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specimens reflect good to excellent colour levelness 
(0.01–0.46) and fair to excellent washing, crocking 
and perspiration fastness properties (rating 3–4 to 
5) without any significant fibre damage while both 
exhibit lower breaking strength and extension after 
the dyeing process when compared with pristine 
undyed cotton fabric.
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Introduction

Cotton is a well-known cellulose-based natural poly-
meric fibre harvested for manufacturing textile prod-
ucts used by human beings. Its unique properties such 
as breathability, moisture absorptivity and comfort-
able handle have made it the fibre of choice for manu-
facture of textiles (Khanzada et al. 2020).

Cotton is dyeable with various types of 
commercially available synthetic dyestuffs, such 
as direct dyes, reactive dyes, vat dyes, sulphur dyes 
and azoic dyes (Tang and Kan 2020). Among these 
colorants, reactive dyes are the most common due to 
the broad range of colours available and good colour 
fastness (Pruś et  al. 2022). It has been reported that 
over 400,000 tonnes of reactive dyes are used each 
year (Liu et  al. 2019) while 20–60% of dyes are 
being hydrolysed during conventional dyeing process, 

Abstract  The feasibility of using artificial seawater 
(ASW) instead of fresh water as the medium for 
reactive dyeing of cotton fabric is investigated in 
this study. A number of dyes of different reactive 
groups are used. Cotton fabrics are dyed in ASW 
media with (ASW+) or without (ASW−) further 
addition of NaCl and their dyeing, colourfastness, 
surface and physical properties are examined and 
compared with cotton fabrics dyed in deionised (DI) 
and distilled (DIS) water media. Although nearly all 
ASW dyed fabrics obtain lower colour yield (0.7–
65.2% lower) than that of DI and DIS dyed fabric, 
the results of this work reveal that triazine-based 
reactive dyes disfavour cotton dyeing in DIS and 
ASW (ASW− and ASW+) media (0.2–65.2% lower) 
while fluorochloropyrimidine (FCP)-based and 
dichlorochinoxaline (DCC)-based monofunctional 
reactive dyes in DIS and ASW dyeing system offer 
better colour yield (5.8–72.5% higher). The pH value 
and salinity of the dyebath in those four different 
dyeing media are measured. The reflectance curves, 
CIE L*a*b* value, colour evenness, fastness, surface, 
fastness and tensile properties of the dyed cotton 
fabrics are evaluated. The findings verify that the 
use of ASW does not alter the colour properties of 
the dyed specimens. Both DI, DIS and ASW dyed 
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causing serious environmental problems (Song et al. 
2024).

Water is a plentiful natural resource which 
accounts for 70% of the surface of our Planet Earth. 
However, 97% of this is seawater and only 3% is fresh 
water. The change in living standards, social culture 
and the increasing world population have resulted 
in a huge demand for fresh water and water scarcity 
has become a critical issue, arousing the concern 
of the public (Musie and Gonfa 2023). Meanwhile, 
the wet processing cycle, including desizing, scour-
ing, bleaching, mercerising, dyeing, finishing and 
printing, in the textile industry consumes significant 
amounts of fresh water (Adane et  al. 2021). In con-
ventional fresh water-based textile dyeing, specific 
water consumption varies between 30 and 50  L  per 
1  kg of cloth, depending upon the type of dyestuff 
used in the dyeing process (Singha et al. 2021).

To resolve the water shortage problem in the near 
future, one research stream is exploring recyclable 
solvents as dyeing medium for non-aqueous dyeing 
of cotton fabric (Deng et al. 2019; Tang et al. 2023a; 
Zhao et al. 2018) whereas another research stream is 
working on examining the use of seawater, the most 
abundant water source, as the dyeing medium for cot-
ton colouration.

Seawater, generally defined as water with salinity 
of ~ 35,000 ppm (35 g/L or 35 g/kg), consists of six 
main saline elements: (a) cations: sodium (Na+), mag-
nesium (Mg2+), calcium (Ca2+), and potassium (K+); 
and (b) anions: chloride (Cl−) and sulphate (SO4

2−) 
(Ludwig 2022). The presence of Na+ and Cl− ions in 
seawater favours cotton dyeing while the existence of 
Ca2+ and Mg2+ ions, also known as water hardness, 
hinder the dyeing process (Tang et al. 2019a).

Most of the recent literature primarily focuses on 
using seawater collected from the beach or bay for 
dyeing of cotton fabric. Zerin et al. (2017) and Karim 
et  al. (2021) collected seawater from Cox’s Bazar 
sea beach while Solaiman et  al. (2019), Raja et  al. 
(2020), de Souza Ferreira et al. (2021) used seawater 
obtained from the Bay of Bengal in Bangladesh, Ara-
bian Sea in India and Barreira Dagua beach in Brazil 
respectively to examine the dyeing and fastness prop-
erties of the cotton fabrics. However, the use of arti-
ficial seawater as a dyeing medium for reactive dye-
ing of cotton has not yet been found in the literature. 
Although artificial seawater is made from fresh water, 
its usage as dyeing medium allows precise control of 

ionic compositions for reactive dyeing of cotton. This 
controlled environment can serve as a benchmark for 
optimizing the use of real seawater in future sustain-
able dyeing practices. Therefore, it is worthwhile to 
study its influence and potential application for cotton 
dyeing with reactive dyes.

This research aims at contributing knowledge by 
investigating the feasibility of using artificial (simu-
lated) seawater (ASW), developed according to 
AATCC method, to replace fresh water, tap or ground 
water commonly used in dyeing industries, as dye-
ing media for dyeing of cotton fabrics. The dyeing 
properties, including: (a) colour yield (K/Ssum value); 
(b) CIE L*a*b* value; (c) colour levelness (relative 
unlevelness indices); and (d) reflectance percentage, 
and the colour fastness properties, involving washing, 
crocking and perspiration fastness, of the cotton fab-
rics dyed in ASW media are assessed and compared 
with fabrics dyed in fresh water (deionised water and 
distilled water) medium. Salinity and pH value of the 
dye liquor, as well as tensile properties and surface 
damage of the dyed cotton fibre are also examined.

Experimental

Materials and reagents

Ready for dyeing pure cotton woven fabric (127 ends 
in warp and weft per cm and 139 g/m2) was first pre-
washed and conditioned with parameters similar 
to our previous work (Tang et  al. 2023b). Sodium 
chloride (NaCl) was procured from Duksan. Sodium 
carbonate (Na2CO3) anhydrous was purchased from 
Sigma Aldrich. Magnesium chloride (MgCl2) anhy-
drous was obtained from Alfa Aesar. They were 
of reagent grade. Eleven reactive dyes, monofunc-
tional and bifunctional, of different reactive groups 
(Table  1) (Tang et  al. 2019b) were purchased from 
Dystar (Shanghai, China) and used as received.

Preparation of artificial seawater (ASW)

The artificial seawater (ASW) was prepared according 
to AATCC Test Method for Colorfastness to Water: 
Sea (AATCC Test Method 106). 30 g/L sodium chlo-
ride (NaCl) and 5  g/L magnesium chloride (MgCl2) 
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were dissolved in distilled water to make 1000 ml 
ASW solution.

Preparation of dye stock solution

Dye stock solutions of 1% concentration were 
prepared by dissolving the dye powder in deionized 
water, distilled water and artificial sea water 
separately.

Dyeing of cotton fabrics in different water medium

Cotton fabric specimens were dyed using liquor-to-
goods ratio of 10:1 in deionised water (DI), distilled 
water (DIS), and artificial seawater (ASW) medium. 
Five colour depths of reactive dye set for experiments 
ranged from 0.1 to 3.5% (on weight of fabric, o.w.f.). 
The dyeing profile is illustrated in Fig. 1. The fabric 
specimens were initially immersed in dye liquors 
composed of the corresponding concentration of dye 
and amount of NaCl as listed in Table  2. The dye 
liquors were prepared with (ASW+) and without 
(ASW−) NaCl separately. The as-prepared dye 
liquors were then placed in the shaking water bath at 
30  °C for 10  min, followed by heating to 70  °C for 
40 min of dyeing of fabric specimens. Corresponding 
amount of soda ash was then added to the dyebath 

Table 1   Reactive groups of eleven reactive dyestuffs (Tang 
et al. 2019b)

MFT monofluorotriazine, TFP trifluoropyrimidine, VS vinyl-
sulfone, FCP fluorochloropyrimidine, DCC dichlorochinoxa-
line, DCT dichlorotriazine, MCT monochlorotriazine

Reactive dyestuff Reactive group(s)

Black-01 VS-DCT
Blue-01 MFT-VS
Blue-02 FCP-VS
Blue-03 VS–VS
Blue-04 MFT
Navy-01 TFP-VS
Red-01 MFT-TFP
Red-02 FCP
Yellow-01 DCC
Yellow-02 VS
Yellow-03 MCT-VS

Fig. 1   Reactive dyeing profile of cotton fabrics in different water medium (w/or w/o NaCl)

Table 2   Recipe for dyeing 
of cotton fabric

*aindication: DI, DIS, 
ASW+/ASW−

Liquor ratio 10:1, 60 °C

Reactive dye % o.w.f 0.1 0.5 1.5 2.5 3.5

Salt (NaCl) g/L 10/−*a 20/− 42.5/− 55/− 65/−
Soda ash (Na2CO3) g/L 5 5 5 5 5



	 Cellulose

Vol:. (1234567890)

for 60 min of colour fixation at 70 °C. After fixation, 
the dyed fabric specimens were rinsed at 50  °C for 
20 min twice, cold rinsed, air-dried and conditioned 
before subsequent measurements and tests.

Measurement of salinity and pH value

Salinity and pH value of DI, DIS and ASW dye-
baths were measured by Eutech™ Salt 6 + Handheld 
Meter and Eutech™ CyberScan pH 11 Portable pH/
mV Meter (Thermo Fisher Scientific Inc., Singapore) 
respectively. Salinity and pH values of the dye baths, 
made of deionized water, distilled water and artificial 
water were measured in three stages of the dyeing 
process for evaluation: (a) before the dyeing process; 
(b) after soda ash addition; and (c) after the dyeing 
process.

Colour yield (K/Ssum value)

Colour yield of DI, DIS and ASW dyed cotton fabric 
specimens was measured by SF650 Spectrophotome-
ter (DataColor International, USA). The colour prop-
erty of the dyed specimens was measured using D65 
illuminant and 10° observer angle within the visible 
spectrum ranged from 400 to 700 nm at every 10 nm 
interval. The dyed fabric specimens were folded twice 
with the face side up and were measured four times 
each. The K/S value of each specimen was calculated 
based on the Kubelka–Munk theory using Eq. (1). By 
summing and averaging the K/S values of four meas-
urements of each specimen, the K/Ssum value was 
finally obtained.

where K: absorption coefficient; S: scattering coeffi-
cient; and R: reflectance of the dyed sample.

CIE L*a*b* value

CIE L*a*b* values of DI, DIS and ASW dyed cot-
ton fabric specimens were obtained by using similar 
parameters and instrument for colour yield measure-
ment as mentioned in colour yield section.

(1)K∕S = (1 − R)2∕2R

Colour levelness

The colour levelness of DI, DIS, and ASW dyed 
cotton fabric specimens was assessed by using 
Relative Unlevelness Indices (RUI) proposed 
by Chong et  al. (1992). Four spots of each dyed 
specimen were randomly chosen. Parameters and 
instrument for examination were similar to colour 
yield measurement. Equation  (2) was used to 
calculate the RUI value of each specimen.

where s
�
 : standard deviation of reflectance value; R : 

reflectance value; V
�
 : photopic relative luminous effi-

ciency function.

Scanning electron microscopy (SEM)

Undyed and DI, DIS and ASW dyed cotton fabric 
specimens (3.5% o.w.f. reactive red dye) were first 
prepared on a round plate using conductive tapes and 
then gold sputtered. The sputtered specimens were 
placed in the Hitachi TM3000 tabletop scanning elec-
tron microscope (Hitachi, Japan) for morphological 
examination of the surface to assess the extent of fibre 
damage.

Colour fastness properties

AATCC Test Method 61, Test No. 2A, AATCC Test 
Method 8 and ISO 105 E04 were used to evaluate the 
washing, crocking and perspiration fastness respec-
tively of the DI, DIS, and ASW dyed cotton fabric 
specimens respectively. The colour change of the 
dyed specimens and staining of the multifibre fabric 
and white cotton cloth were ranked by the use of grey 
scale.

Tensile properties

Tensile strength (N) and breaking extension (mm and 
%) of pristine, DI, DIS, and ASW dyed fabric speci-
mens were determined along warp and weft direction 
according to ASTM standard D5034: Grab Test.

(2)RUI =

700
∑

λ=400

(s
�
∕R)V

�
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Results and discussion

Colour yield

Colour yield (K/Ssum value) of the deionised (DI) 
water-dyed, distilled (DIS) water-dyed, and artificial 
seawater (ASW− and ASW+) dyed cotton specimens 
is shown in Table  3. In comparison to the DI-dyed 
specimens, DIS specimens generally achieve higher 
colour yields when five reactive dyes (Blue-02, Navy-
01, Red-02, Yellow-01 and Yellow-02) are used 
whereas lower colour yields are found when the other 
six reactive dyes are used. The percentage differ-
ence in colour yields of the DIS specimens fluctuate 
in the range from 13.4% lower to 26.7% higher than 
that of the DI specimens and the fluctuation is closely 
related to the reactive group of the dyestuff. From 
Table  3, it is observed that reactive groups, involv-
ing vinylsulfone (VS), fluorochloropyrimidine (FCP), 
trifluoropyrimidine (TFP) and dichlorochinoxaline 
(DCC) perform better when cotton specimens are 
dyed in distilled water medium than specimens dyed 
in deionised water medium while triazine-based reac-
tive groups, including dichlorotriazine (DCT), mono-
fluorotriazine (MFT) and monochlorotriazine (MCT) 
have the same colour yield in both mediums. The 
possible reason may be the difference in properties of 
deionised water and distilled water which may affect 
the reactivity and interaction between reactive group 
of the dye and cotton fibre during the dyeing process.

Artificial seawater dyed cotton specimens without 
NaCl addition (ASW−) obtain lower colour yield 
(− 0.68– − 65.2%) than that of DI specimens when 
medium to high dye concentrations (0.5–3.5%) 
are used while they can only attain higher colour 
yield (10.6–80.6%) when 0.1% dye concentration 
is used. Higher colour yield of ASW− specimens 
can be explained by the NaCl content of ASW-
based and DI-based dye liquor in which the former 
comprises of 30  g/L NaCl while the latter contains 
only 10  g/L NaCl when the specimens are dyed 
with 0.1% dye concentration. Lower colour yield of 
ASW− specimens may be the result of insufficient 
NaCl for neutralisation of negative charge of cotton 
surface which leads to higher electrostatic repulsion 
during the dyeing process, hindering the adsorption 
of dye on cotton fibre (Correia et al. 2020; Grancarić 
et  al. 2021). Another reason for low colour yield 
of ASW− specimens is water hardness due to the 

presence of magnesium chloride (MgCl2) which 
may cause dye precipitation while promoting dye 
aggregation, leading to the loss of colour depth 
(Broadbent 2001; Khalil and Sarkar 2014; Tang et al. 
2019a). Similarly, colour yields of ASW− specimens 
are relatively lower when triazine-based reactive dyes 
are used, owing to properties of ASW which is made 
of the same distilled water.

Specimen dyed in (ASW+) with NaCl using 
bi-functional reactive dye Blue-02 (FCP-VS) and 
mono-functional Red-02 (FCP) had better colour 
yields, 5.8–50.1% and 6.1–72.5% higher respectively, 
than DI-dyed specimens at all dye concentrations 
(0.1–3.5% o.w.f.). This indicates that samples dyed 
by FCP-based reactive dye are least affected by hard-
ness (MgCl2) in water in the dyeing system. Higher 
colour yield of ASW+ samples can be explained by 
higher NaCl content in the dyeing system. Regarding 
reactive dyes other than FCP-based, addition of NaCl 
also enhances colour yield of the ASW+ samples in 
comparison to ASW− samples. However, due to the 
presence of MgCl2 in the dyeing system, most of the 
ASW+ samples dyed in 0.5–3.5% dye concentrations 
still attain lower colour yield (3.5–50.1% lower) while 
only ASW+ samples dyed with 0.1% dye concentra-
tion exhibit higher colour yield (1.7–74.9% higher) 
compared with DI samples.

The sequence of colour yield (from high to low) 
of the dyed samples in four different aqueous dyeing 
media is: DI > DIS > ASW+  > ASW−. Due to the 
difference in composition of the four aqueous dyeing 
media and the difference in reactive group(s) of 
the reactive dyes, the dyeing effectiveness and the 
resultant colour yield are affected. Triazine-based 
mono- and bi-functional reactive dyes disfavour 
cotton dyeing in distilled water and artificial seawater 
media while FCP-based mono- and bi-functional and 
DCC-based monofunctional reactive dyes, compared 
with the others, are more amenable to dyeing of 
cotton fabric in DIS and ASW (ASW− and ASW+) 
media.

Lower colour yield of triazine-based reactive 
dyes is attributed to the sensitivity of the dye reac-
tive group against salt concentration. Triazine-based 
reactive dyes are generally more sensitive to salt con-
centration compared to FCP-based reactive dyes. The 
presence of salt accelerates the hydrolysis of triazine-
based dyes, causing larger proportion of dyes being 
reacted to water or artificial seawater instead of cotton 
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Table 3   Colour yield of dyed cotton specimens in different water medium

Dyestuff RG(s) Conc DI DIS ASW− ASW+

(% o.w.f.) K/Ssum K/Ssum (%) K/Ssum (%) K/Ssum (%)

Black-01 VS-DCT 0.1 14.24 12.94 − 9.16 17.29 21.38 21.83 53.29
0.5 56.71 54.79  − 3.39 47.54  − 16.17 59.17 4.34
1.5 159.28 160.88 1.00 88.20  − 44.62 115.19  − 27.68
2.5 267.33 285.01 6.61 111.70  − 58.22 182.15  − 31.86
3.5 371.87 373.50 0.44 140.98  − 62.09 227.68  − 38.78

Blue-01 MFT-VS 0.1 7.04 6.88  − 2.33 8.24 16.98 8.42 19.59
0.5 23.27 24.19 3.95 18.90  − 18.78 21.1  − 9.32
1.5 67.02 66.06  − 1.44 34.90  − 47.93 41.06  − 38.74
2.5 105.48 105.84 0.34 45.18  − 57.16 59.87  − 43.24
3.5 153.96 139.46  − 9.42 53.56  − 65.21 70.96  − 53.91

Blue-02 FCP-VS 0.1 15.47 19.38 25.27 21.21 37.08 23.39 51.18
0.5 67.33 67.50 0.26 63.85  − 5.17 75.87 12.69
1.5 196.49 210.94 7.35 166.48  − 15.27 217.69 10.79
2.5 307.70 317.88 3.31 241.32  − 21.57 325.56 5.80
3.5 374.73 408.48 9.01 290.91  − 22.37 407.35 8.71

Blue-03 VS–VS 0.1 10.36 10.23  − 1.26 13.36 28.95 18.24 76.05
0.5 43.56 44.37 1.86 43.26  − 0.68 43.65 0.21
1.5 120.11 101.33  − 15.63 82.90  − 30.98 86.61  − 27.89
2.5 183.02 162.61  − 11.15 98.62  − 46.12 118.14  − 35.45
3.5 235.70 251.25 6.59 118.75  − 49.62 149.48  − 36.58

Blue-04 MFT 0.1 4.18 3.62  − 13.36 5.19 24.19 6.52 56.00
0.5 12.54 12.26  − 2.20 12.59 0.41 14.37 14.59
1.5 32.40 34.60 6.78 22.95  − 29.16 30.54  − 5.75
2.5 55.24 59.38 7.49 29.80  − 46.06 44.41  − 19.60
3.5 75.80 65.58  − 13.49 33.95  − 55.22 57.9  − 23.61

Navy-01 TFP-VS 0.1 8.14 8.54 4.99 7.95 -2.26 10.85 33.36
0.5 28.13 30.71 9.18 27.87  − 0.91 29.81 5.99
1.5 75.21 81.97 8.98 52.98  − 29.57 65.52  − 12.89
2.5 117.44 129.29 10.09 72.96  − 37.87 92.19  − 21.50
3.5 153.51 170.01 10.75 89.60  − 41.63 117.27  − 23.61

Red-01 MFT-TFP 0.1 5.07 4.89  − 3.65 5.61 10.58 6.23 22.86
0.5 16.48 16.45  − 0.24 14.41  − 12.57 15.46  − 6.21
1.5 47.90 44.50  − 7.11 26.64  − 44.39 32.25  − 32.68
2.5 76.43 76.02  − 0.54 36.61  − 52.10 47.95  − 37.26
3.5 104.81 107.34 2.41 41.30  − 60.60 63.06  − 39.84

Red-02 FCP 0.1 5.87 6.32 7.66 8.13 38.51 10.13 72.49
0.5 18.45 19.65 6.54 23.59 27.88 25.82 39.98
1.5 55.91 61.80 10.53 50.20  − 10.21 65.49 17.13
2.5 90.91 100.22 10.25 74.34  − 18.22 105.81 16.39
3.5 128.39 139.80 8.89 87.24  − 32.05 136.18 6.07
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fibre. This leads to reduced dye uptake and fixation 
on the cotton fibres, resulting in lower colour yield.

On the contrary, higher colour yield of 
fluorochloropyrimidine (FCP)-based reactive dyes 
is probably owing to their higher reactivity, fixation 
efficiency, salt resistance, and better penetration and 
interaction with cotton fibre even in challenging 
artificial seawater medium. The chlorine and fluorine 
atoms in the pyrimidine ring are highly reactive. 
These groups can form strong covalent bonds with 
the hydroxyl groups on the cellulosic structure of 
cotton fibres via nucleophilic substitution mechanism, 
assuring better fixation and dye stability on the fibre.

Moreover, the fluorine atoms, which are highly 
electronegative, in FCP-based dyes create hydropho-
bic interactions. These interactions help the dye mol-
ecules penetrate the cotton fibres more effectively, 
even in the presence of salts found in artificial sea-
water. Furthermore, the molecular structure of FCP-
based reactive dyes is generally designed to mini-
mize steric hindrance and salt interference, allowing 
the dye molecules to penetrate deeper into the fibre 
matrix and contributing better dye-fibre interaction 
and colour yield.

Reflectance curve

Reflectance curves of cotton specimens dyed in DI, 
DIS and ASW media with different reactive groups of 
reactive dyes are depicted in Fig. 2. In comparison to 
DI-dyed specimens, DIS-dyed specimens dyed with 
reactive groups of VS (Blue-02, Yellow-02), FCP 
(Blue-02, Red-02), TFP (Navy-01, Red-01), and DCC 
(Yellow-01), show lower reflectance percentage while 
specimens dyed with triazine-based reactive groups 
of DCT (Black-01), and MFT (Blue-04), exhibit 
higher reflectance percentage (Fig.  2). This implies 
that the difference between properties of DI and DIS 
dyeing medium do affect dyeing performance of 
certain reactive dyes as discussed in the colour yield 
section.

Compared with DI-dyed and DIS-dyed specimens, 
ASW specimens, dyed with 11 different reactive 
groups, generally obtain the lowest reflectance per-
centage and thus darker shades at low dye concentra-
tion (0.1%), while they have the highest reflectance 
percentage (paler shade) when dye concentration 
increases from 0.5 to 3.5% (Fig. 2). Low reflectance 
of ASW− dyed specimens at low dye concentration 
may be the result of higher NaCl content whereas 

(%) = percentage increase or decrease in colour yield of DIS, ASW− and ASW+ dyed samples when compared to the colour yield of 
the DI-dyed samples

Table 3   (continued)

Dyestuff RG(s) Conc DI DIS ASW− ASW+

(% o.w.f.) K/Ssum K/Ssum (%) K/Ssum (%) K/Ssum (%)

Yellow-01 DCC 0.1 3.70 4.69 26.72 6.68 80.62 6.47 74.85

0.5 12.40 15.35 23.76 14.98 20.84 17.52 41.28

1.5 37.29 44.53 19.40 28.99  − 22.26 42.59 14.21

2.5 63.34 77.22 21.91 36.84  − 41.83 60.21  − 4.94

3.5 84.52 107.10 26.71 45.20  − 46.52 79.9  − 5.47
Yellow-02 VS 0.1 3.78 4.20 11.27 5.26 39.31 6.41 69.67

0.5 11.45 12.24 6.86 12.19 6.48 14.05 22.69
1.5 26.48 29.88 12.84 22.57  − 14.77 25.56  − 3.49
2.5 42.83 41.38 -3.40 28.27  − 33.99 31.84  − 25.66
3.5 51.69 54.79 5.98 31.60  − 38.87 35.55  − 31.23

Yellow-03 MCT-VS 0.1 7.46 7.75 4.00 7.34  − 1.58 7.58 1.68
0.5 25.70 25.59  − 0.44 18.47  − 28.13 21.39  − 16.79
1.5 65.22 70.39 7.93 34.32  − 47.38 40.85  − 37.36
2.5 98.34 97.91  − 0.44 41.14  − 58.17 52.59  − 46.52
3.5 125.45 122.68  − 2.21 47.18  − 62.39 62.58  − 50.12
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high reflectance of ASW− dyed specimens at 
medium to high dye concentrations can be explained 
by the presence of water hardness in ASW. Among 
ASW− and ASW+ dyed specimens, ASW+ dyed 
specimens generally have lower reflectance than 
ASW− dyed specimens since the former dye liquors 
comprise a higher NaCl content, which reduces the 
electrostatic repulsion between dye molecules and 
cotton fibre, compared with the latter dye liquors.

As depicted in Fig. 2, it is clear that reflectance 
curves of DI-dyed, DIS-dyed and ASW− dyed 
specimens are generally identical in shape. Each 
reactive dye exhibits its unique reflectance curve 
and no peak shift is found for any dyed specimens. 
This indicates that the use of ASW as dyeing 
medium for dyeing of cotton fabric only leads to 
upward or downward shifting of the reflectance 
curve but it does not alter colour properties of the 
dyed specimens.

Fig. 2   Reflectance curves of cotton fabric specimens dyed 
in different aqueous medium with reactive dyes of different 
reactive groups: a Black-01; b Blue-01; c Blue-02; d Blue-

03; e Blue-04; f Navy-01; g Red-01; h Red-02; i Yellow-01; j 
Yellow-02; k Yellow-03
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Salinity

Salinity (Parts per trillion, ppt) of dye liquors (five 
colour depths) before the dyeing process, during the 
dyeing process after soda ash addition, and after the 
dyeing process was measured (Table 4). It is apparent 
that salinity of DI-based, DIS-based and ASW-based 
dye liquors increases as dye concentration increases. 
This may be the result of the increase in the NaCl 
amount at high dye concentrations in order to promote 
dye exhaustion. In case of ASW−, salinity of the dye 
liquors slightly decreases and keeps nearly constant 
with increasing colour depths since no NaCl is added 
into the dye liquors during the dyeing process.

Before the dyeing process, the least salinity 
(Table  5) is found in DI-based and DIS-based dye 
liquors at low to medium colour depths (0.1–0.5%) 
ranging from 11 to 24 ppt which is lower than that 
of the ASW− and ASW+ dye liquors with salinity 
between 44 and 48 ppt at the same colour depth. This 
verifies that the lower colour yield of DI and DIS 
dyed specimens at low colour depth in comparison 
to ASW dyed specimens is possibly owing to 
lower salinity of the dye liquors, leading to higher 
electrostatic repulsion during the dyeing process, 
and thus lower dye exhaustion. ASW+ dye liquors 
acquire the highest salinity between 56.5 and 94 ppt 
at medium to high colour depths (1.5–3.5%) since 
they comprise artificial seawater, which is originally 

Fig. 2   (continued)
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prepared with 30  g/L NaCl, as well as the addition 
of corresponding amount of NaCl according to the 
recipe listed in Table 2 previously. DI-based and DIS-
based dyebaths have the second and the third highest 
salinity, between 50 and 58 ppt and between 45 and 
57 ppt respectively, at high dye concentrations (2.5% 
and 3.5%) whereas ASW− have the lowest salinity 
owing to no NaCl addition during the dyeing process.

Salinity of dye liquors after the addition of soda 
ash (Table 4) is higher in DI, DIS and ASW dyebaths 
than in dyebaths before the dyeing process. This 
validates the notion that addition of soda ash can 
promote dye exhaustion by increasing the salinity 
of the dyebaths. In this stage, it can be seen that 
ASW+ dyebaths possess the highest salinity at all 

colour depths (42–90 ppt). ASW− dyebaths possess 
higher salinity at low to medium dye concentrations 
from 0.1 to 1.5% (47–50 ppt) while having lower 
salinity at high dye concentrations from 2.5 to 3.5% 
(44–47 ppt) when compared with that of the DI 
(17–66 ppt) and DIS (15–66 ppt) dyebaths.

Salinity after the dyeing process (Table  4) 
is about the same in all dyebaths, including DI, 
DIS and ASW, as salinity after soda ash addition. 
ASW+ dyebaths possess the highest salinity (40–96 
ppt), followed by DI (17–71 ppt) and DIS (16–66 ppt) 
dyebaths, whereas salinity of ASW− dyebaths, due 
to no NaCl addition, is the most stable at all colour 
depths (42–49 ppt) among the four different kinds of 
dyebaths, having the highest salinity at low colour 

Fig. 2   (continued)
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depth while possessing the lowest salinity at high dye 
concentrations.

These findings reflect that dyebath of high 
salinity, exemplified by ASW+ dyebaths. Does 

not eventually contribute to the high colour yield 
of the dyed fabrics. Adversely, high salinity may 
cause dye molecules to aggregate, reducing dye 
solubility and penetrability into the cotton fibres. 

Table 4   Salinity of dye 
liquors

Salinity

Dye conc DI DIS ASW− ASW+

(%) (ppt) (ppt) (ppt) (ppt)

Before dyeing 0.1 11.6–13.5 11.1–15.5 44.4–47.5 44.5–47.0
0.5 22.6–23.4 22.6–24.2 45.5–48.4 46.0–47.3
1.5 38.6–41.0 34.7–38.2 42.9–46.2 56.5–61.9
2.5 49.7–53.0 45.2–49.5 40.5–45.7 79.0–81.2
3.5 51.7–58.0 53.2–56.7 41.4–43.1 86.6–94.1

After adding soda ash 0.1 16.6–17.7 15.4–17.8 46.9–49.7 41.9–43.1
0.5 30.1–33.1 29.2–32.8 47.9–49.2 46.0–48.4
1.5 42.3–44.7 38.9–42.1 46.8–48.7 69.8–73.4
2.5 60.9–63.2 50.9–55.1 45.4–46.4 70.9–85.7
3.5 62.8–65.9 59.5–66.0 43.5–46.7 79.9–89.4

After dyeing 0.1 16.5–18.3 16.0–17.4 46.4–49.0 39.8–41.0
0.5 29.8–33.3 29.8–31.8 46.4–49.1 49.6–51.7
1.5 41.9–42.6 39.7–43.7 46.0–48.8 71.7–74.4
2.5 53.9–55.2 52.6–55.1 43.6–46.7 86.3–88.0
3.5 58.9–71.1 59.3–65.9 42.0–46.0 88.9–96.2

Table 5   pH value of the 
dye liquor

pH value

Dye conc DI DIS ASW− ASW+

(%) pH pH pH pH

Before dyeing 0.1 5.7–6.6 5.3–6.3 9.1–9.2 9.0–9.2
0.5 5.4–6.0 5.4–6.1 9.1–9.5 8.8–8.9
1.5 5.4–6.2 5.8–6.1 8.8–9.3 8.0–8.6
2.5 5.7–6.1 5.7–6.0 8.6–9.4 6.6–8.4
3.5 5.2–6.1 5.6–6.0 7.7–9.3 6.2–8.3

After adding soda ash 0.1 11.0–11.3 11.0–11.2 9.7–9.8 9.8–9.9
0.5 10.6–11.2 10.9–11.1 9.7–9.8 9.8–9.9
1.5 11.1–11.3 10.7–10.9 9.8–9.9 9.8–9.9
2.5 11.0–11.3 10.6–10.8 9.8–9.9 9.8–9.9
3.5 10.8–10.9 10.5–10.8 9.8–9.9 9.8–9.9

After dyeing 0.1 11.2–11.3 10.9–11.1 9.0–9.1 9.1–9.2
0.5 11.2–11.5 10.8–11.0 9.0–9.2 9.1–9.2
1.5 10.8–11.0 10.7–10.9 9.0–9.3 9.1–9.2
2.5 10.9–11.2 10.6–10.8 9.0–9.3 9.0–9.1
3.5 10.8–10.9 10.5–10.7 9.1–9.4 9.0–9.1
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The presence of large amount of salt may compete 
with dye molecules for bonding sites on the cotton 
fibres. This competition reduces the efficiency of 
dye fixation, leading to lower colour yield and 
uneven dye distribution. Meanwhile, dyebaths with 
optimum salinity, such as DI and DIS dyebaths, can 
obtain the best dyeing effectiveness as well as the 
highest colour yield fabric with the best dye uptake.

Last but not least, the artificial seawater prepared 
in this study is mainly made of sodium chloride 
(NaCl) and magnesium chloride (MgCl2) according 
to AATCC Test Method 106. The presence of 
magnesium ions not only increases water hardness, 
but also can form complexes with reactive dyes, 
reducing their solubility and causing them to 
precipitate out of the solution. In addition, magnesium 
ions may lead to the formation of dye aggregates and 
interfere uniform distribution of dye molecules on the 
cotton fibres, resulting in colour specks, loss of depth, 
poor colour yield and fastness properties.

pH value

To further examine the dyeing performance of ASW 
dyeing system and colour yield of the dyed fabric, pH 
values of ASW dye liquors were measured in three 
stages: (a) before the start of the dyeing process; (b) 
after soda ash addition; and (c) after the dyeing pro-
cess and are compared with that of the DI and DIS 
dye liquors. The pH values of those dye liquors are as 
stated in Table 5.

DI and DIS dye liquors generally show similar pH 
values in all the three stages of the dyeing process. 
They exhibit slightly acidic pH, ranging from 5.2 to 
6.3, before the colouration process. The pH values of 
the DI and DIS dye liquors then increase sharply from 
slightly acidic state to alkaline state between 10.5 and 
11.5 after addition of alkali while maintaining nearly 
the same alkaline pH value after the dyeing process.

ASW and ASW+ dye liquors (pH 6.2–9.2) 
were found to have slightly lower pH value than 
ASW− dye liquors (pH 7.7–9.5) before the dyeing 
process. However, both ASW+ and ASW− dyebaths 
had slightly higher pH values (higher alkalinity) after 
soda ash addition (pH 9.7–9.9) while their pH values 
decreased (pH 9.0–9.4) after the dyeing process.

To compare the pH values of ASW− and 
ASW+ dye liquors with DI and DIS dye liquors, the 
former two dyebaths (pH 6.2–9.5) generally have 

higher pH values than the latter two dyebaths (pH 
5.2–6.3) before the dyeing process. Nevertheless, 
when soda ash is added at the intermediate stage 
of the dyeing process, alkalinity of the DI and DIS 
dyebaths surpasses that of ASW dyebaths in which 
DI and DIS dyebaths (pH 10.5–11.5) possess higher 
pH value than the ASW− and ASW+ dyebaths (pH 
9.7–9.9). This indicates that DI and DIS dyebaths are 
more sensitive to alkali addition and more pH respon-
sive than the ASW dyebaths. It may be the result of 
absence of water hardness (MgCl2) in DI and DIS 
dyebaths.

At the exhaustion phase of the dyeing process, 
maintaining a neutral or slightly acidic pH helps 
prevent premature hydrolysis of the reactive dyes, 
reducing the amount of dye available for covalent 
bonding with cotton fibre. From Table 5, both DI and 
DIS dye liquors are generally slightly acidic with pH 
value between 5.2 and 6.6 which reduce the risk of 
premature dye hydrolysis whereas both ASW− and 
ASW+ dye liquors reveal slightly alkaline pH from 
7.7 to 9.5, having higher chance of premature dye 
hydrolysis before the fixation phase and thus resulting 
in poorer colour yields of the dyed specimens com-
pared to the DI and DIS dye liquors.

The optimal alkaline pH for most reactive dyes to 
achieve dye-fibre fixation is well-known to be around 
10.5–11.5. This pH level promotes the formation of 
cellulosate anions in cotton, which can create strong 
covalent bonds with the dye molecules. If the dye-
bath pH is too low, the dye may have less tendency 
to fix onto the fibre, resulting in poor colour yield. 
Conversely, if the dyebath pH is too high, exces-
sive hydrolysis may occur, leading to lower depth 
of shade. As presented in Table 5, both DI and DIS 
dye liquor can achieve optimal alkaline pH condition 
after the addition of soda ash (alkali) with dyebath 
pH ranging from 10.5 to 11.5. However, in case of 
the ASW liquors, the dyebath pH of both ASW− and 
ASW+ is below 10. This indicates that the ASW 
dyebaths possess lower dye-fibre fixation effective-
ness and efficiency than that of DI and DIS dyebaths. 
These findings further validate that the DI and DIS 
dyed cotton fabrics can achieve better colour yields 
than that of the ASW dyed specimens.
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Table 6   RUI of dyed 
cotton specimens

Dyestuff % DI DIS ASW− ASW+

RUI Visual RUI Visual RUI Visual RUI Visual

Black-01 0.1 0.09 Excellent 0.19 Excellent 0.15 Excellent 0.05 Excellent
0.5 0.07 Excellent 0.17 Excellent 0.09 Excellent 0.25 Good
1.5 0.15 Excellent 0.24 Good 0.17 Excellent 0.27 Good
2.5 0.11 Excellent 0.09 Excellent 0.18 Excellent 0.42 Good
3.5 0.13 Excellent 0.19 Excellent 0.05 Excellent 0.32 Good

Blue-01 0.1 0.09 Excellent 0.05 Excellent 0.04 Excellent 0.09 Excellent
0.5 0.04 Excellent 0.05 Excellent 0.12 Excellent 0.10 Excellent
1.5 0.06 Excellent 0.22 Good 0.03 Excellent 0.06 Excellent
2.5 0.16 Excellent 0.18 Excellent 0.18 Excellent 0.11 Excellent
3.5 0.17 Excellent 0.20 Excellent 0.17 Excellent 0.12 Excellent

Blue-02 0.1 0.21 Good 0.07 Excellent 0.07 Excellent 0.16 Excellent
0.5 0.10 Excellent 0.24 Good 0.18 Excellent 0.15 Excellent
1.5 0.29 Good 0.23 Good 0.18 Excellent 0.20 Good
2.5 0.34 Good 0.09 Excellent 0.20 Excellent 0.10 Excellent
3.5 0.30 Good 0.16 Excellent 0.14 Excellent 0.36 Good

Blue-03 0.1 0.30 Good 0.24 Good 0.10 Excellent 0.17 Excellent
0.5 0.26 Good 0.34 Good 0.12 Excellent 0.44 Good
1.5 0.41 Good 0.21 Good 0.13 Excellent 0.30 Good
2.5 0.19 Excellent 0.34 Good 0.06 Excellent 0.26 Good
3.5 0.46 Good 0.14 Excellent 0.24 Good 0.14 Excellent

Blue-04 0.1 0.07 Excellent 0.05 Excellent 0.04 Excellent 0.03 Excellent
0.5 0.10 Excellent 0.05 Excellent 0.07 Excellent 0.15 Excellent
1.5 0.20 Excellent 0.04 Excellent 0.09 Excellent 0.10 Excellent
2.5 0.21 Good 0.10 Excellent 0.10 Excellent 0.42 Good
3.5 0.30 Good 0.08 Excellent 0.12 Excellent 0.08 Excellent

Navy-01 0.1 0.06 Excellent 0.13 Excellent 0.12 Excellent 0.05 Excellent
0.5 0.24 Good 0.21 Good 0.14 Excellent 0.13 Excellent
1.5 0.32 Good 0.28 Good 0.17 Excellent 0.11 Excellent
2.5 0.11 Excellent 0.19 Excellent 0.36 Good 0.21 Good
3.5 0.20 Excellent 0.20 Good 0.25 Good 0.08 Excellent

Red-01 0.1 0.02 Excellent 0.02 Excellent 0.03 Excellent 0.06 Excellent
0.5 0.07 Excellent 0.14 Excellent 0.06 Excellent 0.02 Excellent
1.5 0.22 Good 0.15 Excellent 0.17 Excellent 0.22 Good
2.5 0.12 Excellent 0.16 Excellent 0.08 Excellent 0.19 Excellent
3.5 0.24 Good 0.18 Excellent 0.10 Excellent 0.13 Excellent

Red-02 0.1 0.05 Excellent 0.08 Excellent 0.03 Excellent 0.06 Excellent
0.5 0.08 Excellent 0.06 Excellent 0.08 Excellent 0.18 Excellent
1.5 0.17 Excellent 0.09 Excellent 0.09 Excellent 0.17 Excellent
2.5 0.15 Excellent 0.22 Good 0.04 Excellent 0.23 Good
3.5 0.37 Good 0.13 Excellent 0.15 Excellent 0.14 Excellent

Yellow-01 0.1 0.02 Excellent 0.03 Excellent 0.03 Excellent 0.01 Excellent
0.5 0.03 Excellent 0.06 Excellent 0.02 Excellent 0.03 Excellent
1.5 0.11 Excellent 0.07 Excellent 0.05 Excellent 0.02 Excellent
2.5 0.10 Excellent 0.11 Excellent 0.02 Excellent 0.03 Excellent
3.5 0.11 Excellent 0.14 Excellent 0.07 Excellent 0.05 Excellent
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Relative unlevelness indices

Tables  6 and 7 present colour levelness values, 
expressed in terms of relative unlevelness indices 
(RUI), and visual images of cotton specimens dyed in 
deionised water, distilled water and artificial seawater. 
Generally speaking, both DI, DIS and ASW− dyed 
specimens can achieve good to excellent colour 
levelness with RUI value below 0.49. Among the 
specimens dyed in different water medium, DIS-dyed 
specimens exhibit the best colour levelness with least 
RUI variations (0.01–0.34), followed by ASW− dyed 
(RUI values: 0.02–0.36) and ASW+ specimens (RUI 
values: 0.01 and 0.44) whereas colour levelness of 
deionised water-dyed specimens is comparatively 
poorer with higher RUI variations ranging from 
0.02 to 0.46. Best colour levelness of distilled 
water-dyed specimens, to a large extent, may be the 
result of high purity of distilled water without the 
presence of any contaminants. The possible reason 
for ASW− dyed specimens having better colour 
levelness than DI-dyed and ASW+ specimens is that 
the former specimens are dyed with lower salt content 
than the latter two types of specimens. Lower salt 
content of ASW− dyed specimens reduce the risk 
of dye aggregation while maintaining dye solubility. 
This allows for a more controlled and gradual dye 
uptake, achieving uniform dye-fibre interaction and 
enhancing colour levelness.

CIE L*a*b* value

In CIE L*a*b* colour values, L* represents percep-
tual lightness wherein higher L* value means lighter 
shade whereas a* and b* represent red (+ a)–green 
(−  a) and yellow (+ b)–blue (−  b) respectively. 
Table 8 presents CIE L*a*b* values of DI, DIS and 
ASW dyed specimens.

With regard to L* value, it generally decreases with 
increasing dye concentrations for all specimens. It can 
be seen that DI and DIS dyed specimens generally 
achieve lower L* value than ASW+ dyed specimens 
when black, blue and navy colours of reactive dyes 
are used whereas ASW+ dyed specimens exhibit 
poorer L* values than DI and DIS dyed specimens 
when red and yellow colours of reactive dyes are 
used. ASW− dyed specimens normally obtain the 
highest L* values compared with other specimens. 
This reflects that ASW− dyed specimens have the 
lightest shades among all the dyed specimens while 
DI, DIS and ASW+ dyed specimens can be darker, 
depending upon the colour.

All dyed specimens generally show negative 
a* values (green zone) when black, blue and navy 
reactive dyes are used whereas they have positive 
a* values (red zone) when red and yellow reactive 
dyes are used. In case of black, blue and navy reac-
tive dyes, DI, DIS and ASW− dyed specimens gen-
erally attain lower a* values, and thus are greener 
than ASW+ dyed specimens. Among DI, DIS and 
ASW− dyed specimens, ASW− dyed specimens 

 < 0.2 = Excellent levelness; 0.2–0.49 = Good levelness; 0.5–1.0 = Poor levelness; > 1.0 = Bad 
levelness

Table 6   (continued) Dyestuff % DI DIS ASW− ASW+

RUI Visual RUI Visual RUI Visual RUI Visual

Yellow-02 0.1 0.02 Excellent 0.02 Excellent 0.03 Excellent 0.03 Excellent

0.5 0.03 Excellent 0.01 Excellent 0.03 Excellent 0.01 Excellent

1.5 0.05 Excellent 0.02 Excellent 0.04 Excellent 0.04 Excellent

2.5 0.03 Excellent 0.05 Excellent 0.04 Excellent 0.04 Excellent

3.5 0.02 Excellent 0.04 Excellent 0.03 Excellent 0.03 Excellent
Yellow-03 0.1 0.04 Excellent 0.03 Excellent 0.04 Excellent 0.02 Excellent

0.5 0.04 Excellent 0.02 Excellent 0.03 Excellent 0.04 Excellent
1.5 0.05 Excellent 0.30 Good 0.06 Excellent 0.06 Excellent
2.5 0.08 Excellent 0.04 Excellent 0.04 Excellent 0.03 Excellent
3.5 0.07 Excellent 0.05 Excellent 0.06 Excellent 0.05 Excellent
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obtain the lowest a* value (greenest) when black, 
navy, blue-02 and blue-03 reactive dyes are used. 
In case of red and yellow reactive dyes, DI and DIS 

dyed specimens have higher a* value, and therefore 
are redder than ASW dyed specimens. Among ASW 
dyed specimens, ASW+ dyed specimens generally 

Table 7   Visual images of 
dyed cotton specimens Dyestuff

Dye 
conc.

DI DIS ASW- ASW+

% o.w.f. Image Image Image Image

Black-01 0.1

0.5

1.5

2.5

3.5

Blue-01 0.1

0.5

1.5

2.5

3.5

Blue-02 0.1

0.5

1.5

2.5

3.5

Blue-03 0.1

0.5

1.5

2.5



	 Cellulose

Vol:. (1234567890)

show higher a* values (redder) than ASW− dyed 
specimens except when red-02 reactive dye is used.

All dyed specimens generally have negative 
b* values (blue zone) when black, blue and navy 
reactive dyes are used while they display positive b* 

Table 7   (continued)
3.5

Blue-04 0.1

0.5

1.5

2.5

3.5

Navy-01 0.1

0.5

1.5

2.5

3.5

Red-01 0.1

0.5

1.5

2.5

3.5

Red-02 0.1

0.5

1.5

2.5
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values (yellow zone) when red and yellow reactive 
dyes are used. In case of black, blue and navy 
reactive dyes, DI, DIS and ASW− dyed specimens 
generally attain lower b* values and thus are greener 
than ASW+ dyed specimens. Compared with DI 
and DIS dyed specimens, ASW− dyed specimens 
obtain the lowest b* values (bluest) when black, 
blue-02 and blue-03 reactive dyes are used whereas 
ASW+ dyed specimens reveal the highest b* values, 
the yellowest among all the dyed specimens. In case 
of red and yellow reactive dyes, DI and DIS dyed 
specimens possess higher b* values and therefore are 
yellower than ASW dyed specimens. Among ASW 

dyed specimens, ASW− dyed specimens generally 
show higher b* values (yellower) than ASW+ dyed 
specimens when red reactive dyes are used while 
ASW+ dyed specimens generally exhibit higher b* 
values (yellower) than ASW− dyed specimens when 
yellow reactive dyes are used.

SEM images

Figure 3 shows the SEM images of undyed (Fig. 3a), 
DI dyed, DIS dyed and ASW dyed cotton specimens 
with 3.5% o.w.f. Red-01 reactive dye. It is clear that 
DI, DIS and ASW− dyed cotton specimens (Fig. 3b–d) 

Table 7   (continued)
3.5

Yellow-
01 0.1

0.5

1.5

2.5

3.5

Yellow-
02 0.1

0.5

1.5

2.5

3.5

Yellow-
03 0.1

0.5

1.5

2.5

3.5
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Table 8   CIE L*a*b* value of dyed specimens

Dyestuff Conc DI DIS ASW− ASW+

% L a b L a b L a b L a b

Black-01 0.1 66.21  − 6.53  − 11.15 67.45  − 6.48  − 11.13 63.46  − 6.82  − 12.90 61.80  − 7.03  − 11.40
0.5 45.92  − 8.66  − 18.13 46.45  − 8.79  − 18.20 48.52  − 7.83  − 17.57 47.14  − 6.63  − 15.20
1.5 30.98  − 8.30  − 19.53 30.87  − 8.34  − 19.43 39.27  − 8.08  − 18.97 37.54  − 6.60  − 16.33
2.5 24.26  − 6.96  − 18.35 23.46  − 6.53  − 17.68 35.85  − 8.09  − 19.33 31.15  − 5.76  − 16.03
3.5 20.26  − 5.21  − 16.05 20.20  − 5.02  − 15.71 32.58  − 7.89  − 19.27 28.13  − 5.13  − 15.55

Blue-01 0.1 75.39  − 7.24  − 9.43 75.69  − 7.03  − 9.13 73.60  − 6.94  − 10.77 74.64  − 6.15  − 8.97
0.5 59.61  − 10.51  − 21.75 59.03  − 10.70  − 22.24 62.65  − 9.21  − 19.42 63.19  − 5.72  − 18.32
1.5 44.06  − 12.40  − 29.43 44.26  − 12.38  − 29.64 53.73  − 10.45  − 25.04 53.85  − 4.66  − 23.19
2.5 37.53  − 12.32  − 31.48 37.43  − 12.10  − 31.51 49.91  − 10.62  − 26.20 48.44  − 4.05  − 25.22
3.5 32.29  − 11.64  − 32.61 33.56  − 11.58  − 32.12 47.36  − 10.96  − 27.51 45.99  − 3.71  − 25.82

Blue-02 0.1 65.07  − 9.58  − 14.83 61.88  − 10.38  − 16.76 60.56  − 10.48  − 17.21 61.33  − 9.74  − 14.55
0.5 43.65  − 12.36  − 22.96 43.62  − 12.49  − 23.21 44.37  − 12.03  − 22.51 44.55  − 9.62  − 19.11
1.5 28.61  − 10.38  − 23.27 27.72  − 10.29  − 23.18 30.81  − 11.05  − 23.66 29.87  − 7.09  − 19.37
2.5 22.74  − 7.70  − 20.71 22.40  − 7.82  − 20.88 25.89  − 9.52  − 22.61 24.35  − 5.11  − 17.81
3.5 20.28  − 6.25  − 19.23 19.31  − 5.88  − 18.27 23.49  − 8.34  − 21.30 21.31  − 3.88  − 16.25

Blue-03 0.1 70.00  − 10.33  − 18.64 70.24  − 10.30  − 18.18 65.81  − 6.49  − 23.86 64.25  − 4.47  − 23.68
0.5 49.51  − 11.36  − 38.10 49.39  − 11.97  − 37.93 48.75  − 5.69  − 38.29 52.52  − 1.72  − 33.13
1.5 34.68  − 7.62  − 44.69 34.89  − 8.60  − 44.22 39.39  − 5.98  − 42.82 43.10 1.06  − 37.52
2.5 29.20  − 6.94  − 44.69 29.48  − 6.72  − 43.95 37.03  − 6.17  − 43.45 38.89 2.65  − 38.71
3.5 25.54  − 3.85  − 42.25 24.73  − 3.58  − 41.97 34.51  − 5.88  − 44.64 35.79 3.72  − 39.06

Blue-04 0.1 81.10  − 6.82  − 6.16 82.14  − 6.30  − 5.72 78.81  − 7.32  − 7.64 77.92  − 8.58  − 8.00
0.5 68.05  − 12.84  − 24.30 68.22  − 12.43  − 23.52 67.95  − 11.82  − 21.93 69.08  − 9.16  − 19.71
1.5 55.14  − 15.02  − 36.90 54.15  − 15.03  − 37.81 59.76  − 13.29  − 30.94 59.58  − 6.91  − 30.05
2.5 47.53  − 15.11  − 42.88 46.47  − 15.08  − 43.21 56.10  − 13.82  − 34.08 54.60  − 5.17  − 33.89
3.5 43.10  − 15.01  − 45.12 45.11  − 15.24  − 44.09 54.25  − 14.04  − 36.11 51.08  − 4.00  − 36.23

Navy-01 0.1 73.43  − 5.61  − 8.68 72.62  − 5.86  − 9.11 73.60  − 5.40  − 8.46 71.12  − 6.70  − 8.25
0.5 56.40  − 8.33  − 17.34 55.02  − 8.41  − 17.66 56.59  − 7.92  − 16.40 57.45  − 7.25  − 14.42
1.5 41.63  − 8.98  − 21.08 40.35  − 9.02  − 21.23 46.90  − 8.43  − 19.24 45.76 v6.63  − 17.00
2.5 35.16  − 8.55  − 21.33 33.81  − 8.49  − 21.54 42.08  − 8.53 v20.39 40.83  − 6.48  − 17.82
3.5 31.43  − 8.01  − 21.08 30.04  − 7.77  − 21.11 39.03  − 8.53  − 20.93 37.34  − 5.98  − 18.07

Red-01 0.1 80.48 19.06 2.63 80.91 18.77 2.49 79.61 19.53 2.68 76.32 20.41  − 3.06
0.5 68.19 34.37 0.65 68.23 34.44 0.29 69.44 31.88  − 0.04 65.36 32.96  − 7.68
1.5 56.42 45.34 3.32 57.24 44.81 2.87 62.30 38.40 0.34 55.98 41.42  − 8.79
2.5 51.51 48.61 5.66 51.67 48.76 5.72 58.73 41.47 1.45 51.05 45.31  − 8.34
3.5 48.24 49.86 7.65 48.13 50.23 8.05 57.27 42.28 1.72 47.73 47.25  − 7.60

Red-02 0.1 80.98 23.02 5.88 80.34 24.97 6.20 78.22 28.05 6.62 72.67 32.35  − 0.37
0.5 71.33 40.31 9.84 70.80 41.58 10.02 69.02 43.50 11.04 62.69 46.67 0.48
1.5 61.89 53.02 17.97 61.30 54.17 18.81 62.59 51.92 16.73 53.30 57.01 4.79
2.5 58.13 56.70 22.72 57.65 57.61 23.93 59.46 55.16 20.41 48.99 60.41 8.40
3.5 55.55 58.56 26.47 55.00 59.11 27.64 58.11 56.05 22.00 46.90 61.70 10.71
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Table 8   (continued)

Dyestuff Conc DI DIS ASW− ASW+

% L a b L a b L a b L a b

Yellow-01 0.1 90.17 5.87 24.41 89.57 6.75 28.21 87.89 8.51 33.00 86.34 3.76 31.45

0.5 86.69 13.30 46.44 85.99 14.53 50.64 85.40 14.71 48.75 81.76 10.63 48.85

1.5 81.78 23.15 66.22 80.94 24.72 69.19 82.53 20.59 60.93 76.24 19.21 62.51

2.5 78.68 28.54 74.12 77.94 30.15 77.59 81.05 22.85 64.45 73.75 23.48 66.86

3.5 76.78 31.47 77.75 75.59 33.57 81.12 80.11 24.75 68.04 71.66 26.53 70.09
Yellow-02 0.1 90.82 3.39 24.38 90.69 2.94 26.18 89.76 3.88 29.10 88.43  − 2.76 33.51

0.5 89.66 4.92 45.67 89.53 4.80 47.30 88.93 5.60 46.43 86.71  − 2.14 49.07
1.5 88.24 7.81 62.78 87.98 7.88 65.26 87.59 7.83 58.51 84.87  − 0.14 60.73
2.5 86.77 9.72 71.27 87.02 9.53 71.25 87.01 8.61 62.54 84.07 0.96 64.60
3.5 86.00 10.95 74.39 86.13 10.96 76.02 86.70 9.12 64.62 83.57 1.72 66.37

Yellow-03 0.1 88.42 9.51 37.50 87.76 9.77 37.10 87.89 9.80 35.99 85.53 5.95 34.31
0.5 84.06 18.51 61.41 84.02 18.86 61.30 84.93 17.09 54.24 80.46 14.54 52.37
1.5 80.30 27.36 78.56 79.42 27.98 78.86 82.33 22.73 65.94 76.55 21.36 62.68
2.5 78.03 31.20 84.19 77.76 31.45 83.78 81.28 24.69 68.75 75.17 24.00 66.75
3.5 76.73 33.20 87.28 76.47 33.56 86.58 80.51 26.05 70.92 73.98 26.16 69.04

Fig. 3   SEM images of cotton specimens (1000× magnification): a undyed; b DI dyed; c DIS dyed; d ASW− dyed; and e 
ASW+ dyed
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Table 9   Washing fastness 
results

Washing fastness of dyed specimens

Dyes Conc Colour change Colour staining

% Rating Wool Cotton

Black-01 0.1 5/5/5/5* 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 4–5/4–5/4–5/4–5
1.5 5/5/5/5 5/5/5/5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 5/5/5/5 4/4/4/4
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 3–4/3–4/3–4/3–4

Blue-01 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 4–5/4–5/4–5/4–5 5/5/5/5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4/4/4/4

Blue-02 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 4–5/4–5/4–5/4–5 5/5/5/5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4/4/4/4
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 3–4/3–4/3–4/3–4

Blue-03 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 4–5/4–5/4–5/4–5 5/5/5/5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4/4/4/4

Blue-04 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 4–5/4–5/4–5/4–5 5/5/5/5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4/4/4/4

Navy-01 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 4–5/4–5/4–5/4–5
1.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4/4/4/4
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 3–4/3–4/3–4/3–4

Red-01 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 4–5/4–5/4–5/4–5
1.5 4–5/4–5/4–5/4–5 5/5/5/5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4/4/4/4
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4/4/4/4

Red-02 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 4–5/4–5/4–5/4–5
1.5 4–5/4–5/4–5/4–5 5/5/5/5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4/4/4/4
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have generally smooth surfaces without noticeable fibre 
damage whereas ASW+ dyed cotton specimens have a 
small fibre damage on the surface and there are some 
loose and short microfibrils (Fig.  3e) owing to high 
content of NaCl. Therefore, it can be concluded that DI, 
DIS and ASW dyeing systems, to a large extent, do not 
cause significant damage on the surface of the cotton 
fibre.

Fastness properties

Washing fastness

The colour change and staining results of DI, DIS 
and ASW (ASW− and ASW+) dyed specimens 
after washing test are presented in Table  9. Both 
DI, DIS and ASW dyed specimens show very 
good to excellent washing fastness against colour 
change with rating between 4–5 and 5. In case of 
colour staining, most of the DI, DIS and ASW 
dyed specimens exhibit good to excellent washing 
fastness (rating 4–5) against colour staining in 
case of wool as well as cotton fabric. However, 

specimens dyed by black, blue-02 and navy-01 
reactive dyes have only fair washing fastness (rating 
3–4) on cotton since high concentration of reactive 
dyes has a tendency of higher colour fading when 
compared with yellow colour of reactive dyes. In 
short, the washing fastness of both DI, DIS and 
ASW dyed specimens is commercially acceptable 
and it validates that the colour measurement of 
the dyed specimens, to a large extent, is accurate 
and reliable since the unfixed dye and unwanted 
chemical auxiliaries are adequately removed after 
the rinsing process.

Crocking fastness

The colour staining results of DI, DIS and ASW 
(ASW− and ASW+) dyed specimens after dry and 
wet crocking are shown in Table 10. Both DI, DIS 
and ASW dyed specimens have excellent colour 
fastness (rating 5) against dry crocking. In case 
of wet crocking, they only obtain fair to excellent 
colour fastness (rating 3–4 to 5) when black, blue, 
navy and red reactive dyes are used. Better wet 

Rating 1: most colour change and staining; Rating 5: least colour change and staining. *Rating 
indication: DI/DIS/ASW−/ASW+

Table 9   (continued) Washing fastness of dyed specimens

Dyes Conc Colour change Colour staining

% Rating Wool Cotton

Yellow-01 0.1 5/5/5/5 5/5/5/5 5/5/5/5

0.5 5/5/5/5 5/5/5/5 5/5/5/5

1.5 5/5/5/5 5/5/5/5 4–5/4–5/4–5/4–5

2.5 5/5/5/5 5/5/5/5 4–5/4–5/4–5/4–5

3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
Yellow-02 0.1 5/5/5/5 5/5/5/5 5/5/5/5

0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 5/5/5/5 5/5/5/5 5/5/5/5
2.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5

Yellow-03 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 5/5/5/5 4–5/4–5/4–5/4–5 5/5/5/5
2.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
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Table 10   Crocking fastness 
results

Colour staining of crocked specimens

Dyes Conc DI DIS ASW− ASW+

% Dry Wet Dry Wet Dry Wet Dry Wet

Black-01 0.1 5 5 5 5 5 5 5 5
0.5 5 4–5 5 4/5 5 4/5 5 4–5
1.5 5 4 5 4 5 4/5 5 4
2.5 5 3–4 5 3–4 5 4 5 4
3.5 5 3–4 5 3–4 5 4 5 3–4

Blue-01 0.1 5 5 5 5 5 5 5 5
0.5 5 4–5 5 4–5 5 5 5 5
1.5 5 4 5 4 5 4/5 5 4–5
2.5 5 4 5 4 5 4 5 4
3.5 5 3–4 5 3–4 5 4 5 4

Blue-02 0.1 5 5 5 5 5 5 5 5
0.5 5 4–5 5 4–5 5 4–5 5 4–5
1.5 5 4 5 4 5 4 5 4
2.5 5 4 5 4 5 3–4 5 3–4
3.5 5 3–4 5 3–4 5 3–4 5 3–4

Blue-03 0.1 5 5 5 5 5 5 5 5
0.5 5 4–5 5 4–5 5 5 5 4–5
1.5 5 4 5 4 5 4 5 4
2.5 5 3–4 5 3–4 5 3–4 5 4
3.5 5 3–4 5 3–4 5 3–4 5 3–4

Blue-04 0.1 5 5 5 5 5 5 5 5
0.5 5 5 5 5 5 5 5 5
1.5 5 4–5 5 4–5 5 4–5 5 4–5
2.5 5 4 5 4–5 5 4–5 5 4–5
3.5 5 4 5 4 5 4–5 5 4–5

Navy-01 0.1 5 5 5 5 5 5 5 5
0.5 5 5 5 5 5 5 5 5
1.5 5 4–5 5 4–5 5 4–5 5 4–5
2.5 5 4–5 5 4 5 4–5 5 4
3.5 5 4 5 3–4 5 4 5 4

Red-01 0.1 5 5 5 5 5 5 5 5
0.5 5 4–5 5 4–5 5 5 5 5
1.5 5 4 5 4 5 4–5 5 4–5
2.5 5 4 5 4 5 4 5 4
3.5 5 3–4 5 3–4 5 4 5 4

Red-02 0.1 5 5 5 5 5 5 5 5
0.5 5 5 5 4–5 5 4–5 5 4–5
1.5 5 4 5 4–5 5 4 5 4
2.5 5 3–4 5 4 5 3–4 5 3–4
3.5 5 3–4 5 3–4 5 3–4 5 3–4
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crocking results are found when yellow reactive 
dyes are used in which both reveal good to excellent 
colour fastness (rating 4–5) against wet crocking. 
Overall, the crocking fastness of both DI, DIS and 
ASW dyed specimens is commercially acceptable.

Perspiration fastness

Table  11 shows the perspiration fastness results, 
including colour change and colour staining 
against acidic and alkaline perspiration, of DI, DIS, 
ASW− and ASW+ dyed specimens. Concerning 
colour change, nearly all the dyed samples in DI, 
DIS, ASW− and ASW+ medium can achieve 
excellent fastness results with ratings between 4–5 
and 5. Concerning colour staining, most of the DI, 
DIS, ASW− and ASW+ dyed samples can obtain 
good to excellent acidic and alkaline perspiration 
fastness (rating ranged from 4 to 5) while samples 
dyed with Black-01, Navy-01 and Red-01 receive 
a fair fastness rating of 3–4, which is commercial 

acceptable, at high dye concentration of 3.5%. In 
other words, both DI, DIS, ASW− and ASW+ dyed 
samples have similar acidic and alkaline 
perspiration fastness performance while the use of 
artificial seawater as dyeing medium does not cause 
adverse effect on the perspiration fastness of the 
dyed cotton samples.

Tensile properties

Figures  4 and 5 show breaking strength and 
elongation of undyed, DI dyed, DIS dyed and ASW 
dyed specimens in warp and weft directions. In 
warp direction, the dyed specimens (below 400N), 
including DI, DIS and ASW (ASW− and ASW+), 
reveal lower breaking strength (N) than undyed 
specimens (420 N) (Fig.  4a). The reduction of 
breaking strength is less than 30% (from 15 to 27%), 
as shown in Fig.  4c. The possible reason is that the 
dyeing process involves the use of temperature 
and chemicals which may cause a certain degree of 

Rating 1: most colour staining; Rating 5: least colour staining

Table 10   (continued) Colour staining of crocked specimens

Dyes Conc DI DIS ASW− ASW+

% Dry Wet Dry Wet Dry Wet Dry Wet

Yellow-01 0.1 5 5 5 5 5 5 5 5

0.5 5 5 5 5 5 4–5 5 4–5

1.5 5 4–5 5 4 5 4–5 5 4–5

2.5 5 4 5 4 5 4 5 4

3.5 5 4 5 4 5 4 5 4
Yellow-02 0.1 5 5 5 5 5 5 5 5

0.5 5 5 5 5 5 4–5 5 5
1.5 5 4–5 5 4–5 5 4–5 5 4–5
2.5 5 4 5 4–5 5 4–5 5 4–5
3.5 5 4 5 4–5 5 4–5 5 4–5

Yellow-03 0.1 5 5 5 5 5 5 5 5
0.5 5 4–5 5 5 5 4–5 5 5
1.5 5 4–5 5 4–5 5 4–5 5 4–5
2.5 5 4 5 4 5 4–5 5 4–5
3.5 5 4 5 4 5 4–5 5 4
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Table 11   Perspiration 
fastness results

Perspiration fastness

Dyes Conc Colour change Acidic staining Alkaline staining

% Rating Cotton Cotton

Black-01 0.1 5/5/5/5* 5/5/5/5 5/5/5/5
0.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
1.5 5/5/5/5 4–5/4–5/4–5/4–5 4/4/4/4
2.5 4–5/4–5/4–5/4–5 4/4/4/4 3–4/3–4/3–4/3–4
3.5 4–5/4–5/4–5/4–5 3–4/3–4/3–4/3–4 3–4/3–4/3–4/3–4

Blue-01 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4

Blue-02 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
1.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4
3.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4

Blue-03 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4

Blue-04 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4

Navy-01 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
1.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4
3.5 4–5/4–5/4–5/4–5 3–4/3–4/3–4/3–4 3–4/3–4/3–4/3–4

Red-01 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
1.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4
3.5 4–5/4–5/4–5/4–5 3–4/3–4/3–4/3–4 3–4/3–4/3–4/3–4

Red-02 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
1.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
2.5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4
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damage to the fibre, lowering the breaking strength of 
the fabric (Tang et al. 2023a; Zhang et al. 2021).

In weft direction, both undyed and dyed speci-
mens exhibit lower breaking strength (below 250 
N) than in warp direction (Fig.  4b) and the reduc-
tion of breaking strength of the dyed specimens is 
generally lower (less than 7.5%) compared with 
the undyed specimens (Fig.  4d). Higher break-
ing strength reduction of the dyed specimens in 
warp direction may be the result of improper warp 
yarn tension during processing which may have 
adversely affected the strength of the dyed cotton 
specimens (Syed and Jhatial 2013).

Elongation in warp and weft directions (Fig. 5), 
in both undyed and dyed specimens, is higher 
in warp (mm and %) than in the weft direction. 
Overall, dyed specimens display lower elongation 
(mm and %) than undyed cotton specimens. Warp 
breaking extension of both undyed and dyed 
specimens is generally above 15  mm and 20% 
(Fig.  5a, c) while the weft breaking extension is 
below 10 mm and 15% (Fig. 5b, d).

ASW+ dyed specimens generally have the lowest 
breaking strength (N and %) and extension (mm and 
%) in both warp and weft directions for all types 
of reactive dyes when compared with DI, DIS and 
ASW− dyed specimens whereas DI and DIS dyed 
specimens show the highest breaking strength and 
extension depending upon the reactive dyes.

Conclusion

The feasibility of using artificial seawater (ASW), 
prepared according to AATCC Test Method 106, 
to replace fresh water as the medium for dyeing of 
cotton fabric with eleven reactive dyes of different 
reactive groups was investigated in this study. Cotton 
fabrics were dyed in ASW media with (ASW+) or 
without (ASW−) addition of NaCl. The dyeing, 
colourfastness, surface and physical properties 
of ASW dyed cotton fabrics were examined and 
compared with those of cotton fabrics dyed in 
deionised (DI) and distilled (DIS) water media.

Rating 1: most colour staining; Rating 5: least colour staining. *Rating indication: DI/DIS/
ASW–/ASW+

Table 11   (continued) Perspiration fastness

Dyes Conc Colour change Acidic staining Alkaline staining

% Rating Cotton Cotton

Yellow-01 0.1 5/5/5/5 5/5/5/5 5/5/5/5

0.5 5/5/5/5 5/5/5/5 5/5/5/5

1.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5

2.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5

3.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4
Yellow-02 0.1 5/5/5/5 5/5/5/5 5/5/5/5

0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 5/5/5/5 5/5/5/5 5/5/5/5
2.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4

Yellow-03 0.1 5/5/5/5 5/5/5/5 5/5/5/5
0.5 5/5/5/5 5/5/5/5 5/5/5/5
1.5 5/5/5/5 5/5/5/5 5/5/5/5
2.5 5/5/5/5 4–5/4–5/4–5/4–5 4–5/4–5/4–5/4–5
3.5 4–5/4–5/4–5/4–5 4/4/4/4 4/4/4/4
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Although nearly all ASW dyed cotton fabrics 
obtained lower colour yield than DI and DIS dyed 
cotton fabric, the findings revealed that triazine-based 
mono- and bi-functional reactive dyes generally dis-
favoured cotton dyeing in distilled water and artifi-
cial seawater media while FCP-based mono- and bi-
functional and DCC-based monofunctional reactive 
dyes were more favourable to be used for dyeing of 
cotton fabric in DIS and ASW (ASW− and ASW+) 

media, resulting in higher colour yield. The pH value 
and salinity of the dyebath in those four different dye-
ing media were measured and the findings validated 
that low colour yield of ASW dyed fabrics may be 
the result of lower pH value of the dyebath and hard 
water caused by the presence of magnesium chloride 
(MgCl2).

Reflectance curves, even though ASW dyed speci-
mens generally had higher reflectance percentage, 

Fig. 4   Breaking strength of the dyed cotton specimens: a 
warp direction (N); b weft direction (N); c warp direction (%); 
and d warp direction (%). Remark: A = undyed; B = Black-
01; C = Blue-01; D = Blue-02; E = Blue-03; F = Blue-

04; G = Navy-01; H = Red-01; I = Red-02; J = Yellow-01; 
K = Yellow-02; and L = Yellow-03. % = percentage decrease in 
breaking strength of DI, DIS, ASW− and ASW+ dyed samples 
compared to that of the undyed samples
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were found to be of identical shape, verifying the use 
of ASW does not alter colour properties of the dyed 
specimens. Both DI, DIS and ASW dyed specimens 
reflected good to excellent colour levelness and fair to 
excellent fastness properties against washing, crock-
ing and perspiration, without any significant fibre 
damage (SEM images). In addition, those dyed cotton 
samples exhibited lower breaking strength and exten-
sion after the dyeing process when compared with the 
pristine undyed cotton fabric.

The findings of this work validated that using 
artificial seawater as medium for dyeing of cotton 
fabric was feasible. However, hard water owing to 
the presence of MgCl2, lower alkalinity of the dye-
bath as well as low salt content for promoting dye 
exhaustion in salt-free dyeing (ASW−) of cotton 
fabric were the main obstacles and further studies 

were needed to address these issues. As industries 
use significant amount of scarce freshwater, in the 
form of tap water or ground water containing min-
erals and impurities of uncertain compositions, 
for wet processing of textiles, this study provides 
insight on using alternative medium for cotton dye-
ing and serves as a benchmark on using real seawa-
ter for future sustainable practices.
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