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Abstract Traditional dyeing process of cotton has

caused a large amount of wastewater with high salt

content, which seriously damages the ecological

environment. In this work, cotton fabric was modified

with 3-chloro-2-hydroxypropyl trimethyl ammonium

chloride in order to decrease the electrostatic repulsion

with the anionic dyes. A systematic optimization of

the process has been performed. The acid dyes were

applied instead of the common reactive dyes to dye the

modified fabrics. The advantage of the high dye-

uptake of acid dyes is studied. The levelness of the

fabric dyed by reactive dyes and acid dyes were

compared. The adsorption process and the bindings

between the modified fabric and anionic acid dyes

were further explored. The dyeing process were

optimized. Finally, the dye-uptake of the modified

fabric dyed by optimized conditions achieves to about

92%, which is comparable to traditional cotton dyeing

process.
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Introduction

Cotton fibers with high air permeability, comfort,

antistatic property and biodegradability have always

been considered the most important raw materials (Li

et al. 2021). In general, the dyes used for cellulose are

reactive dyes (Ahmed et al. 2020). However, the

coulomb repulsion between the negatively charged

dye molecules and the negatively charged cellulose

macro-molecules seriously limits the dye-uptake of

reactive dyes (Peng et al. 2021). To solve these

problems, a large amount of inorganic salts are added

into the dye bath to shield the negative charges on the

cellulose surfaces (Pei et al. 2021). Currently, one of

the biggest challenges in textile printing and dyeing

industry is the treatment of dyeing wastewater, which

causes great damage to resources if it has not been

disposed of properly. And it will cause great damage

to land resources if it has been not disposed properly.

The high concentration of electrolytes in the dyeing

bath also results in hydrolysis of the anionic dye

molecules, which reduces the utilization rate of dyes

(Wang et al. 2020a). The removal of the hydrolyzed

dyes adsorbed on the fiber surfaces requires massive

water resources (Mu et al. 2019). In addition, dyeing

baths with high content of inorganic salts will greatly

pollute the domestic water (Charola et al. 2018).

Therefore, how to reduce the amount of inorganic salts

during the dyeing reactions has become an important

problem (Siddiqua et al. 2017). During the past years,

great efforts have been made to solve the above

problems. The sewage device at the end of the pipeline

is installed currently, which is inefficient and expen-

sive. The kernel of low-salt or non-salt dyeing

technology is to decrease the electrostatic repulsion

between the cellulose fiber and dye molecules (Wang

et al. 2019). Currently, the main studies focus on four

directions. The first way is to optimize the dyeing

process (Khatri et al. 2015). The second method is to

develop salt-free dyeing auxiliary (Zhang et al. 2007).

The third approach is to design dye molecular

structures with high-affinity (Nallathambi and Ren-

gaswami 2017). The fourth strategy is to modify the

fibers with cationic organics. The negative charges on

the fiber surfaces will be converted to positive charges

by introducing cationic modification, which could

facilitate the adsorption between the fiber and dye

molecules (Teng et al. 2011). For instance, Patiño et al.

(2011) applied (3-acrylamide propyl) trimethylammo-

nium chloride (AAHTAPC) to modify the cotton
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fabric through dip-rolling process under alkaline. The

treated fibers showed a good dyeing performances

without adding any salts. Niu et al. (2020) modified the

cotton with a bifunctional cationic polymer, which

significantly improved the dyeability of the modified

fabric compared with the conventional one. However,

the overquick dyeing speed in the dyeing and fixation

stage leads to poor levelness of the dyed fabric, which

limits the industrial application of cationic cottons

(Ristic and Ristic 2012).

Small-molecule modifiers can modify the fibers

uniformly because of their good solubility, which

could solve the uneven dyeing of the cationic fibers

(Park et al. 2010). Among various chemical reagents,

3-chloro-2-hydroxypropyl trimethyl ammonium chlo-

ride (CHPTAC) is considered a promising cationic

modifier (Yu et al. 2019). Wang et al. (2020b)

prepared a hybrid ink composed of CHPTAC and

reactive dye to print plain-woven cotton. The printed

fabric showed high K/S value (21.68) and dye fixation

(91.56%). Ghazal et al. (El-Masry 2020) treated the

cotton with CHPTAC silver (Ag) nanoparticles, which

showed a satisfactory antibacterial performance.

CHPTAC, as a simple polymer with low molecular

weight, could penetrate into the fiber easily, achieving

amore uniform reaction with the fiber (Pal et al. 2005).

In addition to the application in printing technology

and antibiotic finishing. Rengaswami et al. (2017)

used CHPTAC to modify the cotton for reactive

dyeing. The usage of CHPTAC and cotton in the

article was very large, which proves the feasibility of

CHPTAC in industrial process. Besides, they explored

the influence of different concentration CHPTAC on

reactive dyeing (Rengaswami 2016). The CHPTAC to

alkali concentration was optimized as 2:1 mol. Liang

et al. (2020) reported a cellulose-based adsorbent by

CHPTAC, which preliminarily explored the combi-

nation between cotton and modifier. Tabba et al.

(2001) compared the dyeing effects of reactive, acidic

and direct dyes on modified cotton under the same

process condition. Cotton modified with CHPTAC can

be dyed without electrolytes to obtain great colour

yields with a variety of direct and reactive dyes.

Arivithamani and Dev (2018) reported a Comprehen-

sive comparison of reactive dyed cationized cotton

hosiery fabrics with traditional dyed cotton. Correia

et al. (2021) explored cotton treated with plasma and

cationization for dyeing. And two cationic agents were

used. The plasma treatment followed by cationization

can facilitate the even dyeing.

Acid dyes with with low molecular weight and low

affinity might be a viable option to dye the modified

fabrics due to the reduced initial dyeing rate. Besides,

no fixation step of acid dyes will simplify the dyeing

process and reduce energy consumption, which has

been rarely addressed by previous studies (Dong et al.

2020). And the structure–activity relationship and

mechanism of action between the acid dyes and the

modified fabrics have not been studied. Currently,

there are few studies devoted to the systematic

optimization of CHPTAC modification process for

acid dyeing. The adsorption mechanism, thermody-

namics and kinetics between dye molecules and

cationic cotton have also been rarely reported. In this

work, both the modification reaction and the acid

dyeing process were optimized, which has a signifi-

cant improvement on dyeing effects in comparison

with unsuitable conditions. The adsorption process

and the bindings between the modified fabric and

anionic acid dyes were further explored. CHPTAC

was etherified with anion oxygen of cellulose macro-

molecules under alkaline conditions. The influences of

NaOH dosage, modification temperature, reaction

time onmodification effects and its physical properties

were explored. The usage of acid dyes with low

molecular mass could be expected to decrease the

dyeing rate on the above modified cotton fabrics to

achieve high levelness. Dyeing mechanisms of mod-

ified cotton fabrics and pure cotton were studied by

using molecular simulations and kinetic thermody-

namic curves. The modified cotton treated by the

further optimized dyeing process had a comparable

dyeing performance than that of traditional one. The

optimized process conditions will provide a valuable

reference for other modification applications. The

large-scale application of this salt-free dyeing tech-

nology will undoubtedly be of great significance to

improve the quality of dyeing wastewater.

Experimental details

Materials and chemical reagent

Cotton (136 g m2); 3-Chloro-2-hydroxy-propyl tri-

methyl ammonium chloride (CHPTAC), Sodium

hydroxide (NaOH), sodium carbonate (NaCO3), and
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Acetic acid (CH3COOH) were bought from Sino-

pharm Chemicals (Shanghai, China). Acid red GR,

Weak acid yellow 2G, acid black, and reactive

brilliant red dyes were bought from Ningbo Stanou

Co., Ltd. The structures of dyes and CHPTAC are

shown in Table S1.

Cationic modification of the fabric

Impregnation method was used to achieve the com-

bination of cotton fabric and CHPTAC. The weight

ratio of modifier to fabric was 1:20. For convenience,

the modified cotton was labeled as MdC. And the raw

cotton was labeled as RC. For comparison, the

padding process was carried out.

Modified solution: CHPTAC 30 g/L, NaOH 10 g/L

and bath ratio 1: 20.

Impregnation modification process: dipping

(1.5 �C/min of the heating rate, 90 �C of the holding

temperature and 15 min of the reaction

time) ? Cooling to room temperature (about 25 �C)
and picking up (10 �C of the cooling rate) ? drying

(80 �C for 5 min).

Padding process: two time of padding (100% of

liquid rate) ? drying (140 �C for 5 min).

Dyeing process

Three acid dyes (4% owf %) were used to dye cotton

fabrics with the bath ratio of 20:1. Dyeing process

curve could be seen in Fig. 1. For comparision, salt-

free dyeing process with reactive dyes for MdC,

traditional salt dyeing procedure of reactive dyes and

conventional acid dyes for untreated cotton were

carried out as can be seen in the Fig. S2. The influences

of NaOH dosage on the dyeing effect of untreated

cotton and modified cotton were studied.

Structure characterizations

SEM was used to observe the surface morphology of

the fabric before and after the modification of the

cotton fabric. The Varian 640 Fourier Transform

Infrared Spectrometer (FT-IR) was used to test the

infrared absorption spectrum of the fabrics. The zeta

potential of the aqueous solution of Cotton-

PDMAEMA was measured by using a Nano-10A

nanoparticle size and potential analyzer (Malvern,

UK) in the range of pH = 3–11. The STA449F3

synchronous thermal analyzer was used for thermo-

gravimetric analysis before and after cotton fabric

modification. The instrument heating rate was 10 �C/
min, the test temperature was 25 �C to 600 �C, and the
color depth K/S of the fabric surface was measured

under a D65 light source by a color measuring color

meter SF600 PSUS (Datacolor, USA) at a 10� field of
view.

Dyeing properties measurements

Dye exhaustion, color measurements, sorption pro-

cesses, fastnesses tests were carried out to measure the

dyeing performances. The details of the formulas

could be found in supporting information (SI). The

rubbing fastness of dyed fabrics was evaluated

according to GB/T 3920–2008. The samples were

carried out to rub 10 times for dry and wet condition

with the moisture of 95% water by fastness tester

(Y571B). The washing fastness of dyed fabrics was

tested according to GB/T 3920–2008. The samples

were washed under 2 g/L soap solution condition by

water bath shaker (DLS-1000 A, Daelim Starlet Co.,

Ltd). The colour change was rated according to the

appropriate gray scale value. Colour fading to light

was tested according to GB/T 8427–2019 and the

degree of fading was assessed by the Society of Dyers

and Colourist (SDC) blue wool scales.

Results and discussions

Optimization of modification process

Figure 2a–c shows the influences of different reaction

conditions on the modification effect. Zeta potential of

modified cotton was measured before dyeing. K/S, and

Sr values were tested after dyeing. The variables keptFig. 1 Salt-free acid dye dyeing process curve
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constant in Fig. 2a–c could be found in the Table 1.

Zeta potential of the MdCs is enhanced firstly and then

received a steady with the increased CHPTAC con-

centration, which could be ascribed to the limited

active sites binding to the modifier on the MdC

surfaces (Yang et al. 2021). The K/S values of the dyed

MdC exhibites similar trends than those of Zeta

potential as the cationic groups could improve the

coulomb force between dye molecules and cellulose

fibers (Correia et al. 2020). Therefore, more dye

molecules could be adsorbed by the fiber with the

concentration of CHPTAC increasing. However,

excessive CHPTAC concentrations (more than 30 g/

L) not resulted in continued improvement of the

tinctorial yield due to the saturated adsorption state of

the fibers (Wang and Kan 2020). And the Sr (standard

deviation of the K/S values) are increased rapidly at

high CHPTAC concentrations. The number of reactive

groups on the fiber surfaces was greatly affected by the

concentration of hydroxide ions in the solution as

CHPTAC need to be reacted with cellulose under

alkaline environment. Thus, less NaOH dosage made

the catalytic activation reaction insufficient, and too

high NaOH concentration would lead to the hydrolysis

of the modifier (Niu et al. 2020). As for the temper-

ature of the modification process, excessive temper-

ature will lead to a fast decomposition rate of the

etherified products and low temperature made the

Fig. 2 (a) Zeta potential; (b) K/S value; (c) Sr value of modified

cotton at various CHPTAC concentrations, modified time,

modified temperature and NaOH dosage; (d, e) TGA and DTG

curves of cotton before and after modification; (f) Effect of

modification process on K/S, Sr value of cotton fabric

Table 1 The variables kept constant in Fig. 2a–c

Variables process conditions CHPTAC

concentration

NaOH

concentration

Modification

temperature

modification

time

The influence of CHPTAC concentration on Zeta potential, K/S

values (after dyeing) and Sr values (after dyeing)

10–50 g/L 10 g/L 90 �C 15 min

The influence of NaOH concentration 30 g/L 5–25 g/L 90 �C 15 min

The influence of modification temperature 30 g/L 10 g/L 50–90 �C 15 min

The influence of modification time 30 g/L 10 g/L 90 �C 5–40 min
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holes in the fibers swell not sufficiently (Mohtashim

et al. 2020). Inadequate reaction time was not able to

achieve the adsorption equilibrium state between dye

molecules and cellulose fiber, however, further pro-

longing the reaction time has no significance to

improve the modification effect after reaching the

adsorption equilibrium. Zhai et al. (2021a). Padding

method and dipping process were compared to dye the

modified cotton. Figure 2f displays the dyeing perfor-

mance of MdC with three acid dyes by padding

method and dipping process. The K/S values of

cottons treated by dipping method (MdC-D) are larger

than those of padding method (MdC-P), demonstrat-

ing the combination between MdC-D and dye

molecules is more sufficient than that of MdC-P.

Although 80�C of the drying temperature is less

effective than 140�C, the damage for the breaking

strength of the fabric is decreased visibly (Fig. S7).

Therefore, dipping is more suitable for MdC dyeing.

Taking all of the above into consideration, the

suitable modification conditions can be defined as

30 g/L CHPTAC, 10 g/L NaOH, 90 �C of modifica-

tion temperature, 15 min of reaction time and 80 �C of

drying temperature. The cotton modified by optimized

condition parameters is labeled as MdC-Op.

Structural characterization of MdC-Op

TG curves of MdC-Op and raw cotton fabrics (RC) are

shown in Fig. 2d. Two distinct peaks of RC located at

290 and 420 �C are corresponding to the thermal

decomposition of cellulose macromolecules (Dong

et al. 2020). Then, MdC-Op has an additional peak

located at about 200 �C, which is attributed to the

thermal decomposition of CHPTAC polymers (Li

et al. 2017). Compared to RC, the initial decomposi-

tion temperature ofMdC-Op is decreased as can be see

from the DTG curves of MdC-Op and RC in Fig. 2e,

which might be due to that the thermal decomposition

capacity of CHPTAC is lower than that of cotton (Yu

et al. 2019). The half life temperature and weightless-

ness rate of MdC-Op is increased slightly demonstrat-

ing the improved thermal stability of MdC-Op (Yao

et al. 2021).

Figure 3a shows the SEM image of MdC-Op.

Compared to RC (Fig. S8) with a smooth surface, a

thin film (CHPTAC) is loaded onto the surfaces of

MdC-Op homogeneously. No cracks are found on the

MdC-Op surfaces, demonstrating that the CHPTAC

has no damage to the cotton morphologies. The same

X-ray characteristic diffraction peaks of MdC-Op and

RC prove that the CHPTAC modifier has no obvious

effect on the crystal structures (Fig. 3c). The Zeta

potential of untreated cotton is negative at all pH value

attributed to the negative ionization of the cellulose

macro-molecule (Fig. 3b). Zeta potential of MdC-Op

is positive in the pH value range of 3–9.8 as the

cationic group of the modifier shielded the negative

charge on the fiber surface, which could improve the

dyeing performances of the fabric. The FT-IR spec-

trums of MdC-Op and RC are shown in Fig. 3d. The

stretching vibration peaks located at 3300 cm-1 and

2900 cm-1 in RC are corresponding to -OH and -C-H

of polysaccharide molecular skeleton (Kamtsikakis

et al. 2021). MdC-Op shows a more obvious peak at

1060 cm-1, which is recognized as C–O–C generated

by the etherification between CHPTAC and RC (Liu

et al. 2021). And the peaks at 1290 cm-1 and

1477 cm-1 are corresponding to -CH3 and N-CH3 of

CHPTAC (Fang et al. 2021). Figure 3e–h are the EDS

images of MdC-Op. The existing of nitrogen (N) ele-

ment further confirms that the CHPTAC was grafted

on the RC surfaces successfully. The bonding states of

RC andMdC-Op were tested by XPS (Fig. 4). C and O

elements of RC and MdC-Op are derived from

cellulose macromolecular chains. The extra element

of N elements in MdC-Op is come from CHPTAC,

which is consistent with EDS and FT-IR results.

Figure 4b and d show high-resolution XPS spectra of

C element in RC and MdC-Op. The peaks located at

284.7 eV, 286.7 and 287.8 eV are relative to C–C/C–

H, C–O and O–C–O, respectively (Gao et al. 2021).

Compared to RC, the extra peak of MdC-Op located at

289.2 eV is ascribed to C-N in CHPTAC (Jiang et al.

2021), which further confirms the combination of

CHPTAC and RC. Then, the peaks at 531.5 eV in

Fig. 4c and e are attributed to O-C of RC andMdC-Op

(Zhai et al. 2020). Figure 4f is the high-resolution XPS

spectra of N element in MdC-Op. The N 1 s spectra

could be divided into two peaks located at 398.8 eV

and 399.9 eV. The peak at 398.8 eV was attributed to

the N–C bonds in CHPTAC (Zhu et al. 2021).

Nitrogen-atoms in MdC-Op might have grabbed

hydrogen from the chain and formed hydrogen bonds

with other hydroxyl group. Therefore, the other energy

state nitrogen at 399.9 eVmight be put down to the N–

H hydrogen bond (Qin et al. 2011).
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Dyeing mechanisms of MdC-Op

Figure 5a is the schematic diagram of the modification

process ofMdC-Op. CHPTAC formed an intermediate

under alkaline condition and then combined with

cellulose by covalent bond as shown in Fig. S1. The

modified cellulose has a positive charge in the dye

bath, which greatly improves the binding force

between the fabric and dye molecules. Based on the

UV–Visible spectrum (Fig. 5b), the linear relation

between concentrations and absorbance of the acid red

GR were fitted as shown in Fig. 5c. The thermody-

namics and kinetics curves of the dyeing process could

be measured according to the standard solution

working curve. The initial dyeing rate of acidic dyes

on MdC-Op is significantly increased in comparison

with that of RC (Fig. 5d). The dye-uptake of MdC-Op

could be reached to about 80% within 20 min of the

dyeing time, which is much higher than that of RC

dyed by conventional process. The electrostatic

repulsion between the fabric and dye molecules is

changed to electrostatic attraction as the negative

charges of cotton fabric are shielded by cationic

CHPTAC, which enhances the initial dyeing rate.

When the dyeing time is 30 min, the saturated

adsorption state could be achieved and the dye-uptake

of MdC-Op could be reached to the highest of about

90%. The dyeing rate of RC is slower and the dyeing

time is longer due to the strong repulsion between

anionic dyes and RC in conventional dyeing process.

Besides, the salts are still needed in traditional dyeing

processes, which leads to a high cost of sewage

treatment. The dyeing thermodynamics curves of

MdC-Op are shown in Fig. 5e and f. Compared to

Freundlich-type adsorption model (R2 = 0.96662), the

Langmuir-type model (R2 = 0.99888) is more suit-

able to the dyeing process of MdC-Op. This result

demonstrates that the combination between MdC-Op

and dye molecules is achieved by location adsorption

process. Therefore, the positional adsorption is the

main combination way between the dye molecules and

the fabric. Figure 5g is the optical photograph of the

Fig. 3 (a) SEM image of modified cotton; (b) Zeta potential of modified cotton and untreated cotton at different pH value; (c) XRD
pattern; (d) Schematic diagram of modification process; (e) FT-IR image; (f–i) EDS mapping of modified cotton
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dye bath of MdC-Op before and after dyeing process.

The raffinate is nearly transparent, which further

proves the high utilization of dyestuff.

Optimization of dyeing process

The relationship between the dyeing effect and dye

concentration is shown in Fig. 6a. The K/S value of

the dyed fabric is increased with the increased

concentration of dyes. The optimal K/S value of the

dyed fabric can reach to about 21.99 when the dye

concentration is 2 g/L. The small Sr values at these

concentrations indicates that the modified fiber could

be dyed homogeneously in a wide range of dye

concentrations (Wang et al. 2021). The suitable dyeing

temperature and dyeing time could be obtained based

on single factor experiments (Fig. 6b–e). The molec-

ular motion would be accelerated and the dye-uptake

of the fabric would be enhanced with the increase of

temperature as the dyeing reaction is an endothermic

process (Eltaweil et al. 2020). However, the effect of

temperature on the dye-uptake became smaller at high

temperature region (Fig. 6b). The Fig. 6c and 6d show

is the relation between dyeing time and E%, as well as

the K/S values of modified cotton. The adsorption and

desorption of dye molecules tended to equilibrium

state with the further increase of dyeing time as the

number of cationic spots on cellulose surfaces brought

by quaternary ammonium salt is definite (Hou et al.

2009). After Comprehensive consideration of the

energy consumption and dyeing performances, 80 �C
of temperature, 30 min of dyeing time are defined as

the optimum conditions for MdC-Op dyeing. The

macro-molecular structures of cellulose would be

damaged at highly acidic (Urbina et al. 2021). And too

high pH value would lead to the rapid hydrolysis of

dyes (Fig. 6e). Thus, 5.5–6.5 of pH value is defined for

MdC-Op dyeing. Figure 6f–i show the visual dyeing

effect of RC and MdC-Op. It is seen that the dye

utilization rate and tinctorial yield of MdC-Op are

much better than for RC.

Molecular adsorption model of dye molecule-RC

and dye molecule-MdC-Op

For the convenience of the calculation, the dimer of

glucose (DG) was used as substitute for RC. The

molecular DG and MdC-Op are shown in Fig. S9a-

S9b. Oxygen anions generated by hydroxyl groups of

cellulose macro-molecules (DG as the substitute) are

Fig. 4 (a) Full-survey XPS of RC and MdC-Op; (b, c) C 1 s and O 1 s of untreated cotton; (d–f) C 1 s, O 1 s and N 1 s of modified

cotton
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occupied by the cationic modifier in the solution. The

molecular orbitals of the cellulose macromolecules

combined with modifier are looser ascribed to the

hybridization between cellulose and CHPTAC (Zhai

et al. 2021b) (Fig. S9c and S9d). The density state of

MdC-Op contained both cellulose molecules and

CHPTAC, demonstrating that the stable covalent bond

could be formed between RC and CHPTAC (Fig. S9e

and S10) (Fahim and Magd 2021). Figure S9f and S9h

show the hybrid orbitals of MdC-Op/dyes and RC/

dyes. The molecular orbitals of RC/dyes are almost

composed of two separate components, which is

because the bindings between dye molecules and RC

are only rely on Van der ‘‘Waals’’ forces and hydrogen

bonds (Kaushik et al. 2015). The molecular orbitals of

MdC-Op/dyes are more cohesive due to the existence

of the covalent bonds between dye molecules,

CHPTAC and cellulose macromolecules (Morgan

et al. 2016). The combination of cellulose andmodifier

is achieved by strong covalent bonds combined with

Van der ‘‘Waals’’ forces and hydrogen bonds, and the

calculated adsorption energy between MdC-Op and

dyes is 0.43 eV, which is much lower than 1.74 eV of

RC-dyes (Fig. S11). Hence, these results further

confirm the good dyeing properties of MdC-Op.

Dye adaptability of the optimized process

The MdC-Op was dyed with acid yellow 2G and acid

black to explore the dye adaptability. The adsorption

Fig. 5 (a) Schematic diagram of modified process; (b) UV–
Visible spectrum of dyed untreated cotton and dyed modified

cotton; (c) Standard working curve of acid red GR; (d) Dyeing

rate curve of Acid Red; (e, f) Langmuir and Freundlich

adsorption isotherm of acid red dyeing; (g) Residual liquid of

dyeing bath of untreated cotton and modified cotton
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dynamics of both two dyes are the same as the acid red

GR (Fig. S12). The dyeing performances of RC and

MdC-Op are shown in Fig. 7a and b. The color depth

of the modified fabric is obviously improved, which

indicates a mass of dye molecules had been absorbed

into the fabric. Color tests of the fabric before and after

modification are shown in Table S2. The chroma of the

dyed MdC-Op is obviously enhanced. Red a* and

yellow b* of the dyedMdC-Op is increased to 57.8 and

78.4, which is much higher than those of the dyed RC

(27.2 of a* and 26.2 of b*). The brightness (L*) of the

modified fabric is more dimmer than untreated fabric,

illustrating the high dyeing depth of MdC-Op.

The comparisons between traditional cotton

dyeing process and cationic cotton salt-free dyeing

process

MdC-Op has a much higher dye utilization than RC,

which could significantly reduce the difficulty of the

sewage treatment.The influences of solution environ-

ment (NaOH) on the dyeing effect of MdC-Op with

salt-free dyeing and RC with conventional dyeing

were shown in Fig. 7c, d. The dyeing rate of MdC-Op

could be optimized to about 90%, which is higher than

that of reactive dyes on RC (85–87% of optimized

dyeing rate and 82–85% of optimized fixation rate).

The dyeing curves could be seen in Fig. S12 and S13.

The values of the variables kept constant in Fig. 7c

Fig. 6 (a) K/S and Sr value of dyed modified cotton at different

dye concentrations; (b) E%, K/S and Sr value of dyed modified

cotton at different dyeing temperature; (c, d) E%, K/S and Sr

value of dyed modified cotton at different dyeing time; (e) K/S

value of dyed modified cotton at different pH value; (f) Optical
photograph during the dyeing process; (g) Comparison of dyed

modified cotton and dyed cotton; (h–i) Optical microscope

image of dyed modified cotton and dyed cotton
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were 4% owf of reactive dyes, 60 �C of dyeing

temperature, 30 min of dyeing time. The values of the

variables kept constant in Fig. 7d was 4% owf of acid

dyes, 80 �C of temperature and 30 min of dyeing time.

The needed accessory ingredient for the optimized

dyeing rate of MdC-Op is less than RC, which could

reduce the process cost. The dyeing performances of

acid dye and reactive dye on MdC-Op are shown in

Fig. 7e. The comparable dyeing rate and less Sr of acid

dye further confirm the superiority of acid dyes for

dyeing. The dyeing fastnesses of the dyed fabrics are

shown in Table 2. Acid dyes had very poor dyeing

properties on untreated cotton fabrics. However, the

dyeing fastnesses of the MdC-Op dyed by acid dyes

Fig. 7 (a, b) Optical images of RC and MdC-Op dyed by weak acid yellow 5G and acid black; (c) E% and F% of traditional cotton

dyeing process; (d) E% of modified cotton dyeing process; (e) Dyeing performances of acid dye and reactive dye on MdC-Op
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were greatly improved, which is comparable to MdC-

Op dyed by reactive dyes (with fixation). Therefore,

acid dyes were confirmed further for salt-free dyeing

MdC-Op.

Conclusions

In this study, CHPTAC as a micro-molecular quater-

nary amine is grafted onto the cotton. The modified

cotton is dyed by acid dyes without salt, which is

comparable to the dyeing performances of reactive

dyes for untreated fabric. Both the modification

reaction and the dyeing process are optimized.

Adsorption models between dye molecules and fibers

based on the theoretical simulation were explored. The

preferable modification conditions are 30 g/L of

modifier concentration, 10 g/L of alkali dose, 15 min

of reaction time and 90 �C of modification tempera-

ture. The suitable dyeing conditions for acid dyes

dyeing are 5.5 * 6.5 of pH value, 80 �C of temper-

ature, 30 min of dyeing time. The adsorption mode of

anionic acid dye and cationic cotton is Langmuir type

due to the strong electrostatic attraction between

modified fabric and dye molecules. The dyeing rate of

the modified fabric can reach up to about 92% and the

K/S value can reach to 21.99, which proves the great

application prospects of MdC-Op in the field of salt-

free dyeing for textile.
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