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Abbreviations: CO, cotton; PES, polyester; EL, elastane

Introduction
Traditionally, denim has a white cotton weft and a dyed cotton 

warp with twill weave. Usually, the warp yarn is ring dyed where 
the dye is concentrated, as layers, on the surface of the yarn rather 
than diffused inside of the yarn. This phenomenon is exploited in the 
different finishing treatments of jeans where the aim is to partially 
remove the dye from the surfaces of the warp yarns to expose the 
lighter core of the yarns. In addition, the finishing treatments are 
used to remove sizing agents and to make the jeans softer and more 
comfortable. The stone wash with pumice stones is nowadays mostly 
replaced by the treatment with cellulase enzymes.1 During the enzyme 
treatment, the mechanical action in the washing drum, fabric-fabric 
friction and slight swelling of the outermost layers of wet cotton 
fibres increased the accessibility of cotton to enzymes and allowed the 
removal of dyes and caused desired fading and softening of the denim 
jeans.2,3 In addition to cellulases, laccases have been studied in the 
finishing of indigo dyed denim fabrics and they were found to degrade 
indigo both in solution and on denim successfully.4,5 It is commonly 
known that the denim fabrics are prone to be affected by the removed 
indigo during the desizing and enzyme treatment phase. The removed 
indigo dye is redeposited on the fabric which diminishes the look of 
the fabric, and is known as backstaining.6–8 

Ozone is an unstable gas and when transferred into water it can 
react with a target substance direct or indirect. In the indirect pathway, 
a promoter catalyzes the degradation of ozone into radicals. If such 
promoters are not present, ozone oxidizes the target molecules 
directly. Under acidic conditions (pH<4) the direct reaction pathway 
dominates and under basic conditions (pH>10) the dominating 
reaction mechanism is the indirect pathway.9,10 However, it is usually 
difficult to accurately determine the oxidation pathway when assessing 
the ozonation process.11 Molecular ozone is a selective oxidant 
with reduction potential of 2.07 V at 25˚C. The reduction potential 
of ozone is higher in comparison with typically used oxidizers, 

hydrogen peroxide (1.78V) and sodium hypochlorite (1.63V). Ozone 
oxidizes effectively organic compounds in water and thus, it is 
used in the cleaning of wastewater and drinking water.9 In addition, 
ozone rapidly and stoichiometrically decolorizes indigo in aqueous 
acidic solution.12,13 The phenomenon is exploited in the methods of 
determining the amount of ozone in aqueous systems12 as well as 
in the atmosphere.13–15 In acidic aqueous solution ozone cleaves the 
carbon-carbon double bond of sulfonated indigo and produces isatin 
sulfonate and isatoic disulfonate.12–14

Additionally, ozone is very effective in decolorizing textile 
effluents because it readily oxidizes the dye molecules. Oxidation 
of dye molecules proceeded typically through the molecular action 
of ozone without a significant reduction in organic carbon.16–21 This 
indicates that ozone cleaves the chromophore of the dye molecule 
but does not attack on the intermediates. On the other hand, in 
the advanced oxidation process, where the formation of radicals 
from ozone is catalyzed with H2O2 and UV irradiation, the organic 
carbon was reduced together with the decolorization of the dyeing 
effluents.19,22–25 In case of vat dyes, the ozonation of textile wastewater 
has been studied with indigo carmine as the model pollutant21 and 
actual textile effluent from a Malaysian plant using vat dyes.17 The 
studies agreed that the dyes were degraded mainly by the direct action 
of ozone. The direct reaction favors the cleavage of the carbon-carbon 
double bond of the indigo molecule, thus producing isatin. Further 
ozonation of isatin was not detected.21

In addition to waste water cleaning, ozone has been studied in the 
rinsing process of cotton fabric after dyeing with reactive dyes26 and in 
the bleaching of greige cotton fabrics.27,28 Additionally, the oxidation 
capacity of ozone in the finishing of indigo dyed denim jeans29 and 
reactive dyed cotton fabric30 has been studied. In both studies, the 
ozone gas was injected in a closed drum and the ozone treatment 
was carried out in gaseous environment. The fabrics were moistened 
before the treatment. Both studies agreed that the treatment time was 
the most critical parameter that had effect on the color fading. Hmida 
& Ladhari29 reported that the increased moisture content of the treated 
fabrics (from 10 to 60%) increased the lightness of the ozone treated 
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Abstract

The wet processing of denim jeans is required to achieve comfortable touch and 
versatile appearance for the final product. The finishing of denim jeans with ozone 
offers ecological and economic advantages by decreasing rinsing times, water and 
energy consumption. Ozone, a selective oxidant with high reduction potential, has 
proven to decolorize textile effluents and it is especially capable of reacting with 
indigo. In this study, the effect of ozone on the color change of denim fabrics and on 
the backstaining of the pocket fabrics was studied. Seven different denim fabrics, dyed 
with the indigo and mixture of indigo and sulfur dyes, were desized and bio-stoned 
and thereafter treated with ozone in aqueous medium. The response of the color of the 
indigo dyed denim fabrics to ozone was stronger in comparison with the fabrics dyed 
with the mixture of indigo and sulfur dyes. The pocket fabrics backstained during the 
desizing and bio-stoning and subsequent ozone treatment was able to decrease the 
backstaining. Ozone was able to bleach the denim jeans and decreased the backstaining 
without the significant loss of the strength of the fabrics. The combined desizing and 
enzyme wash followed by the ozone wash is thus a promising finishing treatment for 
denim jeans.
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fabrics. They explained that the water caused the slight swelling of the 
fabric surface and thus increased the available surface for ozone gas.

The wet processing of denim jeans requires considerable amount 
water, chemicals and energy. The finishing of denim jeans with ozone 
offers ecological and economic advantages by decreasing rinsing times, 
water and energy consumption. We studied the wet ozone process in 
the finishing of denim fabrics. In the system, ozone was dissolved in 
water and the denim fabrics were ozonized in aqueous environment. 
The wet ozone technology offers even treatment condition where the 
variation in the moisture content of fabrics is eliminated. The wet 
ozone processing combined with the bio-stoning eliminates rinsing 
steps and enhances the effect of bio-stoning by removing detached 
dye molecules. The objective was to study the evolution of the color 
of the denim fabrics during the process steps and the effect of ozone 
on the backstaining of the initially white pocket fabric. The effect of 
ozone on the tensile strength of the denim fabrics is also discussed. 

Materials and methods
Fabrics

The denim fabrics were commercially available denim fabrics 
from M.A.S.I Company’s reserve (Finland) and their properties are 
listed in Table 1. The square weight was measured according to ISO 
3801 (Determination of mass per unit length and mass per unit area). 
The amount of different materials in warp yarns was determined 
according to ISO1833 (Quantitative chemical analysis of binary fibre 
mixtures). The warp yarns were separated from the fabric by hand. 
Thereafter, the oven dried warp yarns were treated with 75% H2SO4 
at 50˚C for 1h. At these conditions, cotton is totally hydrolyzed. The 
residual solid material, if present, was filtrated, washed and dried in 
oven at 105˚C. The penetration of the dye was studied from the cross 
sections of the warp yarns with an optical microscope (Leitz Laborlux 
D). 

Table 1 Fabrics and their properties

Sample Dye as given by the 
manufacturer Shade Composition as given by the 

manufacturer*
Square weight, 
g/m2

Fabric 1 Indigo Mid/light indigo blue

90% CO

3456% PES

4% EL

Fabric 2 Indigo Mid indigo blue

87% CO

3359% PES

4% EL

Fabric 3 Indigo Mid indigo blue

94% CO

3654% PES

2% EL

Fabric 4 Indigo Darkest blue

91.5% CO

3306% PES

2.5% EL

Fabric 5 Indigo Indigo blue

91.5% CO

3306% PES

2.5%EL

Fabric 6 Indigo/sulfur Blackish blue

94% CO

3004% PES

2% EL

Fabric 7 Indigo/sulfur Indigo blue

89.1% CO

3008.4% PES

2.5% EL

Fabric 8 Indigo/sulfur Indigo blue
98% CO

340
2% EL

The pocket fabric was white 100% cotton. The denim fabrics were 
sewed into leg panels (32x20cm2) before the washing trials. Inside 

each leg panel, a piece of the white pocket fabric (about 17x11cm2) 
was sewed (Figure 1).
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Figure 1 Leg panel for the washing trials. The stich shows the pocket fabric 
inside the leg panel.

Washing trials

All the washing trials were carried out in industrial sampling 
size ozone wash-extractor equipment (Tonello). For the ozone trials, 
ozone was generated from oxygen and fed to the washing drum 
through the ozone dissolving system where ozone gas is dissolved 
into water. The system has an ozone destroyer and ozone sensors for 
detecting ozone leakages to avoid health and environmental risks. A 
combined desizing and bio-stoning was carried out in the same bath 
with the liquor ratio of 8:1 (dry garments to water), (Figure 2). The 
desizing was done with alpha-amylase enzyme (1g/l) for 15 minutes 
at 55˚C in neutral pH. Thereafter, acetic acid was added to adjust pH 
to 5.5 prior to the addition of cellulase enzyme (0.8g/l) for the bio-
stoning process. The enzyme treatment was carried out at 55˚C for 
40 minutes. After rinsing (2 minutes with ambient temperature water, 
20˚C), the enzymes were deactivated by adding alkaline detergent 
(1g/l). pH was raised over 9 and kept there for 10 minutes at 60˚C to 
ensure the deactivation. During the deactivation step, the liquor ratio 
was 6:1. The combined desizing and bio-stoning was ended with cold 
rinsing followed by tumble drying at 80˚C. 

Figure 2 Combined desizing and bio-stoning procedure.

For the trials with ozone, the desizing and bio-stoning step 
was done exactly the same way as mentioned before without the 
deactivation. After the first rinsing, pH was adjusted to pH 4.5 with 
acetic acid and ozone was injected directly to the liquor, which was 
circulated continuously to obtain the constant ozone dose (4.6 g ozone/ 
kg fabric) for the step. The ozone treatment was carried out at ambient 
temperature water (20˚C) with the liquor ratio of 5:1 for 30 minutes, 
(Figure 3). Thereafter, ozone was neutralized by increasing the 
temperature to 60˚C and by adding sodium metabisulphite (Na2S2O5, 
1.6g/l). The ozone step was ended with cold rinsing followed by 
tumble drying at 80˚C

Figure 3 Ozone wash procedure including the combined desizing and bio-
stoning.

Color of the fabrics

The color properties of the fabrics were measured in the visible 
region of the spectrum from 400 to 700nm with the illuminant 
D65 and standard observer at 10° with a Minolta CM1000R 
spectrophotometer. The colorimetric data (L*, a*, b* values and ΔE) 
is given as an average of five measurements. The color difference, ΔE, 
was calculated according to Equation 1. 

( ) ( ) ( )
1/22 2 2* * *   E L a b 

 
+ ∆


∆ = ∆ ∆ +

                                           
(1)

Mechanical properties of the fabrics
The mechanical properties of the fabrics were measured with 

Testometric M500 machine according to ISO 13934-1 (Tensile 
properties of fabrics -- Part 1: Determination of maximum force and 
elongation at maximum force using the strip method) only in the warp 
direction. 

Decolorization of liquid samples

The spectra of washing baths after the desizing and enzyme step 
and after the ozone step were recorded from the wavelength range of 
300–900nm with a Shimadzu UV-Vis spectrophotometer UV-160A. 
The water samples were filtrated before the analysis. For the reference 
indigo (CAS 482-89-3, Acros Organics, the USA) and isatin (CAS 91-
56-5, Merck KGaA, Germany) were dissolved in DMSO.

Results and discussion

Fabrics

The denim fabrics, their composition and square weight are listed 
in Table 1. Five fabrics were dyed with indigo and three fabrics with 
the mixture of indigo and sulfur dyes. The fabrics were all woven in 
twill weave with the dyed warp and white weft. The chemical analysis 
of the warp yarns confirmed that they were in each fabric made of 
100% cotton. In the microscopy analysis of the warp yarns, there were 
dark blue fibers in the outer layers of the yarn and less dyed fibers in 
the inside of the yarn indicating ring dyeing typical of the vat dyed 
denim (images not shown). The dye in the warp yarns of the Fabric 4 
was clearly penetrated deeper into the yarn compared with the other 
yarns. The dye penetration inside the warp yarns of the Fabrics 7 and 
8 was the shallowest. They had the very thin layer of dyed fibers. The 
penetration of the dye for the rest of the fabrics was quite similar.
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Effect of ozone on color of water samples

The UV-Vis spectra of water samples collected after the desizing 
and enzyme step and after the ozone step was recorded to study the 
effect of ozone on the color of the water samples. For the reference 
indigo and isatin were dissolved in DMSO and their spectra were 
recorded as well (Figure 4). The water sample after the enzyme step 
was clearly blue due to the removed dye particles. However, it did 
not follow the curve of the reference indigo sample. This is suggested 
being due to the presence of desizing chemicals in the sample. The 
water sample after the ozone treatment followed the curve of the 
reference isatin indicating the degradation of indigo to isatin.21 Thus, 
it was clear that ozone effectively decolorized the water during the 
ozone step. 

Figure 4 UV-Vis spectra of water samples collected after enzyme and ozone 
steps. For reference indigo and isatin were dissolved in DMSO.

Color of the fabrics 
The color of the denim fabrics was measured from the right side of 

the leg panels before any treatments and after the combined desizing 
and enzyme wash and after the ozone treatment. The evolution of the 
lightness (L*) of the denim fabrics during the treatments is shown 
in Figure 5. During the desizing and enzyme wash, the released dye 
partially attached back to the fabric which is seen as the decreased 
lightness value of the desizied and enzyme washed denim samples. This 
indicates that the enzyme wash made the fabric duller and decreased 
the contrast between the white weft and dyed warp yarns. It is known 
that acid cellulases remove indigo effectively.3,6–8 In acidic conditions, 
as in our studies, the redepositing of the removed dyes was explained 
by the less charged surface of cotton that enhanced the affinity of the 
negatively charged indigo to cotton and by the adsorption of enzymes 
with attached indigo on cotton.7,8 Additionally, acid cellulases were 
found to decrease the particle size of agglomerated indigo in water 
and thus, enhanced the redepositing.8 

When the ozone step was introduced after the desizing and 
enzyme wash, the lightness of the denim fabrics was increased near 
to the original lightness. The lightness of the fabrics dyed with indigo 
(Fabrics 1-5) was increased in each case slightly compared with the 
original lightness of the fabrics. However, in case of the fabrics dyed 
with the mixture of indigo and sulfur dyes (Fabrics 6-8), the lightness 
after the ozone treatment did not reach the original lightness of the 
fabrics. It is known that when ozone reacts with complex organic 
molecules, it favors the cleavage of carbon-carbon double bonds 
between the aromatic moieties.9,11,31,32 Thus, the chemical structure of 
indigo, two heterocyclic rings joined with the carbon-carbon double 

bond, is prone to be cleaved by ozone compared with sulfur dyes 
whose chemical structure is based on sulfur linkages. 

Figure 5 Lightness, L*, of the untreated (RFE), desized and enzyme washed (E) 
and desized, enzyme washed and ozone (O) treated denim samples.

The color difference of desized and enzyme washed denim fabrics 
and ozone treated denim fabrics was compared with the color of the 
untreated denim fabrics. The change in a* component during the 
different treatments was insignificant. However, the b* component 
changed clearly and the color difference of the blue component (Δb) 
was calculated (Figure 6). The color difference was the greatest after 
the combined desizing and enzyme wash. Originally lighter fabrics 
(especially Fabrics 1, 2 and 5) had bigger color change during the 
combined desizing and enzyme wash indicating that the whiter core 
of the ring dyed yarns appeared quicker in comparison to the darker 
fabrics. In addition to decreased lightness, the –b* value decreased 
during the enzyme wash which is seen as the increased Δb value in 
Figure 6. This indicates that the fabrics turned to more bluish due 
to the removal of the starch in the desizing step that brightened the 
blue color. Even the lightness of the samples after the ozone step was 
nearly the same as of the original denim fabrics, the color did not 
turn back to the original. This is due to the unchanged –b* value. 
The color difference of the ozone treated fabrics compared with the 
enzyme treated fabrics (ΔE O vs. E, in Figure 6) can be considered as 
the response of the fabric to ozone. The fabrics dyed with the mixture 
of indigo and sulfur dyes (Fabrics 6-8) had the lower response to the 
ozone compared with fabrics that were dyed with indigo (Fabrics 1-5). 

Figure 6 Color difference, ΔE, and difference in the b*-component, Δb, of 
the fabrics. E vs. REF=color of desized and enzyme washed fabrics compared 
with untreated fabric. O vs. REF=color of ozone treated fabric compared with 
untreated fabric. O vs. E=color of ozone treated compared with untreated 
fabric.
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A piece of white pocket fabric was sewed inside each leg panel. 
The color of the pocket fabric was measured after the desizing and 
enzyme wash and after the ozone wash and compared with the 
color of the untreated fabric. The backstaining of the pocket fabric 
was determined as the color difference between the untreated and 
differently treated pocket fabrics. The pocket fabric was clearly 
backstained during the combined desizing and enzyme wash due 
to the redeposition of removed dye on the pocket fabric. The ozone 
treatment was able to decrease the color difference of the pocket 
fabrics indicating the bleaching of the pockets (Figure 7). Those 
fabrics that had the good response to ozone also had whiter pocket 
fabric after the ozone treatment logically, (Figure 8).

Figure 7 Backstaining of the pocket fabrics i.e. color change (ΔE) of the 
pocket fabrics after enzyme, E, and ozone, O.

Figure 8 Relationship between backstaining of the pocket fabric after ozone 
wash (ΔE of pocket fabric after ozone) to the response of the denim fabrics 
to ozone (ΔE of fabrics ozone vs. enzyme).

Effect of ozone on mechanical properties of fabrics

The tensile strength of denim fabrics with the high (Fabric 2) and 
low (Fabric 8) response of color to ozone was measured in the warp 
direction, (Table 2). Regardless their different response on the color 
fading by ozone, the effect of ozone on their mechanical properties was 
at the same level. The strain was slightly increased after the desizing 
and enzyme step due to the removal of the sizing. The subsequent 
ozone treatment did not have an effect on the strain at break. The 
loss of strength of the fabrics was insignificant after the desizing and 
enzyme step compared with the untreated fabric. The ozone treatment 
decreased the strength of the Fabric 2 by 7% and Fabric 8 by 5%. It is 
known that ozone is able to cleave the glycosylic linkage of cellulose33 
and thus decrease the molecular weight of cellulose. Additionally, the 

decreased tensile strength of cotton fabrics after the ozone treatment 
has been reported.26–29

Table 2 Tensile strength and strain at break of denim fabrics. Standard 
deviation is given in parenthesis

Sample Force at break, N Strain at break, %

Fabric 2

 Untreated 1241 (47.8) 28.1 (0.64)

 Desized and enzyme washed 1233 (42.3) 29.2 (0.45)

 Ozone washed 1142 (62.4) 29.1 (0.45)

Fabric 8

 Untreated 1720 (120.2) 22.4 (0.50)

 Desized and enzyme washed 1763 (119.6) 29.2 (0.73)

 Ozone washed 1677 (43.1) 29.0 (0.84)

Conclusion 

Ozone was able to decolorize the water during the finishing 
treatment of denim jeans. It clearly cleaved the chromophores of 
dye molecules and turned initially blue water to yellowish. This is 
due to the cleavage of the carbon-carbon double bond of the indigo 
dye molecule that destroyed the chromophore of the molecule and 
produced yellow isatin. 

During the desizing and enzyme wash the lightness of the treated 
denim fabrics decreased due to the redeposition of released dye that 
decreased the contrast between dyed warp and undyed white weft. 
Additionally, the fabrics turn bluer due to the removal of sizing 
chemicals. Subsequent ozone treatment did not change the blue 
component of the fabrics, but was able to increase the lightness of the 
fabrics. The lightness of the fabrics that were dyed with indigo was 
increased more in comparison with the untreated fabrics. Thus, ozone 
was able to bleach the fabric. The response of the fabrics dyed with 
the mixture of indigo and sulfur was lower compared with the indigo 
dyed fabrics. This was suggested being due to the different chemical 
structure of the dyes. 

The backstaining was measured as the color difference of the 
treated pocket fabric compared with the untreated white fabric. During 
the desizing and enzyme wash, the pocket fabric clearly turned blue. 
The subsequent ozone treatment clearly decreased the color difference 
and was thus able to bleach the redeposited dye. The color difference 
of the denim fabrics during the desizing and enzyme wash did not 
correlate with the backstaining. However, the denim fabrics that 
showed the good response to the ozone also had lower backstaining 
after the ozone treatment, logically. 

The studies showed that the wet ozone wash, where the ozone is 
dissolved in water, was able to bleach the denim jeans and decreased 
the backstaining without the significant loss of the strength of the 
fabrics. The combined desizing and enzyme wash followed by the 
ozone wash is thus a promising finishing treatment for denim jeans.
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