthalpy change (DH�) in the dyeing system

signifies the amount of exothermic energy released

Table 3 The diffusion coefficient of COG on carboxymethyl

cotton fabric

T (�C) D (9 10–8 cm2 min-1) E (KJ mol-1)

30 0.1369 12.9753

50 0.1883
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from the interactions between the fiber chains and dye

molecules. It can be calculated using Eq. (11):

DH� ¼ T2Dl�1 � T1Dl�2
T2 � T1

ð11Þ

where - Dl1� and - Dl2� represent the affinity at T1

and T2 respectively.

The entropy change (DS�) indicates an infinite

amount of dye in the dye solution from the standard

state transferred to the same standard state in the fiber.

It was calculated according to Eq. (12):

DS� ¼ Dl2 � Dl1
T1 � T2

ð12Þ

Dyeing affinity is a characteristic index used to

measure the difficulty of dyeing on the fiber. It

demonstrates the trend of dye transfer from the dye

solution to the fiber in the standard state. The greater

the affinity, the greater the tendency of the dye to

transfer from the dye solution to the fiber. As depicted

in Table 4, the dyeing affinity increases with temper-

ature, that is, the driving force of dye transfer to the

fiber increases. The increase in temperature causes the

dye molecular kinetic energy to increase, more

movement, and a fluffier fiber with larger internal

pores. This is advantageous for dye adsorption on the

fiber and the internal diffusion of the fiber. The

calculated enthalpy change is negative, demonstrating

that carboxymethyl cotton fabric dyeing with COG is

an exothermic reaction.

As shown in Fig. 9, with the increase of dye

concentration, the color depth of dyed fabric are

gradually increased, but we can find from the

figure that the color depth of dyed fabric under

30 �C is higher than that of 50 �C, this is because COG
on dyed carboxymethyl cotton fabric is an exothermic

reaction, the increase of temperature is not conducive

to the dyeing process, the amount of dye adsorbed by

the fabric under 30 �C is higher than that of 50 �C,
therefore, its overall K/S values are higher than that of

the latter.

Dying fastness properties

Table 5 presents the wet and dry rubbing and washing

fastness of the dyed cotton and carboxymethyl cotton

fabrics. It is evident that the dyed carboxymethyl

cotton fabric has a higher rubbing fastness and

washing fastness than the dyed raw cotton fabric.

The binding forces between carboxymethyl cotton and

COG primarily comprise coordination bonds, van der

Waals forces, and hydrogen bonds. In cotton fabrics,

only van der Waals forces and hydrogen bonds are

present. Under washing conditions, the dye molecules

readily desorb from the dyed fabric to water, reducing

the color depth and resulting in poor washing fastness.

Furthermore, the high solubility of COG in water

causes the loss of a large numbers of dye molecules

during the washing process, thereby reducing wash

fastness.

Fig. 8 a Absorption isotherm of COG on carboxymethyl cotton fabric, b plot of the Freundlich isotherm

Table 4 Thermodynamics parameters of carboxymethyl cot-

ton fabric dyed with COG

T (�C) �Dl�

(KJ mol-1)

DH�

(KJ mol-1)

DS�

(KJ K-1 mol-1)

30 8.9211 – 13.3358 – 0.0146

50 8.6297
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Conclusions

After the cotton fabric was modified by car-

boxymethylation, the K/S values and dying fastness

of the carboxymethyl cotton fabric dyed with COG

were significantly higher than that of unmodified raw

cotton fabric. Carboxymethyl cotton fabric dyed with

COG conforms to the standard second-order kinetics

model and the amount of dye adsorption at the

equilibrium capacity of the fabric are 8.15 g kg-1

and 8.21 g kg-1 at 30 �C and 50 �C, respectively. As
the temperature increases, the half-dyeing time

reduces and the diffusion coefficient and dyeing rate

constant increase. This illustrates that the dyeing rate

increases with increase in the temperature. The

adsorption isotherm data were in good agreement

with the Freundlich isotherm. The enthalpy change is

negative, indicating that dyeing carboxymethyl cotton

fabric on COG is an exothermic reaction, raising the

temperature is not conducive to the dyeing process.
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