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Abstract

In this master thesis, the feasibility of Fenton-oxidation for the decolorization of reactive dyed
cotton is investigated as a potentially environmental-friendly preparatory treatment for
mechanical/chemical recycling. Raw, knitted cotton is dyed with a black and a blue dye,
whereafter preliminary tests are performed to investigate the influence of increasing Fenton-
solution concentrations and different iron-sources on the efficiency of the discoloration,
without carrying out complete optimization of the process-parameters. Based on the
preliminary test-results, Fenton-treatments of the reactive-dyed cotton are upscaled, with
discoloration efficiencies of 62 and 73% (for the black- and blue-dyed cotton respectively).
Analytical characterization (by means of microscopy, TGA, DSC and FTIR) and mechanical
analysis (tensile tests and shredding of the fabric) of the upscaled treated samples are
performed, and the results indicate no major alterations of the main cellulosic structure of the
cotton fibers. However, besides the degradation of the dye-molecules, also some oxidation
(and therefore damage) of the cellulose-chains of the cotton fibers occurs, leading to reduced
mechanical properties. Although this facilitates the mechanical recycling process, it possibly
also reduces the quality of the re-spun yarns. Nevertheless, the Fenton-oxidation in the
context of decolorization of reactive-dyed cotton forms an interesting future research-topic
with many opportunities and prospects for increasing the efficiency and sustainability of the
recycling process, and therefore increasing the sustainability of the textile industry in general.

Keywords: Fenton-oxidation, advanced oxidation processes, decolorization, textile recycling,
cotton, reactive dye



Popular Abstract

The annual production of the textile industry has increased immensely due to changes in our
consumption-behavior and the development of fast fashion. Due to the industry’s high
energy- and water-demand and the generation of a substantial amount of landfill which
increases more and more every year, the textile sector has become one of the most polluting
industries. In 2018, only 15% of the yearly produced textiles was recycled, while 66% of the
produced textiles was disposed as landfill. Therefore, in order to increase the overall
sustainability of the textile industry, the amount of landfill should be reduced by reusing
disposed textiles after recycling (either mechanically or chemically). However, for efficient
recycling, foreign substances such as dye-molecules should be removed before the recycling
process. Therefore, color removal is an important preparatory treatment for efficient recycling
of waste-textiles.

One of the most common materials used in the textile industry is cotton, which is mostly dyed
with reactive dyes, which chemically bind to the fabric and are therefore difficult to remove
from the textile material. Consequently, decolorization of reactive dyed cotton usually
consists of highly energy- and water-consuming processes, which also require substantial
amounts of oxidizing/reducing agents (for example potassium permanganate or sodium-
hypochlorite) which are often toxic for the environment and harmful for the textile material.
Consequently, alternative, less harmful decolorization processes of reactive-dyed cotton have
become sought-after research-topics in the past decades. One example of a group of more
ecological processes which can be used in the oxidation of dye-molecules is called ‘advanced
oxidation processes’. This group consists of three types of mechanisms, which all generate
highly oxidative hydroxyl-radicals which will attack unsaturated bonds in organic substances,
such as the conjugated chromophore groups in dye-molecules. The three different types of
advanced oxidation processes are: ‘ozone-assisted degradation’, ‘photocatalytic degradation’
and ‘Fenton-oxidation processes’ (which consists of an iron-catalyst in the presence of
hydrogen peroxide).

All three types of AOP’s have been successfully used in the decolorization of dye-solutions.
However, only the ozone-assisted and photocatalytic oxidation processes have been
efficiently used for color removal from waste fabric. Therefore, decolorization of textiles by
means of Fenton-oxidation currently still forms a gap in research which is yet to be tackled.
For this reason, this master thesis investigates the feasibility of the Fenton-oxidation for the
decolorization of reactive-dyed cotton, and the influence of this process on the fabric and its
thermal and mechanical properties.



Complete optimization of the process-parameters is not performed, however, preliminary
discoloration experiments of black- and blue-dyed cotton are carried out to investigate the
influence of increasing Fenton-solution concentrations and the use of different iron-sources.
The results of these tests are used for determining the conditions for further upscaled Fenton-
oxidation based discoloration treatments. Hereafter, the upscaled discoloration allows
analytical tests by means of microscopy, thermal gravimetric analysis, differential scanning
calorimetry, Fourier-transform infrared spectroscopy, tensile tests of the unraveled yarn and
shredding of the dyed and discolored fabric. Results of the upscaled Fenton-treatment and
the analytical experiments indicate a decrease in color strength (62% discoloration of the
black-dyed cotton, 73% discoloration of the blue-dyed cotton), but also reduced mechanical
properties due to occurring oxidation of the cellulose-chain (and therefore damage to the
cotton fibers) besides the oxidation of the dye-molecules. However, since complete
optimization of all process-parameters via experimental design is yet to be performed in
future research, milder conditions achieving acceptable discoloration-efficiencies — which
cause less damage to the fibers — might be allowed.

In comparison to the activated hydrogen-peroxide decolorization used in industry, only 30-
60% of the required amount of H,0, and half of the required temperature is needed for the
Fenton-oxidation based discoloration applied in this thesis-project, which already indicates a
more ecological characteristic of the Fenton-mechanism due to lower chemical- and energy
demand. Moreover, the Fenton-treatment still has many aspects which offer opportunities
for improved sustainability of the process. Therefore, the Fenton-mechanism would be
feasible for discoloration of reactive-dyed cotton, and forms a future research-topic with
many opportunities for increasing the efficiency and sustainability of the recycling process,
and therefore increasing the sustainability of the textile industry in general.
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1. Introduction

1.1 Recycling in the Textile Industry

The annual global production of textile has increased immensely (Figure 1.1) due to changes
in consumption-behavior and development of fast-fashion. In 2018, a total amount of 17
million US tons (which corresponds to around 15,4 billion kilograms) of textile-products was
generated. At the end-of-life stage of these textiles, only 14,7% was recycled and 18,9% was
combusted for energy-recovery. The rest of these waste-textiles (66,4%) was deposited as
landfill (United states Environmental Protection Agency, 2022).

Considering the significant amount of generated landfill, together with the high energy- and
water-demand for the manufacturing of these textile-products, the textile-industry has
become one of the most polluting industries on earth. In order to decrease this pollution, the
waste-stream in the shape of landfill needs to be diminished. For that reason, textile recycling
processes have to be taken to a higher level.

Textiles Waste Management: 1960-2018

20,000,000

Recycling
15,000,000

Combustion with energy recovery

10,000,000

Tons

5,000,000

1960 1970 1980 1990 2000 2005 2010 2015 2017 2018
Year

Figure 1.1: Trend in the textile-production per year (in US tons) and the different types of waste
management from 1960 up to 2018 (United states Environmental Protection Agency, 2022).



1.2 Decolorization in the Textile Industry: Pretreatment for Textile Recycling

In order for textile to be efficiently recycled, aiming to regain as much of the initial quality of
the fibers as possible, foreign substances such as finishing-components and dyestuff should
be removed from the fabric before the chemical or mechanical recycling. Decolorization is
therefore a crucial preparation-step for efficient recycling of textile-products.

Current industrial decolorization processes are usually based on alkaline reductive processes,
which require high concentrations of various oxidizing and/or reducing agents which cleave
the chemical bonds of chromophore groups (Li et al., 2022). Common agents used for this
treatment are potassium permanganate (KMnQa), sodium-hypochlorite (NaClO), sodium-
hydrosulphite (Na;S;04), hydrogen peroxide (H,03)... which are known for their efficient
decolorization, nonetheless also known to be toxic and damaging to the textile (Powar et al.,
2021a). In addition, the decolorization processes require high temperature and liquor
consumption, and are therefore not ecological regarding waste-discharge, toxicity and
chemical- and energy-consumption (Powar et al., 2021a).

Since decolorization is an essential step towards efficient recycling in order to decrease waste-
disposal and increase sustainability of the textile industry, the search for efficient
decolorization of waste-fabric by means of alternative processes with a lower environmental
impact has become a popular research-topic during the past years.

A group of processes called ‘advanced oxidation processes’ (AOP) is one example of a recently
growing field in research aiming towards more environmental-friendly decolorization
processes. These processes all involve the generation of hydroxyl-radicals, which contain a
high oxidation potential and are therefore suitable for oxidizing unsaturated bonds of organic
substrates such as chromophore-groups in dye-molecules (Powar et al., 2021a).

This group of AOP’s consists of 3 different mechanisms, which all generate the highly-oxidative
OH-radicals: Fenton-oxidation (an iron-catalyzed mechanism), photocatalytic degradation
(UV-initiated) and ozone-assisted degradation. All three of these mechanisms have been
successfully used in decolorization of wastewater streams. Regarding the decolorization of
fabric, ozone-assisted and photocatalytic degradation have already been researched in recent
years, with varying color-stripping efficiencies depending on the process conditions. However,
to the best of my knowledge, the use of Fenton-oxidation for decolorization of fabric has not
yet been studied.

10



1.3 Research Gaps and Research Questions

Although the Fenton-oxidation mechanism has already been known for many years, the use
of this process for discoloration of waste-fabric as a pre-treatment for efficient textile
recycling currently still forms a gap in research. Therefore, the purpose of this master-thesis
is to investigate the feasibility of the Fenton-oxidation as an efficient tool for discoloration of
reactive dyed cotton fabric and investigate the influence of the treatment on the mechanical
and thermal properties of the decolored textile-material. The feasibility of mechanical
recycling of the Fenton-discolored textile material will also be studied. Based on that,
following research questions will be answered through this thesis-project:

a) ‘How does the Fenton oxidation affect the color removal of reactive-dyed cotton?’

b) ‘How does the Fenton-oxidation affect the thermal and mechanical properties of the
cotton?’

c) ‘How does the Fenton oxidation influence the mechanical recycling process of the
fabric?

11



2. Literature Review

2.1 What is Color?

Perception of color by the human eye is the result of interactions between electromagnetic
radiation and molecules present in the material. Electromagnetic radiation can be described
as a set of waves with a broad range of wavelengths, and therefore containing a broad range
of amounts of energy. Only a small part of this electromagnetic radiation (namely the
wavelength-range of around 400 — 700 nm) is visible to the naked eye and is also known as
‘visible light’ (Lee, 2021).

107 2m 107 7m 10°°m 103m 10'm

Microwaves Radio
Waves

Gamma Ultraviolet

Rays (UV)

Cosmic X-Rays

Rays

Infrared
(IR) Radar

ﬂblem

380 nm - 760 nm

<= »

400 nm 500 nm 600 nm 700 nm

Figure 2.1: Total range of electromagnetic radiation with the visible light consisting of wavelengths
between 400-700 nm (Lee, 2021).

When a substance is radiated by electromagnetic radiation, multiple phenomena can occur:
the electromagnetic waves can be reflected or scattered, transmitted, absorbed or a
combination of these phenomena (Bechtold & Pham, 2019).

A color of a substance is the result of the interaction between visible light and the substance
radiated by this light: when the radiated material contains molecules which (partly) absorb a
range of wavelengths within the visible range, the appearance of this material will be colored.
When absorbing the energy of the light-waves, electrons of the molecule will be excited to
orbitals of higher energy levels, whereafter the extra energy can be released again (by non-
light-emitting ways such as vibration or rotation within the molecule) and the electron will go
back to the initial energy-state. Therefore, a part of the initial electromagnetic range radiating
the material is absorbed and will not be returned to the observing eye, while the other
wavelengths are reflected at the surface (Figure 2.2). This will lead to a change in intensity of

12



the reflected and scattered light which reaches the eye, and consequently the substance will
be visible as colored material (Bechtold & Pham, 2019; Datacolor, 2023).

White Blue light
light reflected

other wavelengths
absorbed

Figure 2.2: illustration of physics of light and color: white light (spectrum of wavelengths from 400 —
700 nm) falls into substance which absorbs part of the spectrum, and only reflects specific range of
the visible spectrum (cyan blue in this case), which gives the substance a blue color.

2.1.1 Molecular Structure of Dyes

Not all molecules have the ability to absorb light (within the visible range). The ones which do,
usually consist of large, conjugated electron groups such as conjugated double bonds and
aromatic rings. These types of molecules are usually called ‘dyes’, and the conjugated groups
responsible for the color of the dye-molecules are called ‘chromophores’. Most chromophores
of textile-dyes contain one or more azo-bonds (-N=N-) or anthraquinoid structures (Figure
2.3). Therefore, those dyes are respectively called ‘azo-dyes’ and ‘anthraquinone dyes’
(Bechtold & Pham, 2019).

NH, o Na
0 0

' O‘O b
0]

Na
OZSI 0
Ly 0 5
5 S,
ST e
N OH NH, N 0=8=0
N N H
o I 1 Lo bs
S IS\ /
O

0
a) Na b)

Figure 2.3: structure of a) di-azo-dye (C.l. Reactive Black 5) and b) anthraquinone dye (reactive blue
19) (Bechtold & Pham, 2019).
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The aromatic groups of the chromophores also usually contain multiple substituents, such as
-OH, -NH,, -COOH, -NO.... These substituents affect the absorbed wavelength-range due to
their mesomeric- and inductive-effects on the conjugated systems, and therefore also have
an impact on the color of the substance (Bechtold & Pham, 2019).

Since most of the dye-molecules consist of big conjugates systems, they are usually rather
hydrophobic. In order to allow dissolution in the dye-bath and diffusion from the dye-solution
to the fabric, the dye-molecules also usually contain some solubilizing groups, for example
sulphonated groups (-SO3°) (Bechtold & Pham, 2019), as is also visible in Figure 2.3

2.1.2 Reactive Dyes

Multiple types of dye exist, with different properties and applicable for different kinds of
materials. Reactive dyes are a group of dye-molecules which form a covalent bond with a
substrate in a chemical reaction (nucleophilic substitution or nucleophilic addition).
Therefore, reactive dyes are only compatible with fabrics containing a substantial amount of
nucleophilic functional groups, such as hydroxyl-groups (-OH) and amino-groups (-NH2). As a
consequence, reactive dyes are mainly used for cellulosic fibers such as cotton (containing
hydroxyl-groups on the glucopyranose-rings), and protein fibers such as wool and silk
(containing hydroxyl- and amino-groups on the amino-acids which form the basis of the
protein-fibers) (Bechtold & Pham, 2019).

Reactive dyes usually consist of a chromophore system with its substituents, some solubilizing
groups and a reactive binding group which will make the reaction with the fabric surface
possible. Various types of binding groups exist, such as vinyl-sulphone groups (visible in both
dyes in Figure 2.3), dichloro-triazine groups, monofluoro-triazine and many more. For reactive
dyes with vinyl-sulphone binding groups in the presence of alkali, an addition-reaction
(2.1 & 2.2) is initiated by the nucleophilic groups of the fabric (for example OH-groups in
cellulosic fibers) which attack the carbon double-bond (-C=C-) in the vinyl-binding-group of
the dye (Bechtold & Pham, 2019).

_ alkali (2 1)
Dye — SO, — CH, — CH, — 0 — SO3 Na —— Dye — S0, — CH, = CH, + NaHSO0, -

Dye — S0, — CH, = CH, + cellulose — Dye — S0, — CH, — CH, — O — cellulose (2.2)

14



2.1.3 Color Measurement

When electromagnetic radiation reaches the human eye, it is transformed into a physiological
signal. As a consequence, many physiological and psychological factors influence our
individual perception of color, and difference in individual color-perception will therefore
always hinder a generalized description of color-observation-systems by the naked eye
(Bechtold & Pham, 2019).

For that reason, several color measurement systems have been developed in an attempt to
transfer the physiological color-properties of materials into objective and measurable units
with accompanying values, in order to standardize perceived colors in terms of color-
definition and -communication. Multiple color-measurement systems exist, but one of the
most widely used colorimetric systems is the CIELAB color-space, drawn up by the Commission
Internationale de I’Eclairage (or ‘CIE’) (Bechtold & Pham, 2019).

This CIELAB color-space was developed to obtain a generalized and uniform description of
color by means of its characteristic coordinates (L*, a*, b*) in the three-dimensional color-
space (Figure 2.4). The coordinate L* gives a value for the lightness of a color (L*=100 for white
substance, L=0 for black substance). The a*-coordinate represents the position of the
measured color along the red-green axis and the b*-coordinate represents the position along
the yellow-blue axis. The position of the color in the a*,b*-plane can also be described by
polar C*,h*-coordinate-system, in which vector C* represents the chromaticity or saturation
of the color, while the hue or color angle h* defines the color quality (Bechtold & Pham, 2019).

White

L* =100 i ;
Yellow

b” positive
C
Green %{
a* negative

Red
a” positive

Blue

b" negative ’ Black
L=

Figure 2.4: Three-dimensional representation of the CIELAB-color space, with characteristic
coordinates (Bechtold & Pham, 2019).
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Although the CIELAB color-coordinates enable generalized description of color and color
differences, this system does not suffice when the color-strength needs to be described. As a
consequence, color strength is frequently assessed by the Kubelka—Munk color strength ‘K/S’.
This value is received by measuring the reflectance curve after radiation of a surface and
applying the Kubelka—Munk function (eq. 1): at a given wavelength, this function calculates a
value for the ratio of light that is absorbed (K) to the amount of light that is scattered (S).
When more light is absorbed and less light is scattered, the K/S-value (and thus color strength)
increases (Bechtold & Pham, 2019).

Kubelka—Munk function:  K/S = (1 —B)?/2p (eq.1)

With [ the reflection at a given wavelength, with a value between 0 - 1.

2.2 Decolorization of Textiles as a Pre-treatment for Textile Recycling

As was discussed in the introduction, the decolorization of textiles is regarded as an important
preparation-step for efficient recycling of textile-products.

Cotton is one of the most common materials in the textile industry and more than 50% of
cotton textiles are reactive-dyed (Li et al., 2022). As a consequence, effective removal of this
reactive dyestuff is of importance for efficient recycling. However, since reactive dyes bind
covalently to the cotton-substrate, the removal of these dye-molecules usually require high
concentrations of various oxidizing and/or reducing agents which cleave the chemical bonds
of chromophore groups (Li et al., 2022). Current industrial decolorization is based on alkaline
reductive processes, using agents such as hydrogen-peroxide (H.0;), potassium
permanganate (KMnQa), sodium-hypochlorite (NaClO) and sodium-hydrosulphite (Na2S204).
However, these components are known to be toxic and damaging to the textile. In addition,
these decolorization processes require high temperature and liquor consumption, and are
therefore not very sustainable regarding waste-discharge, toxicity and chemical- and energy-
consumption (Powar et al., 2021).

For example, for activated alkaline hydrogen peroxide decolorization, temperatures of 70-
90°C and bleaching-solutions with 0,5-1M H;0; at pH = 10 with a fabric-to-liquor-ratio of
around 1:30 for 60 to 180 minutes are required in order to obtain discoloration percentages
of around 50 to 96% (Li et al., 2021; Maattdnen et al., 2019; Walger et al., 2015). Therefore,
high temperatures, big volumes and high concentrations of H,0; are required.

16



2.2.1 Alternative Decolorization Processes: Advanced Oxidation Processes

Recently, multiple alternative oxidation processes are being researched, aiming to decrease
the environmental impact of decolorization processes compared to the currently used alkaline
reductive processes.

‘Advanced Oxidation Processes’ have recently become a frequently studied research-topic
aiming towards more environmental-friendly decolorization processes. These processes all
involve the generation of hydroxyl-radicals, which have a high oxidation potential and are
therefore suitable for oxidizing unsaturated bonds of organic substrates (A. Powar, Perwuelz,
Behary, Hoang, et al., 2021). OH-radicals can potentially fully mineralize the organic substrate
(R) into carbon dioxide (COz) and water (H20), for example through hydrogen abstraction:

R+ OH* - Roxidized + HZO (23)

The AOP-group consists of three different types of mechanisms, which are described in the
sections below.

2.2.1.1 Ozone

In an ozonation treatment, ozone (Os) is generated and reacts with the substrate in a reactor.
This generated ozone is a strong and selective oxidant, which can react directly with the
substrate (2.4) or indirectly via secondary oxidants, namely OH-radicals (2.5 & 2.3). The
ozone or secondary oxidant attacks conjugated double bonds of the chromophore group of
the dye-molecules, making it an efficient decolorization treatment for wastewater or textile-
substrates (Powar et al., 2021a).

Direct reaction: O3 + R = R,yidized (2.4)
Indirect reaction: O; + H,0 - 20H™ + 0, (2.5)
R+ OH" - Roxidized + H20 (23)

Plenty of research articles investigate the ozone-assisted decolorization of water and textiles,
with varying color-stripping percentages depending on the applications and reaction-
conditions. An overview of the state of the art of ozone-assisted degradation of dye-molecules
in solution and on fabric is given below, and other detailed studies can be found in Atav et al.
(2022), Chen et al. (2009), He et al. (2019), Song et al. (2007), Wang et al (2022), Zainal et al.,
(2012), Zhou et al. (2013) and Zulfigar et al. (2023).
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Table 2.1: overview of state of the art of ozone-assisted degradation of dye in solution and on fabric.

Reference Process description Color stripping

Rekhate & Srivastava, 2020 Ozone-based (O3, O3/UV and Os/Fe(ll)) decolorization 49-98%
of azo-dye in solution

Powar et al., 2020 Ozone-based decolorization of reactive dyed cotton 33-98%
Powar et al., 2021b Ozone-based decolorization of pigment-printed cotton 23-95%
Lou et al., 2022 Ozone-based decolorization of disperse dyed polyester 10-51%

2.2.1.2 Photocatalysis

Photocatalytic stripping involves solar- or UV-initiation and semiconductor nanoparticles —
such as TiO; — catalyzing the production of OH-radicals which will then cause the oxidation
and degradation of organic compounds such as dye molecules (Ajmal et al.,, 2014). The
mechanism is illustrated in Figure 2.5.

0,

2H*

!
07" > 20H* —

band gap
energy

irradiation

Dye ———— Oxidation products

H* + oH* —1

Eg = h*v
Semiconductor
particle

valence band

H,0
Figure 2.5: mechanisms occurring in photocatalytic dye-degradation: catalyzed by a semiconductor
particle and initiated by irradiation of a light-energy source, based on Ajmal et al. (2014).

The photocatalytic degradation of dyes in wastewater has already being investigated, and
recently photocatalytic color fading of textiles is being researched as well. An overview of the
state of the art of photocatalytic degradation of dye-molecules in solution and on fabric is
given below, and other detailed studies or reviews can be found in Ajmal et al. (2014), Eren
(2019), Qutub et al. (2022), Rafiq et al. (2021), Shah et al. (2021) and Soutsas et al. (2010).

Table 2.2: overview of state of the art of photocatalytic degradation of dye in solution and on fabric.

Reference Process description Color stripping
Neppolian et al., 2002 Photocatalytic degradation of reactive dye in solution 10-100 %
Long et al., 2017 Photocatalytic decolorization of reactive dyed cotton 79-98 %
with TiO;
He et al., 2021 Photocatalytic decolorization of reactive dyed cotton 23-95%
with K;S,03s
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2.2.1.3 Fenton-oxidation

The essence of the Fenton-mechanism is an Fe(ll/111)-catalyzed oxidation of organic substrates
in the presence of H,0,. Hereby, OH-radicals are generated from the reduction of the H,0; by
the iron-catalyst (2.6), which will then attack unsaturated bonds (2.3) in the chromophore
group of the dye-molecule (Swaminathan et al., 2003).

Fe?* + H,0, » Fe3* + OH™ + OH* (2.6)

R+ OH* - Roxidized + HZO (23)

Alternatives to this chemical Fenton-process have been developed, aiming to improve the
efficiency. For example electro-Fenton uses electrochemical reduction of O into extra H,0,,
which leads to higher yield of OH-radicals and thus higher oxidation efficiency of the
mechanism (Ozcan & Ozcan, 2018). Sono-Fenton reactions on the other hand, are carried out
in an ultrasound sono-reactor, giving extra energy to the reaction-medium and therefore
increasing the amount of generated OH-radicals in the medium. Photo-Fenton reactions work
similarly, however with extra energy delivered by a UV-source in a photoreactor
(Sundararaman et al., 2009). Lastly, bio-Fenton reactions utilize enzymatic activity for in-situ
generation of H,0;, which makes the additions of H,O, to the reaction mechanism
unnecessary (Karimi et al., 2012).

Fenton-oxidation has only been researched in the context of decolorization of dye-solution.
An overview of the state of the art of Fenton-oxidation for the degradation of dye-molecules
in solution is summarized below, and other detailed studies or reviews can be found in Barros
et al. (2006), Ghoneim et al. (2011), Huang et al. (2008), Kahoush et al. (2018), Kim et al.
(2004), Ramos et al. (2021), Soon & Hameed (2011), Sun et al. (2009) and Yu et al. (2005).

Table 2.3: overview of state of the art of Fenton-oxidation of dye in solution.

Reference Process description COD removal
Swaminathan et al., 2003 Fenton decolorization of azo dye-solution 5-82%
Ozcan & Ozcan, 2018 Electro-Fenton decolorization of azo dye-solution 82-98%
Sundararaman et al., 2009 Fenton, photo-Fenton and sono-Fenton 80-98 %

decolorization of azo dye-solution
Karimi et al., 2012 Bio-Fenton decolorization of azo dye-solution 55-90%

Morshed, 2021 bio-Fenton decolorization by immobilized GOx and 32-78%
inorganic (Fe®) catalysts on non-woven polyester
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2.2.2 Progress and Prospects of Color Removal Processes using AOP’s

When doing a search on ‘advanced oxidation processes’ on Web Of Science, 95 search-results
written in the past 10 years turn up. When entering both ‘advanced oxidation processes’ and
‘color removal’, only 10 search-results written in the past 10 years can be found. Therefore, it
is clear that the use of advanced oxidation processes in the context of decolorization is in its
early stages. Other applications of advanced oxidation processes are for example in treatment
of waste-water streams from pharmaceutical activity (Kaur et al., 2019), agricultural activity
and livestock farming (S. Ameta, 2018).

As a consequence, interest in the use of AOP’s in decolorization-processes is rather recent.
Nonetheless, the search towards an accessible and more environmental-friendly
decolorization process is an important step towards extended and more efficient recycling
processes, and therefore increased sustainability in the textile industry.

Although the Fenton mechanism has been used in the oxidation of organic compounds for
many years, the first research articles focusing on the removal of color from wastewater
effluents only appeared around 1990 (for example in Kuo (1992), Lin & Peng (1995), Park et
al. (1999)) Furthermore, despite the trend of ozone- and photocatalytic degradation being
researched in the context of decolorization of textiles, Fenton-oxidation has barely been
researched for decolorization of textile as a pretreatment for recycling. Therefore, the use of
Fenton-mechanisms for color-stripping treatments of fabric still forms a gap in research.

1894 1934 ~1940

Fenton process D Fenton process ={> Ozone treatment gains
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Fenton waste-water photocatalytic
" treatment gains interest <}=' treatment of waste-
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color stripping of fabric
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I
I
|
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I

| S| Fenton decolorization
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Figure 2.6: timeline of progress in research of the advanced oxidation processes and its use in color
removal-treatments.
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2.3 Fenton-oxidation: Mechanism and Influencing Factors

2.3.1 Mechanism

The reaction-mechanism of Fenton-oxidation requires ferrous (Fe?*) or ferric (Fe3*) cations
and H;0,, in order to oxidate unsaturated bonds of the organic substrate present in the
reaction-solution. The reactions occurring in the mechanism are:

Fe?* + H,0, > Fe3* + OH™ + OH* k =40—-80L/mol *s (2.6)
R+ OH" = Roxigizea + H20 (2.3)
Roxidizea + OH" = CO; + H,0 (2.7)
Fe3* + H,0, > Fe?* + HO," k=9%10""L/mol x s (2.8)
Fe3* + HO," -» Fe** + 0, + H* k=03—-2%10°L/mol*s (2.9)

In reaction 2.6, Fe?* is oxidized to Fe3* while generating hydroxyl-radicals, which will act as the
main oxidizing-agents in the degradation of organic compounds (Vasquez-Medrano et al.,
2018): the highly oxidative OH-radicals will attack unsaturated bonds of the organic molecules
(R) present in the medium (2.3). In theory, the organic substances can be completely
degraded into CO; and H,0 (2.7) (Morshed, 2021).

The Fe3* generated in reaction 2.6 will also react with H,0, in order to regenerate the Fe-
catalyst for continuation of the oxidation (2.8 & 2.9), however, at a much lower speed than
the first reaction. Therefore, the regeneration of the Fe-catalyst is the rate-determining step,
however crucial for not depleting the iron available for the hydroxyl-radical production
(Vasquez-Medrano et al., 2018).

The performance of Fenton-reactions depends on several process parameters. The most
obvious process-parameters are pH, Fe?*-concentration, H,0,-concentration, temperature
and reaction time. Naturally, more parameters influence the reaction-efficiency (such as
organic substance concentrations and others), but the sections below will describe the most
important influences on the process.
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2.3.2 Influence of pH

The pH plays an important role in the ability to regenerate the ferrous cation: when the pH
increases (starting from pH = 4), Fe3* will form a brown-colored precipitate iron(lll)hydroxide
(2.10). As a solid, the iron will not be able to contribute to the oxidation of the organic
molecules, and therefore will lead to lower efficiencies of the Fenton-treatment.
Consequently, the Fenton-oxidation works most efficient in a low pH (Vasquez-Medrano et
al., 2018). However, at too low pH (< 2), the hydroxyl radicals can react with the protons
(2.11), which will also lead to a decreased efficiency (Giwa et al., 2020). An optimal pH for
Fenton-reactions hence lies between pH =2,5-4.

Fe3t & Fe(OH)?** & Fe(OH)} & Fe(OH); (s) (2.10)

OH*+H*+e~ - H,0 (2.11)

2.3.3 Influence of Fe?*-concentration

An increasing concentration of Fe?* will increase the oxidation-performance up to a certain
level, whereafter the performance of the reaction will stagnate with increasing iron-source.
This is caused by the increasing concentration of Fe3* — due to the slow conversion back to the
reactive ferrous form — and consequently more chance at undesired precipitation-reactions
(2.10) (Kahoush et al., 2018) .

2.3.4 Influence of H,0,-concentration

Similar to the influence of Fe?*-concentration, an increasing amount of hydrogen peroxide will
increase the efficiency of the Fenton-performance up to a certain level. Since H,O0; is a rather
unstable molecule, too high amounts will lead to consumption of the formed hydroxyl-
radicals, with production of hydroperoxyl-radicals with lower oxidation potentials (2.12) and
possibly even consumption in recombination reactions (2.13) which will lead to reduced
decolorization performance.

H,0, + OH* —» HO} + H,0 (2.12)

HO; + HO; - H,0, + 0, (2.13)
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2.3.5 Influence of Temperature

The Fenton-oxidation is an endothermic mechanism, and therefore increased temperatures
give higher conversion percentages. In Giwa et al. (2020), temperatures from 25-45°C are
tested, showing increasing efficiencies with increasing temperature. In theory, even higher
efficiencies can be achieved with even higher temperatures. However, with an eye on
sustainability, too high energy-consumptions due to high temperatures should be avoided.

2.3.6 Influence of Reaction Time

Oxidation-efficiencies increase with longer reaction-duration. However, at a certain point,
most of the hydrogen-peroxide will be consumed and the reaction will slow down. For
example, in Swaminathan et al. (2003), this stagnation occurs after a duration of 120 minutes.

2.3.7 Optimal Conditions for Fenton-decolorization of Dye-solutions

As mentioned above, only optimizing studies on treatments of dye-solutions can be found in
literature. Optimal conditions for this treatment - based on research articles and reviews
found in literature - are presented in Table 2.4.

However, the conditions presented in the table below are optimal for dye in solution, with a
concentration of around 20-25mg/L. When treating dyed cotton, the dye is bound to the fabric
and is present in higher concentrations than 20mg/L. Therefore, optimal conditions for the
chemical Fenton-oxidation of dye in solution will still be different than for discoloration of
dyed fabric.

Table 2.4: summary of optimal conditions for Fenton-discoloration of dye in solution (~20mg/L dye),
based on Giwa et al. (2020), Kahoush et al. (2018) and Swaminathan et al. (2003).

Parameter pH T(°C) [H202] (mM) [Fe?*]/[H.0,]  Time (min)

Optimal value 3-4 35-45 40-70 0.05 30-120
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2.3.8 Fenton-like Mechanisms

‘Fenton-like’ mechanisms follow similar mechanisms as mentioned above, but instead of
adding Fe?*, other types of iron-sources (Fe3* or Fe®) are added to the reaction-medium.

For example, when Fe3* is added, the reaction-medium starts with the much slower Fe?*-
catalyst-generation reactions (2.8 & 2.9), before production of the hydroxyl-radicals is
possible. Therefore, the Fenton-like mechanisms using an Fe3*-source are usually much slower
in the first stages of the reaction. Moreover, the pH should stay low enough (pH = 3) for this
mechanism to avoid unwanted precipitation reactions of the Fe3* (2.10) (Wang, 2008).

Besides the slower reaction-mechanism of Fe(lll)-sources, ferric ions (Fe3*) are also known to
be good coagulant-flocculants for negatively charged organic substances, leading to
destabilization of the charged molecules by means of charge neutralization. Since most dye-
molecules contain negatively charged sulfonated-groups for increased solubility of the dye-
molecule, they are susceptible to coagulation with the ferric ions, which consequently also
leads to a discoloration-effect (Kim et al., 2004).

Therefore, using Fe(lll)-sources will also lead to discoloration, however possibly due to an
accumulative effect of the Fenton-mechanism and coagulation of the ferric-ions with the dye-
molecules as in Kim et al (2004).

2.3.9 Environmental Challenges of Fenton-oxidation

The Fenton-oxidation mechanism has promising qualities for a more sustainable version of
decolorizing treatment of waste fabric. However, the actual effect of the process on the
environment is not yet known. For example, the mechanism might require lower amounts of
toxic and flammable chemicals (such as H203), but still some of this chemical is needed for the
reaction to occur. Moreover, Fe-cations are used in the mechanism, which can possibly also
contribute to pollution of effluents due to the formation of hydroxo-complexes with certain
reactive species causing them to deactivate (Kahoush et al., 2018). Furthermore, the reaction-
mechanism works optimally at a low pH (2,5 — 4), which also influences the impact of the
process on the textile-material and on the environment. Therefore, the Fenton-mechanism
might have promising prospects for sustainable decolorization, but the exact impact of the
Fenton-solution on the textile-material and on the environment is yet to be investigated.
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2.3.10 Bio-Fenton: Mechanism and Influencing Factors

Alternatives to the chemical Fenton-process — developed for increasing the efficiency and/or
sustainability — were introduced in section 2.2.1.3: electro-Fenton, photo-Fenton, sono-
Fenton and bio-Fenton. The latter (bio-Fenton) is considered as an environmental-friendly
version of the chemical Fenton-mechanism, which uses enzymatic glucose oxidase (GOx) for
in situ production of H,0, and D-glucono-1,5-lactone (CsH1207) from the substrate [-D-
glucose (CeH1206). This mechanism avoids the need to store, transport and add the toxic and
flammable H,0; to the reaction medium (Kahoush et al., 2018). Moreover, the bio-Fenton
mechanism requests a lower energy-consumption and uses natural, bio-sourced catalysts
which can perform under milder conditions (Karimi et al., 2012; Morshed, 2021). Because this
thesis-project has the aim to focus on sustainability, also the mechanism and influencing
factors of the bio-Fenton process will be discussed in the section below.

As mentioned above, the H;0; is in situ-produced by enzymatic activity (2.14). The rest of the
mechanism is similar to the mechanism described for the chemical Fenton-mechanism
(2.6,2.3,2.7,2.8 & 2.9) in section 2.3.1.

GO
CsH1,06 + H,0 + 0, =5 CgHy,05 + H,0, (2.14)

The enzymes used in the bio-Fenton process (glucose oxidase) are more sensitive to changes
in parameters and can even denaturate when the conditions become too extreme. Therefore,
the optimal reaction-conditions for bio-Fenton will be different than for the chemical Fenton-
treatment. The factors influencing the efficiency of the bio-Fenton treatment are: pH, Fe?*-
concentration, enzyme-concentration, glucose-concentration, temperature and reaction
time.

The pH of the mechanism should now not only be beneficial for the Fenton-reaction, but also
for the enzyme. However, these two mechanisms have different optimal pH-values: Fenton-
oxidation works best in pH = 2,5 - 4 (see section 2.3.2) while the enzyme is active in a pH-range
from 4 — 8, with an optimum activity at pH = 5,5 (Zia et al., 2007). Furthermore, at a pH below
2 or above 8, the bonds within the enzyme can be disrupted, which leads to unfolding of the
active sites, and therefore inactivates the enzyme. Consequently, a middle ground achieving
acceptable productivity for both mechanisms should be found. Multiple research-articles
maintain a compromising pH of 4,5 - 5 (Kahoush, 2019; Karimi et al., 2012; Morshed, 2021).

Considering the iron-concentration, similar phenomena as to what is described in chapter
2.3.3 will occur: too high concentrations of Fe?* will make the efficiency of the oxidation
stagnate, due to undesired precipitation-reactions of the Fe3* cation (2.10).
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An increase of the substrate of the enzyme (glucose) will increase the efficiency of the bio-
Fenton mechanism up to a certain point, whereafter the active sites of the enzymes are
saturated and the reaction-rate cannot increase any further. However, if both the glucose-
and enzyme-concentrations increase, an increase in enzyme-activity can be achieved while
avoiding saturation (Karmali et al., 2004).

The activity of enzymes is sensitive to the reaction-temperature, and denaturation can occur
when the temperature gets too high. The optimal temperature for GOx lies between 30-35°C
(Singh & Verma, 2013), whereafter the enzymatic activity will decrease due to decreased
stability, and even drop down to zero once a temperature of around 55-60°C is reached due
irreversible denaturation of the enzyme (Zoldak et al., 2004).

The bio-Fenton reaction works slower than the chemical Fenton oxidation, because the
enzyme first has to produce the hydrogen peroxide before it can be used as a reagent in the
Fenton-reaction. Therefore, longer reaction times are more beneficial for bio-Fenton
mechanisms.

2.3.9.1 Optimal conditions for bio-Fenton-decolorization of dye-solutions

Based on research articles and reviews found in literature (Kahoush, 2019; Karimi et al., 2012
and Morshed 2021), optimal conditions for bio-Fenton decolorization of dye-solutions are
presented in Table 2.5. However, the conditions presented are optimal for dye in solution,
with a concentration of around 20 mg/L. When treating dyed cotton, the dye is bound to the
fabric, and in higher concentrations than 20mg/L. Therefore, the optimal conditions for bio-
Fenton-treatment of dye in solution will still be different than for discoloration of dyed fabric.

Table 2.5: summary of optimal conditions for bio-Fenton-discoloration of dye in solution (~20mg/L
dye), based on Kahoush (2019), Karimi et al. (2012) and Morshed (2021).

Parameter pH T(°C) [Fe?] (mM) Glucose (g/L) GOx (U/L) Time (min)

Optimal value 4-5.5 30-35 0.4-10 15-4 2000-3000 120-250
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3. Experimental

3.1 Materials

For this thesis, raw cotton yarn was purchased from Stiafilco. Two different reactive dyes;
Reaktivfarg Bla 43 (reactive blue 19) and Remazol Black B (C.I. Reactive Black 5) were
purchased from Zenit and DyStar respectively. Sodium chloride (NaCl), sodium carbonate
(Na2COs) were purchased from Sigma Aldrich and used as its original form without further
purifications.

For the Fenton-processes, iron(ll)sulfate hepta-hydrate (FeSOsx7H,0, =99.0% purity) and
hydrogen peroxide solution (H202, 35 wt%) were purchased from Sigma Aldrich and Merck
respectively. Also iron(lll)chloride (FeCls, 98% purity) purchased from Fisher Scientific and
citric acid (CeHgO7, 99% purity) purchased from Sigma Aldrich are used.

For the bio-Fenton treatment, the enzyme Glucose-Oxidase from Aspergillus niger (type X-S,
148176 units/g), its nutrimental substrate glucose (D-(+)-Glucose, 99,5% purity) and sodium
hydroxide (NaOH, = 97,0% purity) were purchased from Sigma Aldrich.

3.2 Methods
3.2.1 Method of Fabric Preparation

For this thesis-project, raw combed cotton yarn with a yarn count of 24Nm (or 41,7 tex) is
knitted with a TK-83 circular knitting machine (Lucas-Elha), with a gauge of 20 needles per
inch. A knitted structure was chosen due to its more open structure compared to woven
structures, which might facilitate diffusion in water-based reaction-solutions.

3.2.2 Method of Dyeing

Samples of the knitted fabric were cut and dyed in a Pyrotec MB2-machine. Two different
reactive dyes were used in this dyeing process: half of the samples were dyed with a blue dye
and the other half with a black dye. For both dyes, a quantity of 6% omf dyestuff, electrolyte-
concentration (NaCl) of 80 g/l and an alkaline-concentration (Na>COs) of 20 g/l was added. For
the blue dye, a liquor ratio of 1:25 was used, while for the black dye, a liquor ratio of 1:10 was
used — as recommended by the technical data-sheets of the companies. Both dye-processes
were performed by a two-step process with a temperature rise from 30°C up to 60°C (Figure
3.1).
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After dyeing, the samples are rinsed in cold water, washed in warm water with detergent, and
rinsed in cold water again. Afterwards, non-bound dye is removed as much as possible by
washing the fabric in glass flasks filled with water in an ultrasound cleaning bath (VWR® USC-
TH) for 10 minutes at 40°C. This step is repeated with new water until the added water stays
clear (a total of 6 times).

soda
Salt o
= y:90°C | take out
dye fabric & | finte Wash: Friza
; " 1°C/min
25-30°C —Y > in Pyrotec MB2

30 min

Figure 3.1: graphical representation of the applied dyeing process.

3.2.3 Method of Preliminary Studies on Fenton-oxidation based Discoloration of
Cotton

A detailed description of the method of preliminary studies can be found in Section A.2 of
Annex A. As discussed earlier in Chapter 2, Fenton-oxidation has only been researched in the
context of decolorization of dye-solutions. Therefore, only optimal conditions for Fenton-
decolorization of dye in solution can be found in literature and is summarized in Table 2.4.
However, these conditions are optimal for dye in solution with a concentration of around
20mg/L. When dyed cotton is treated, the dye is bound to the fabric, and in higher
concentrations: in the case of the dyeing-process described above (6% omf dyestuff) and
when treating 25 cm? (or ~0,4g) in 100 ml solution, a maximum dye-concentration (assuming
complete exhaustion) of around 240 mg/L is bound to the fabric. This concentration is 12 times
higher than the 20mg/L for which the optimal concentrations in Table 2.4 are given. Due to
this big difference in dye-concentration, the optimal conditions for the removal of dyes in
solution are not likely to be compatible for the removal of color from fabric. Therefore, a
preliminary study to investigate the influence of certain parameters on the efficiency of the
discoloration of fabric was necessary.

Preliminary tests were performed to investigate the influence increasing Fenton-solution
concentrations: four different Fenton-solutions with increasing concentrations were tested
and are listed in Table A.1, starting with the optimal conditions for discoloration of dye in
solution in Table 2.4 (referred to as ‘Fenton 1’) and multiplying these concentrations by 2
(‘Fenton 2), by 4 (‘Fenton 3’) and by 8 (‘Fenton 4’) for the other three conditions.

Since Fenton-like mechanisms (with an Fe(lll)-source) can also be used in discoloration-
treatments, the efficiency of an Fe3*-source (FeCls) was compared to an Fe?*-source (FeSOa).
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During Fenton or Fenton-like mechanisms, part of the iron will be present in the form of Fe3*,
However, these ferric-ions are known to be good coagulants for organic substances such as
dye-molecules, which might cause an accumulative effect on the discoloration of the fabric
(Kahoush, 2019; Kim et al., 2004). In practice, this would be beneficial for the discoloration of
cotton. However, since this thesis-project focusses on the discoloration due to Fenton-
oxidation, the accumulative discoloring effect of coagulation should be avoided. For this
reason, the effect of a solution with only the iron-source (no H,0) was investigated. This
experiment is performed for both iron-sources (FeSO4 and FeCls).

3.2.4 Method of Upscaled Fenton-oxidation based Discoloration of Cotton

Based on the results from preliminary studies (annex A), ‘Fenton 3’ (as presented in table 3.1)
was chosen for further Fenton-oxidation based discoloration of textile as per the visual
representation provided in Figure 3.2.

. Fenton
Testing:
1) cut . Fenton - K/S (spectrophotometry)

- TGA
Fenton -DSC
> -FTIR

- Tensile test of unraveled yarn

Figure 3.2: visual representation of the plan for Fenton-upscaling and further analysis.

According to the method, 3 fabric-samples of 300cm? are treated for both dyes (each in 1200
ml Fenton-solution) according to the Fenton-conditions given in table 3.1. The fabrics are
treated for 60 minutes, the temperature is kept at 40°C by means of a warm water bath and
the solution is stirred by magnetic stirring at 400 rpm. Upscaling is performed in order to allow
further analysis of the fabric before and after the treatment.

Before the start of the treatment, the fabrics are pre-wetted (in de-ionized water in an
ultrasound cleaning bath (VWR® USC-TH) for 10 minutes at 40°C) in an attempt to impede the
reaction in solution, since the raw dyed cotton tends to be rather hydrophobic.

Table 3.1: conditions for Fenton-solution in upscaled tests.

Parameter [Fe?*] (mM) [H202] (mM) T(°C) PHt=0 (non-altered)

Value 14 280 40 ~2,5

The color strength (K/S-values) is measured before and after the Fenton-treatment (see
section 3.2.5). For each sample, the color-measurement is performed on 3 different parts of
the sample, whereafter a mean value is calculated, which is then used in further analysis.
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3.2.5 Method of Color Measurements - Spectrophotometry

Color measurements are performed by a UV-VIS-spectrophotometer (Datacolor 500)
illuminating the sample with a D65/10 light-source, containing a FL40-UV filter (0%UV), and
calibrated by comparison of a sample diagnostic tile to a reference diagnostic tile.

The reflectance-curve, absorbance-curve, color strength (K/S at A,,,.) and CIELAB-
coordination’s are measured/calculated before and after treatments. The measurements are
performed on a double folded fabric (4 layers), in order to avoid contributions from the
background material placed behind the sample due to transparency of the knitted fabric.

From the K/S-values, the discoloration percentage is calculated as follows:

discoloration%

(eq.2)

color added by dyeing — color removed by Fenton treatment
= - x 100
color added by dyeing

_ ((K/Sat Amax.dyed — K/Sat Amaxraw cotton) - K/Sat Amax,Fenton—treated) x 100

(K/Sat Amax.dyed — K/Sat Amax,Taw cotton)

3.2.6 Methods of Analytical Characterizations

3.2.6.1 Digital Optical Microscopy

Images of the knitted structure and the yarns of the raw cotton, dyed cotton and Fenton-
treated fabrics are captured with a reflection-microscope Inskam 315-W 5MP Dual Lens Digital
Microscope (Inskam) with magnification of 250x.

Images of the cotton fibers of the raw, dyed and Fenton-treated fabrics are captured by means
of a transmission-microscope Eclipse Ei Microscope (Nikon), with a 10x binocular set and a 40x
magnification objective (and thus a total magnification of 400x).

3.2.6.2 Thermogravimetric analysis

The thermogravimetric analysis is performed by a TGA Q500 (TA Instruments). Samples of
around 10 mg of the dyed and discolored cotton in a platinum pan are heated in an inert N»-
atmosphere from 30°C up to 500°C, with a heating rate of 20°C/min. This test is repeated 3
times.
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3.2.6.3 Differential scanning calorimetry

The differential scanning calorimetry was performed by a DSC Q2000 (TA Instruments).
Samples of around 5 mg of the dyed and discolored cotton were cooled and heated in three
cycles: heating from -25°C degrees up to 250°C, cooled back down to -25°C and lastly heated
again to 250°C. The heating rate used is 10 °C/min and the DSC was performed in an inert N»-
atmosphere. The samples were measured against an empty reference pan. This test is
repeated 3 times.

3.2.6.4 Fourier-transform infrared spectroscopy

FTIR-spectra of the raw, dyed and Fenton-treated cotton are captured by the FTIR-instrument
Nicolet iS10 (Thermo Scientific), with a resolution of 4 cm™ and 64 scans for each sample. To
calibrate the measurements, the spectrum of the background (ambient air) was made and
deducted from following measurements of the fabric-samples. This test is repeated 3 times.

3.2.7 Methods of Testing of Mechanical Properties of Samples

3.2.7.1 Tensile testing of the unraveled yarn

The strength, elongation and tenacity of unraveled yarn of the dyed cotton and Fenton-
treated cotton are measured during stretching with a Tensolab 2512A (Mesdan-Lab),
according to standard EN ISO 2062: the length of the yarn between the clamps is 500 mm, and
the yarns are stretched at a constant rate of 500mm/min + 10mm/min. The textured yarn
was attached between the clamps while being stretched to remove most of the crimp, while
making sure to keep the pre-tension below 0,5 cN/tex. For each treatment (dyed and
discolored), this test was repeated for 10 samples.

The samples were conditioned in a standard atmosphere for a minimum of 4 hours before the
testing, according to standard EN ISO 139: in a standard atmosphere with a temperature of
20°C and a humidity of 65%.

3.2.7.2 Mechanical shredding of the cotton fabric

Samples of around 15cmx20cm of the raw cotton, dyed- and Fenton-treated cotton are
shredded with a Trim Fabric Opening Machine (Kingtech Machinery), while collecting the
opened fabric for qualitative analysis.
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3.2.8 Concept study of Bio-Fenton Oxidation based Discoloration of blue-dyed
Cotton

A first attempt at replacing the H,O; by its in-situ producing enzyme is based on upscaling the
optimal conditions for bio-Fenton oxidation of dye in solution (Table 2.5): using the same
amount of Fe?* as for the upscaled chemical Fenton treatments, and scaling the other
chemicals while maintaining the ratios as in Table 2.5. The actual conditions used for the bio-
Fenton trial are given in Table 3.2. Since only D-glucose (a mixture of a- and B-D-glucose) was
available, a correction was made in the calculation of the required amount of substrate,
considering that D-glucose in solution consists of around 60% B-D-glucose (Tao et al., 2009).

Table 3.2: conditions for bio-Fenton-solution in concept study.

[Fe?*] (mM) Glucose (g/L) GOx (U/L) T(°C)

bio-Fenton conditions 14 18 5400 35

Practically, the enzyme and the glucose are mixed together in 100 ml of de-ionized water for
5 minutes at pH = 5 and 35°C. After these 5 minutes, the iron is added and the pH is adapted
back to pH = 5 by adding some drops of 0,1M NaOH-solution, whereafter pre-wetted blue
dyed cotton of 5x5 cm (wetted in de-ionized water in an ultrasound cleaning bath for 10
minutes at 35°C) is added to the mixture. This mixture is kept at 35°C in a warm water bath,
while mixing with a magnetic stirrer at 400 rpm for 60 minutes. To be able to see the natural
trend of the pH during the reaction, the pH is monitored - but not adapted - during the reaction
by measuring every 10 minutes. This treatment is performed for 3 separate fabric samples of
the blue dyed cotton (the blue dye turned out to be more sensitive to the oxidation
mechanism, see results). Since a higher pH reduces the possibility of Fe3* reducing back to
Fe?*, the probability of Fe3* coagulating with the dye and contributing to the discoloration of
the fabric also increases. Therefore, a control treatment containing only the iron and glucose
(no enzyme), following a similar trend in pH (adapted by adding some drops of 0,1M-solution
of citric acid), is performed for 3 separate samples (of 5x5 cm) of the blue dyed cotton.

3.2.9 Method of Statistical Analysis

Investigating whether test-results before and after a treatment are significantly different is
tested by two-sided paired t-tests using Excel. Investigating whether certain treatments give
significantly different results is tested by two-sided t-tests using Excel. All t-tests are
performed with a confidence interval Cl = 95% (or « = 0,05). For obtained p-values < a = 0,05,
the difference in results can be assumed ‘significant’.
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4. Results and Discussions

4.1 Analysis of Results from Preliminary Studies

According to results presented in Section A.3 of annex A, it can be seen that all 4 different
concentrations lead to significant discoloration (between 12,39% and 20,46% for the black-
dyed cotton and 30,62% and 45,15% for the blue-dyed cotton) as observed from the
measurements of K/S-values (Graph 4.1 and 4.2) and paired t-tests between the values before
and after the Fenton-treatments with increasing solution-concentrations.
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Graph 4.1: mean K/S-values of the black-dyed
cotton before and after Fenton treatments with
increasing concentrations according to Table A.1

Graph 4.2: mean K/S-values of the blue-dyed
cotton before and after Fenton treatments with
increasing concentrations according to Table A.1

From t-tests between the K/S-values after the treatments, the conditions with the 2 highest
concentrations (Fenton 3 and Fenton 4: solutions with respectively 4 and 8 times the
recommended concentrations for discoloration of dye in solution in Table 2.4) do not indicate
significantly different results for both dyes. Keeping sustainability in mind, it is decided to work
with the conditions which request a lower amount of chemicals (Fenton 3) in further parts of
the preliminary tests (in annex A), obtaining a 20,46% discoloration of the black-dyed cotton
and a 42,71% discoloration of the blue-dyed cotton. Opting for homogeneous conditions for
both dyes will also facilitate better comparison of the sensitivity of the different dyestuff to
the treatment later on. Measurements of the pH (as shown in Graph A.3) indicate that
increased concentrations of the Fenton-solution lead to decreased values of pH (from pHi-o =
3,0 for Fenton 1 to pHi-o = 2,4 for Fenton 4) since both the ferric-sulphate and hydrogen
peroxide are acidic. The pH-curves also show a decrease in pH during the Fenton-reaction,
which is likely to be caused by the production of hydroxyl-ions during the reaction-mechanism

(reaction 2.6).
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An Fe(lll)-source (FeCls) also leads to significant discoloration percentages (13,16%
discoloration of the black-dyed cotton and 59,65% discoloration of the blue-dyed cotton). For
the black-dyed cotton, this discoloration is significantly lower than for the treatment with
FeSOa4 (achieving 20,46% discoloration). For the blue-dyed cotton, FeCls achieves significantly
higher discoloration than FeSOs (59,65% compared to 42,71% discoloration respectively).
Measurements of the pH show a lower pH during the reaction when FeCls is used (starting
from pHi=0 = 2,1 to pHt=e0 = 1,9), which is already below the optimal pH-range for the Fenton-
mechanism.

When investigating the contribution of coagulation of Fe3*-cations with the dye-molecules by
only adding the iron-sources (no H.0;) to the solution, the FeSO4 leads to non-significant
percentages of discoloration (2-3%) for both dyes. However, the FeClz alone achieves
significant discolorations of 14,03% for the black-dyed cotton and 59,08% for the blue-dyed
cotton, which are similar to the percentages achieved when FeCls is used in the Fenton-
solution (with H,0,). Therefore, it is likely that coagulation of the ferric-ions with the dye-
molecules contributes to the discoloration of the cotton when an Fe(lll)-source is used.
Consequently, only the FeSO4 will be used as an iron-source for further treatments.

4.2 Results of Upscaled Fenton-oxidation based Discoloration

4.2.1 Analysis of Discoloration of Black-dyed Cotton

Digital Image Analysis

Pictures of the black-dyed cotton before and after the Fenton-oxidation based discoloration
treatment (Figure 4.3) show that color was removed but complete decolorization did not
occur, and the tone of the color changed from a dark black-blue to grey. Further analysis was
carried out below for quantification of the discoloration.

a) b)

Figure 4.3: pictures of the black-dyed knitted cotton before (a) and after (b) Fenton-treatment.
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K/S Analysis

Spectrophotometry of the black-dyed cotton before and after the upscaled Fenton-oxidation
based discoloration treatment (Figure 4.4) shows reduced color strength with an
accompanying mean discoloration percentage of 61,54% at 4,,,,,, = 600 nm. A paired t-test of
the K/S-values before and after the treatment (with @ = 0,05 and n = 3) indicates a significant
discoloration (p = 0,003) due to the Fenton-oxidation.

However, the spectrum still shows remaining color strength after the oxidation-treatment
which is evened out over the full visible-range, indicating incomplete degradation of the
dyestuff and altered chromophore groups of the remaining dye-molecules. The spread-out
color strength over the full range of visible wavelengths would lead to the grey-colored
treated sample as is visible in Figure 4.3.
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Figure 4.4: plot of measured K/S-values of black cotton before and after Fenton-treatment.

Optical Microscopic analysis

Microscopy-images of the knitted structure, the yarn and the fiber of the black-dyed cotton
before and after the Fenton-oxidation based discoloration treatment are given in Figure 4.5,
Figure 4.6 and Figure 4.7.
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a)

Figure 4.5: microscope-images of knitted structure of black-dyed cotton before (a) and after (b)
Fenton-treatment.

Figure 4.6: microscope-images of black-dyed cotton yarns before (a) and after (b) Fenton-treatment.

Figure 4.7: microscope-images of black-dyed cotton fibers before (a) and after (b) Fenton-treatment.

From the microscopy images of the black dyed cotton before and after the Fenton-treatment,
it is visible that color was removed, but complete decolorization did not occur (still more
pigmented spots are visible compared to the raw cotton in Annex B). When looking at the yarn
and the knitted structure of the dyed cotton before and after Fenton-treatment, it is visible
that most of the remaining color is situated in the center of the yarn, where the fiber density
is high which makes it difficult for the discoloring reagents to reach the dye-molecules. On
fiber-scale, the black-dyed fibers turn out lighter and more grey-colored after treatment.
Looking at the shape of the cotton fibers (twisted, with a kidney-bean intersection), no
remarkable differences are to be found before and after treatment.
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Thermogravimetric Analysis (TGA)

A plot of the weight percentage versus temperature and its derivative measured during TGA-
tests of the black-dyed cotton and the discolored cotton are given in Graph 4.8.
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Graph 4.8: plot of relative weight percentage in relation to temperature during TGA-testing of the
black-dyed cotton before and after Fenton-treatment.

The mean decomposition temperatures and weight residue at 450°C with accompanying
standard deviations are given in Table 4.1.

Table 4.1: mean decomposition temperatures and weight residues of the black-dyed and Fenton-
treated cotton, measured during thermogravimetric analysis.

black dyed black Fenton
Decomposition temperature (°C) 356,82 + 2,55 358,14 + 0,47
Weight residue at T = 450°C (%) 16,70 + 0,38 25,10 + 0,62

A t-test (@ = 0,05 and n = 3) between the values of the decomposition temperatures from
dyed- and discolored cotton indicates a non-significant difference (p = 0,43). However, the
mean weight-residue increased significantly after Fenton treatment (p < 0,001).

In the TGA-plot, a small initial weight loss between 30 and 110°C is visible, which is attributed
to the vaporization and loss of water physically bound to the fibers (Trivedi, 2015). The big
second weight loss (between 220 and 450°C) is due to the decomposition of the cellulosic
structure of the fiber (Portella et al., 2016), with a decomposition temperature (T at maximum
decomposition rate) of around 357°C for the black-dyed cotton.
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Significantly more residue after the Fenton treatment is visible compared to the dyed fabric.
In literature, the reactive-dyeing process of cotton increases the amount of residue during
TGA-tests by enhancing a low-energy reaction of transforming the cellulose into char residue
instead of volatilizing the cellulose into flammable gasses in high-energy reactions, which also
leads to a decrease in decomposition-temperature (Badri, 2008). The achieved TGA-results
indicate that the Fenton-treatment increases the char-formation and therefore the remaining
weight residue even further.

Differential Scanning Calorimetry (DSC) Analysis

A plot of the heat flow versus temperature measured during DSC-tests of the black-dyed
cotton and black Fenton-treated cotton is given in Graph 4.9, and the separate cycles during
DSC are indicated: cycle 1 (heating from -25°C degrees up to 250°C), cycle 2 (cooling back
down to -25°C) and cycle 3 (heating back to 250°C).
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Graph 4.9: heat flow in relation to temperature measured during DSC-testing of the black cotton.

In cycle 1, an endotherm peak between 50 and 150°C due to the elimination of physically
bound water (Trivedi et al., 2015) can be observed. The peak is spread over a broad range of
temperatures because the water bound to the yarn-surface evaporates easily, while water
bound by strong hydrogen bonding in the internal amorphous parts (or nanopores) of the
cellulose requires more heat in order to be removed (lgarashi et al., 2020). Since the water is
being removed in the first cycle, this endotherm peak is not visible anymore in the cycle 3.

It is also visible that the DSC-curves of the dyed and discolored cotton are shifted relative to
each other, indicating that the Fenton-treated sample requires less heat for the same increase
in temperature as for the dyed samples. In other words, the heat capacity of the cotton has
changed due to the treatment. Because the heat capacity is linearly correlated to the
crystallinity index (Blokhin et al., 2011), this reduction in heat capacity visible in the DSC-plots
could be due to reduced crystallinity after the oxidative treatment.
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Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Stacked plots of the transmission-spectra measured during FTIR-spectroscopy of the raw
cotton, black dyed cotton and black Fenton-treated cotton are given below.
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cotton and black Fenton-discolored cotton.
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Based on information found in literature (Nikonenko et al., 2000; Portella et al., 2016), the
most characteristic peaks of cotton are marked in the spectrum of raw cotton in Graph 4.10.
The spectra of the dyed and Fenton-treated cotton show the same peaks, indicating that the
main structure of the cotton is not altered due to the treatments.

However, there are some small additional peaks present in the spectra of the dyed cotton and
Fenton-treated cotton which are not visible for raw cotton. Firstly, two small peaks around
2165-2170 cm™ are visible in the spectrum of the dyed cotton, and also reduced but still visible
in the spectrum of the Fenton-treated samples. These small peaks may be due to low amounts
of C-Sand S-O bonds present in the dye-molecules. The reduction of these peaks in the spectra
of the Fenton-treated samples may indicate the degradation of the dye-molecules due to the
treatment.

Another peak which is not appearing in the spectrum of raw cotton, is the peak around 1735-
1740 cm?, which may be attributed to C=0 bonds (Sigma Aldrich, 2023). This bond is not
present in the black dye (Figure 2.3) and therefore not visible in the black-dyed cotton
spectrum. However, this peak is visible after treatment, which could indicate that not only the
dye-molecules are being oxidized in the Fenton-reaction, but also the chain-structure of the
cellulosic fiber is attacked by the hydroxyl-radicals. Figure 4.11 shows the bonds in the
cellulose structure which are most sensitive to oxidation: the C=C bonds in the aromatic
structures (which would lead to opening of the ring-structure) and hydroxyl- or ether-groups
which can be oxidized into carbonyl groups, which could lead to higher C=0 signals in the
infrared spectra (Hellstrém et al., 2014).
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Figure 4.11: Positions in the cellulose chain sensitive to oxidation reactions (Hellstrom et al., 2014).
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Tensile Testing Analysis

Mean values of the force and elongation at breakpoint (measured during tensile-tests) of the
black-dyed cotton before and after Fenton-treatment are given below. For the black-dyed
cotton, the Fenton-treatment causes a decrease in maximum force (of 54,7%) and maximum
elongation (of 55,2%) compared to the dyed cotton. T-tests (with @ = 0,05 and n = 10) between
the obtained values of the dyed cotton and Fenton-treated cotton indicate significant
differences (with p < 0,001 for both units).
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Graph 4.12: mean values of maximum force at Graph 4.13: mean values of maximum elongation
breakpoint of the raw cotton, black-dyed cotton at breakpoint of the raw cotton, black-dyed cotton
and Fenton-treated cotton, measured during and Fenton-treated cotton, measured during
tensile testing of the unraveled yarn. tensile testing of the unraveled yarn.

These reductions in tensile strength and elongation could indicate distortion of the cellulosic
fiber-structure by the oxidative treatment, since the hydroxyl-radicals might also attack
unsaturated bonds (such as C=C in the aromatic structures, leading to opening of the ring-
structures) or oxygen-atoms from hydroxyl- or ether-groups in the cellulosic chain. The
oxidation leading to opened ring-structures would distort the ordered crystalline regions of
the cotton fibers and the intermolecular hydrogen-bonds, leading to reduced tensile strength
(Balani et al., 2015). This is in line with the results from the thermal analysis, indicating the
oxidation of the cellulosic structure and accompanying decrease in crystallinity.
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4.2.2 Analysis of Discoloration of Blue-dyed Cotton

Digital Image Analysis

Pictures of the blue-dyed cotton before and after the Fenton-oxidation based discoloration
treatment (Figure 4.14) show that color was removed but complete decolorization did not
occur, and the tone of the color changed from blue to green. Further analysis was carried out
below for quantification of the discoloration.

=

LLRIESLAS
e e

S
el S

s
!

SN X
N y
A A J
i A
A
N
FAFIY AT
YA
N
\ §
1 \
NARK
N
\

=

P T e e

-/".,,,,,-
S A

e e =2
~ P AR
oy PR
e

e i e

e A SRR

e e S

SIS

a)

Figure 4.14: pictures of the blue-dyed knitted cotton before (a) and after (b) Fenton-treatment.

K/S Analysis

Spectrophotometry of the blue-dyed cotton before and after the upscaled Fenton-oxidation
based discoloration treatment (Figure 4.15) shows reduced color strength with an
accompanying mean discoloration percentage of 72,90% at 4,,,,,, = 610 nm. A paired t-test of
the K/S-values before and after the treatment (with @ = 0,05 and n = 3) indicates a significant
discoloration (p < 0,001) due to the Fenton-oxidation.

For both the black- and blue-dyed cotton, the discoloration percentages achieved in these
upscaled treatments (61,54% for the black-dyed cotton, 72,90% for the blue-dyed cotton) are
much higher than the efficiencies achieved during pre-treatment (20,46% and 42,71%
respectively). This increased efficiency could be due to two reasons. First of all, the pre-
wetting step which is added in the upscaled treatment enhances the reaction with the rather
hydrophobic raw dyed cotton in the water-based Fenton-solution. Secondly, a rather old
batch of H,0,-solution was used during the preliminary tests, while a new batch was used for
the upscaled treatments. Since H,0;-solutions are relatively unstable, the old batch probably
did not contain the initial amount of active H,0; as is present in a newly ordered batch.
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Figure 4.15: plot of measured K/S-values of blue cotton before and after Fenton-treatment.

For the Fenton-treated black-dyed cotton (Figure 4.4), the color strength is more or less
evened out over the full visible-range, which leads to a grey-colored treated sample (also
visible in Figure 4.3). For the blue dye however, a shift towards absorption of shorter
wavelengths is visible (Figure 4.15), leading to a green appearance of the treated sample (also
visible in Figure 4.14). This change in chromaticity indicates that the chromophore groups of
the dye-molecules bound to the fabric are not fully degraded, yet the molecular structure of
the dye is changed leading to modification of the absorption behaviour (Bechtold & Pham,
2019).

A difference in sensitivity to the oxidation-mechanism is indicated by the difference in
discoloration-percentages for both dyes. This might be caused by the chemical structure of
the dyes (Figure 2.3): the less substituted anthraquinone ring in the blue dye-molecule
(Reactive Blue 19) is more easily distorted than a di-azo-chromophore group attached to
several aromatic structures in the black dye (C.I. Reactive Black 5) (Tang & Chen, 1996).
Moreover, the black dye contains two binding groups, making it more securely bound to the
cotton fibers and therefore more stable.
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Optical Microscopic Analysis

Microscopy-images of the knitted structure, the yarn and the fiber of the blue-dyed cotton
before and after the Fenton-oxidation based discoloration treatment are given below.

a)

Figure 4.16: microscope-images of knitted structure of blue-dyed cotton before (a) and after (b)
Fenton-treatment.

a)

Figure 4.17: microscope-images of blue-dyed cotton yarns before (a) and after (b) Fenton-treatment.

Figure 4.18: microscope-images of blue-dyed cotton fibers before (a) and after (b) Fenton-treatment.

Also for the blue-dyed cotton, it is visible that color was removed, but complete decolorization
did not occur (still more pigmented spots are visible compared to the raw cotton in Annex B),
and most of the remaining color is situated in the center of the yarn. On fiber-scale, the blue-
dyed cotton fibers show a green tone after treatment. When looking at the shape of the cotton
fibers, no remarkable differences are to be found before and after treatment.
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Thermogravimetric Analysis (TGA)

A plot of the weight percentage versus temperature and its derivative measured during TGA-

tests of the blue-dyed cotton are given in Graph 4.19.
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Graph 4.19: plot of relative weight percentage in relation to temperature during TGA-testing of the
blue-dyed cotton before and after Fenton-treatment.

The mean decomposition temperatures and weight residue at 450°C with accompanying

standard deviations are given in Table 4.2.

Table 4.2: mean decomposition temperatures and weight residues of the blue-dyed and Fenton-
treated cotton, measured during thermogravimetric analysis.

blue dyed blue Fenton
Decomposition temperature (°C) 373,77 + 1,10 365,36 + 1,48
Weight residue at T = 450°C (%) 13,28 + 0,48 23,04 + 0,42

Figure 4.19 shows a slight but significant (p = 0,001) decrease in decomposition temperature
after Fenton-treatment and a significant (p < 0,001) increase in mean weight-residue after

Fenton treatment.
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Similar to the TGA-plots of the black-dyed cotton, a small initial weight loss between 30 and
110°C due to vaporization and loss of water is visible (Trivedi, 2015), and a big weight loss
between 250 and 450°C due to the decomposition of the cellulosic structure of the fiber
(Portella et al.,, 2016), with a decomposition temperature around 374°C. This higher
decomposition temperature compared to the black-dyed cotton (357°C) might be attributed
to the bigger molecular structure of the black dye compared to the blue dye (Figure 2.3), which
would distort the crystalline regions of the cotton more due to distorting the intermolecular
hydrogen bonds between the cellulose chains responsible for ordered crystalline zones in the
cellulose fibers (Figure 4.20). Lower crystallinity can accelerate the degradation process and
therefore reduce the thermal stability of the fiber (Poletto et al., 2014).
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Figure 4.20: Schematic drawing of the molecular structure of cellulose chains and the hydrogen
bonding network within the chains (‘intramolecular’) and between the chains (‘intermolecular’) (Li &
Liu, 2015).

Unlike the black-dyed cotton, the decomposition temperature of the blue-dyed cotton is
significantly influenced by the treatment (decreases to around 365°C). This might possibly
indicate a bigger decrease in crystallinity after the Fenton-treatment for the blue-dyed cotton
due to the same reason as was mentioned above: the crystalline zones of the black-dyed
cotton are already more distorted after the dyeing-process due to the bigger molecular
structure of the black dye (Figure 2.3). However, further investigation of the crystallinity of
the fibers is necessary to make any decisive conclusions on this matter.

Also here, significantly more residue after the Fenton treatment is visible compared to the
dyed fabric, indicating enhanced low-energy reactions of transforming the cellulose into char
residue instead of volatilizing the cellulose into flammable gasses in high-energy reactions
(Badri, 2008).
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Differential Scanning Calorimetry (DSC) Analysis

A plot of the heat flow versus temperature measured during DSC-tests of the blue-dyed cotton
and black Fenton-treated cotton is given in Graph 4.21, and the separate cycles during DSC
are indicated.
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Graph 4.21: curves of heat flow in relation to the temperature during the 3 cycles of the DSC-testing
of the blue-dyed cotton before and after Fenton-treatment.

Similar to the black-dyed cotton, an endotherm peak between 50 and 150°C due to the
elimination of physically bound water can be observed in cycle 1 (Trivedi et al., 2015). Since
the water is being removed in the first cycle, this endotherm peak is not visible anymore in
the cycle 3.

Also here, the curves are shifted relative to each other, indicating that the Fenton-treatment
might decrease the heat capacity of the cotton. As was already mentioned for the black-dyed
cotton, this reduction in heat capacity could be caused by reduced crystallinity after the
oxidative treatment due to a linear correlation between the heat capacity and the crystallinity
index (Blokhin et al., 2011).
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Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Stacked plots of the transmission-spectra measured during FTIR-spectroscopy of the raw
cotton, blue dyed cotton and blue Fenton-treated cotton are given below.
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Graph 4.22: Stacked FTIR -spectra (transmittance % versus wavenumber) of raw cotton, blue-dyed
cotton and blue Fenton-discolored cotton.
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The spectra of the dyed and Fenton-treated cotton show the same characteristic peaks as
indicated in the spectrum of raw cotton in Figure 4.22 (based on Nikonenko et al. (2000) and

Portella et al. (2016)), indicating that the main structure of the cotton is not altered due to the
treatment.

However, also for the blue-dyed cotton, some small additional peaks are present in the
spectra of the dyed cotton and Fenton-treated cotton which are not visible for the raw cotton:
the two small peaks around 2165-2170 cm™ visible in the spectrum of the dyed cotton and
reduced but still visible in the spectrum of the Fenton-treated samples, which may be due to
low amounts of C-S and S-O bonds present in the dye-molecules. The reduction of these peaks
in the spectra of the Fenton-treated samples may indicate the degradation of the dye-
molecules due to the treatment. Also the peak around 1735-1740 cm™, which may be
attributed to C=0 bonds (Sigma Aldrich, 2023), is visible in the spectrum of the blue-dyed
cotton (blue dye contains C=0 bonds, see Figure 2.3) and has increased slightly in intensity
after treatment. Similar to the discussion of the black-dyed cotton, this might indicate the
oxidation of the cellulosic chain-structure of the cotton fibers besides the degradation of the
dye-molecules.

Tensile Testing Analysis

Mean values of the force and elongation at breakpoint of the blue-dyed cotton and blue
discolored cotton are given in Graph 4.23 and 4.24.
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Graph 4.23: mean values of maximum force at Graph 4.24: mean values of maximum elongation at
breakpoint of the raw cotton, blue-dyed cotton and  breakpoint of the raw cotton, blue-dyed cotton and
black Fenton-treated cotton, measured during blue Fenton-treated cotton, measured during
tensile testing of the unraveled yarn. tensile testing of the unraveled yarn.
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For the blue-dyed cotton, the Fenton-treatment causes a decrease in maximum force (of
34,5%) and maximum elongation (of 35,3%) compared to the dyed cotton. T-tests (with a =
0,05 and n = 10) between the obtained values of the dyed cotton and Fenton-treated cotton
indicate significant differences (with p < 0,001 for both units).

Similar to the black-dyed cotton, these reductions in tensile strength and elongation could
indicate distortion of the cellulosic fiber-structure by the oxidative treatment, leading to
distorted crystalline regions of the cotton fibers and the intermolecular hydrogen-bonds, and
consequently to reduced tensile strength, which is in line with the results from the thermal
analysis, indicating the oxidation of the cellulosic structure and a decrease in crystallinity
(Balani et al., 2015).

When comparing the Fenton-oxidation to industrial decolorization treatments, only one
article which mentions the reduction in tensile strength due to several types of industrial
decolorization agents can be found in literature. In Li et al. (2021), KMnOa causes a reduction
in tensile strength of 50% for a decolorization 99,4% of cotton dyed with a dark blue reactive
dye, and activated H,0: causes a reduction in tensile strength of 32% for a decolorization of
96,4%.

The reduction percentages in tensile strength caused by industrial decolorization agents are
in line with the reduction in tensile strength obtained for the Fenton-treated cotton. However,
since results of only one source in literature are available for comparison, it is too early to
make decisive conclusions about whether the Fenton-oxidation would be more or less
harming for the fabric compared to current industrial decolorization agents. In order to gain
more insight on this topic, a comparative study on the influence of industrial decolorization
agents and Fenton-treatments on the physiological properties of the cotton should be
performed.

4.2.3 Analysis of the Shredded Fabric

No quantitative measurements were made in this part of the mechanical testing. However, a
gualitative description concerning the amount of opened fabric and the length of the
remaining non-opened yarns and opened fibers of the raw cotton, dyed cotton and Fenton-
treated cotton in relation to each other is given in Table 4.3. Accompanying images of these
shredded residues can be found in Annex C.
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Table 4.3: Description of the residue after shredding of the raw-, dyed- and Fenton-treated cotton.

Qualitative description of residue after shredding

Raw cotton - Low amount of opened yarns
- Non-opened yarns still rather long
- Fibers from opened yarns still rather long

Black dyed cotton - Low amount of opened yarns
- Non-opened yarns shorter than raw cotton
- Fibers from opened yarns still rather long

Blue dyed cotton - Low amount of opened yarns
- Non-opened yarns shorter than raw cotton
- Fibers from opened yarns still rather long

Black discolored cotton - highest amount of opened yarns
- Non-opened yarns very short compared to black cotton
- Fibers from opened yarns very short compared to black
cotton

Blue discolored cotton - high amount of opened yarns
- Non-opened yarns shorter than blue dyed cotton
- Fibers from opened yarns shorter than blue dyed cotton

The purpose of shredding is to open the fabric and yarns into fibers in order to re-spin the
fibers during mechanical recycling. Bigger amount of opened fabric and longer remaining
fibers is expected to enhance the mechanical recycling and the quality of the recycled yarns.

The dyeing-process does not seem to affect the amount of opened fabric. The Fenton-
oxidation, however, enhances the opening of the fabric notably (see images in Annex C), which
is expected to facilitate re-spinning in mechanical recycling. Nevertheless, the opened yarns
of the Fenton-treated cotton also contain much shorter fibers than the dyed cotton, which
could affect the quality of the mechanically recycled fiber after re-spinning negatively.
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4.3 Analysis of Concept Study of Bio-Fenton Oxidation based Discoloration of
Blue-dyed Cotton Fabric

The measured K/S-values of the blue-dyed cotton, the bio-Fenton treated cotton and the
sample treated with only the iron-source and glucose are given in Graph 4.25. The bio-Fenton
solution leads to a significant discoloration (p = 0,01) of 10,76% of the blue-dyed cotton, while
the control-solution with only the iron-source and the glucose also already leads to a
significant discoloration (p = 0,02) of 8,92%. The treatment of the blue-dyed cotton with a bio-
Fenton solution gives a much lower discoloration percentage (10,76%) compared to what is
achieved with chemical Fenton-solutions (72,90%). However, since the control-solution with
only the iron-source and glucose also already leads to a discoloration of 8,92%, it is not
possible to make any decisive conclusions about the efficiency of the bio-Fenton, since part of
the discoloration could be caused by coagulation of the Fe3* with the dye-molecules.
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Graph 4.25: mean K/S-values of the blue-dyed cotton before and after treatment with the bio-Fenton
solution in Table 3.2 and control treatment without enzyme.

The pH during the bio-Fenton treatments was monitored to be able to see the natural trend
of the pH during the reaction. As mentioned in chapter 2, the performance of the enzyme is
sensitive to external parameters such as pH. The enzyme is active within a pH-range of 4 — 8,
and is optimally active at a pH of 5,5. However, the Fenton-mechanism works optimally at a
much lower pH (2,5 — 4), and therefore a compatible pH which achieves acceptable activity
for both mechanisms should be maintained. Therefore, the pH was altered to pH = 5 after
adding the iron-source, and measured throughout the bio-Fenton reaction. A plot of the mean
measured pH-values is given in Graph 4.26.

The increased discoloration-percentage caused by coagulation might be caused by the
increased pH in which the reaction occurs (Graph 4.26: starts at pH = 5, drops to pH = 3) since
a higher pH reduces the possibility of Fe3* reducing back to Fe?*, and increases the possibility
of Fe3* coagulating with the dye and contributing to the discoloration of the fabric.
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Since the adaption of the pH (to pH = 5) is made after adding the iron-source, the bigger drop
in pH in the first 10 minutes of the reaction might possibly be due the activity of the enzyme:
producing the weak acids H,0, and D-glucono-1,5-lactone. However, after this increase in
acidity, the pH becomes too low for the enzyme to show much activity. Therefore, the pH still
decreases a bit after the first 10 minutes of the reaction, but with a smaller relative decrease
due to the decreased activity of the enzyme.

5,5
5
4,5
4
s
3,5
3
2,5

2
0 10 20 30 40 50 60

time (t)

Graph 4.26: trend in pH during the initial trial of the bio-Fenton treatment.

In order to increase the activity of the enzyme during the full duration of the reaction, the pH
should be kept at a higher value (between 4,5 — 5,5) during the reaction. However, this also
increases the chance of Fe3* coagulating with the dye, and therefore accumulative
discoloration effects. In practice, accumulative discoloration has a positive effect on the
decolorization efficiency of waste fabric, but in theory (where the purpose is to investigate
the efficiency of the bio-Fenton mechanism compared to the chemical mechanism) this
accumulative effect of coagulation should be avoided. A suggestion to avoid this issue in
future research is to perform the bio-Fenton reaction in a 2-step reaction, where the enzyme
first produces the H,0, needed for the second step (Fenton-mechanism).
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5. Conclusion

Although the sample size in this feasibility study is limited, the first applications of the
chemical Fenton-oxidation for the color removal of reactive-dyed cotton already indicate
promising discoloration percentages (61,54% for the black-dyed cotton and 72,90% for the
blue-dyed cotton), even without complete optimization of all the parameters influencing the
reaction-mechanism (such as pH, temperature, time, reagent concentrations, liquor ratio’s...).
Complete optimization of all these parameters via experimental design would lead to even
better decolorization-results.

The analytical and mechanical tests of the treated fabrics indicate that the main structure of
the cellulosic fibers is not altered. Nonetheless, besides oxidation of the dye-molecules, also
some oxidation of the aromatic structure and hydroxyl- or ester-groups of the cellulosic chain
occurs. This possibly also causes a reduction of the crystallinity of the cotton fibers, which
might lead to the obtained decreased mechanical properties. However, this also leads to
enhanced opening of the fabric into fibers during shredding, which facilitates mechanical
recycling. Despite the enhanced opening, the fibers after shredding also turn out to be much
shorter compared to the fibers before the discoloration-treatment, which is expected to lead
to decreased quality of the res-pun fibers after mechanical recycling.

When comparing the amount of chemicals and the temperature required for activated
hydrogen peroxide decolorization, where 0,5 — 1M H,0; at 70-90°C and pH = 10 for 60 to 180
minutes leads to discoloration percentages of 50 — 96% (see chapter 2.2), the Fenton-
treatments in this thesis-project only require 0,28M H;0,, at a temperature of 40°C for 60
minutes while achieving discoloration percentages of 62 — 73%. Therefore, already much
lower amounts of the toxic and flammable chemicals and lower temperatures are required.
Moreover, when complete optimization of the process-parameters is performed, even higher
decolorization efficiencies will be achieved, and milder conditions (lower temperature, lower
concentrations, higher pH) might possibly be allowed while still achieving acceptable
decolorization efficiencies.

An initial concept study of the bio-Fenton mechanism, aiming to increase the sustainability of
the process by eliminating the toxic and flammable reagent H,O,, did not lead to any
conclusive results about the efficiency of the bio-Fenton mechanism due to increased
contribution of coagulation of Fe3* with the dye-molecules to the discoloration of the fabric
caused by the higher pH in which the bio-Fenton occurs. However, it can be concluded that
the pH at which the bio-Fenton occurred in this thesis-project was too low for the enzyme to
have acceptable activity, and should be increased for future experiments. However, increasing
the pH also increases the chance of accumulative effect of coagulation of the Fe3*. This might
be avoided by trying to perform the bio-Fenton in a two-step reaction, with a first step of
producing the H,0; which is needed for the second step with the Fenton-mechanism.
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An attempt to answer the research questions reads as follows: the use of Fenton-oxidation is
a feasible mechanism for the discoloration of reactive dyed cotton. However, besides the
degradation of the dye-molecules, also some oxidation of the cellulosic chain occurs, leading
to decreased crystallinity which significantly influences the mechanical and thermal properties
of the cotton. Nonetheless, these reduced mechanical properties also facilitate the
mechanical recycling process, but possibly decrease the quality of the re-spun yarns after
recycling. In order to gain more knowledge about the effect of the treatment on the fiber-
length and mechanical recyclability of the cotton fibers after shredding, further research is
suggested. Nevertheless, the Fenton-treatment as a more sustainable decolorizing pre-
treatment for recycling remains a research subject with potential and interesting prospects
for further investigation.
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6. Sustainability and Environmental Concerns

6.1. Scientific Relevance

Until now, the discoloration of reactive dyed cotton by means of Fenton-oxidation still formed
a gap in research. Therefore, this thesis is a first step in providing insight into whether or not
the Fenton-oxidation is feasible for discoloration of waste fabric, and how interesting this
mechanism might be for further research. The conclusions drawn from this master-thesis
indicate that Fenton-oxidation based discoloration of waste fabric is indeed an interesting
research-topic which can be elaborately researched in the future by other academic or
industrial research-teams looking to increase the sustainability of the preparatory discoloring
treatment for textile recycling. After thorough investigation of this discoloration process and
investigation of the applicability on industrial scale, the Fenton-oxidation based color removal
from waste cotton can possibly be applied for recycling-companies aiming to reduce their
environmental impact.

6.2. Societal Relevance

As was mentioned in the previous chapters, decolorization of textiles is an important
preparatory treatment for efficient recycling. Current industrial treatments decolorize the
fabric efficiently but request high temperatures and concentrations of chemical agents which
are harmful for the fabric and for the environment. Increasing the efficiency and the scale of
the recycling process would reduce the amount of landfill and increase the circularity of
materials. This would reduce the required amount of water and land and minimize the
pollution accompanied with the production of new material. Increasing the sustainability of
the recycling process would reduce the amount of energy, chemicals and water needed in
order to make circularity of the materials possible. For these reasons, the search for efficient,
environmental friendly decolorizing processes plays an important role in the reduction of
pollution caused by the textile industry (which is currently one of the most polluting
industries). Reducing the environmental impact of the textile industry would enhance life on
earth by reducing the contribution to climate change. This research-topic tackles UN’s
Sustainable Development Goals number 9 (‘Industry, Innovation and Infrastructure’), number
12 (‘Responsible Consumption and Production’), number 13 (‘Climate Action’) and number 17
(‘Partnership for the Goals’).
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7. Suggestions for Future Work

This master thesis has shown that the Fenton-oxidation is a promising mechanism for
discoloration of waste fabric; already 62-73% discoloration was achieved without a completely
optimized process. Further increase of this discoloration-efficiency could be achieved by
Design of Experiment to optimize all process-parameters in additional research. Also the use
of dyed fibers in nonwovens instead of twisted into yarns in a fabric-structure could lead to
better results, since the solution will be able to reach all the dye-molecules more easily. This
might allow better understanding of the mechanism in future concept-studies.

Concerning the environmental impact of the mechanism, the process also has to be non-toxic
towards the environment and life on earth besides the reduction of the required amount of
chemicals and energy. Therefore, future research should investigate the toxicity of the
residues remaining in the Fenton-solution and on the fabric. Moreover, also iron is added to
the Fenton-solution, which contributes to pollution of the effluents as well. Therefore,
collecting and regenerating the Fe-catalysts, for example by fixation on magnetic particles,
could be interesting to investigate for further increase of the sustainability of the Fenton-
oxidation of waste fabric. Furthermore, to be able to officially claim that Fenton-oxidation is
a more sustainable decolorization process, a thorough comparative study on the influence of
the treatments on the environment and the textile-materials between the current industrial
decolorization processes and the Fenton-oxidation should also be performed.

Efficient use of the Bio-Fenton process would further increase the sustainability of the Fenton-
decolorization process, by avoiding the need to store, transport and add toxic and flammable
hydrogen peroxide (Kahoush et al., 2018). However, the concept study on bio-Fenton-
oxidation in this thesis project indicated that the pH at which the mechanism occurred was
too low for the enzyme to have acceptable activity, and should be increased in future
experiments. However, increasing the pH also increases the chance of accumulative effect of
coagulation of the Fe3*. In future research, this might be avoided by attempting to perform
the bio-Fenton in a two-step reaction, with the production of the H,O0; as a first step, and the
Fenton-mechanism as a second step. Furthermore, the enzymes used for the bio-Fenton-
oxidation are expensive, and when used in a free state, additional steps for denaturation after
the reaction (and consequently loss of the enzyme) further increase the cost of the complete
operation. As a result, investigating the fixation of the enzymes in order to achieve reusability
of the bio-catalyst is of interest for further increase in the sustainability in case of bio-Fenton.

To conclude, the Fenton-oxidation based discoloration of waste fabric has many more
prospects for further increase of sustainability of the decolorization process, but this research
is still in its infancy. Therefore, elaborate and thorough future research on this topic will have
to be performed, in order know more about the impact of the treatment on the sustainability
of the recycling process and gain insight on the applicability of this process in industry.
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Annex A - Preliminary Tests on Fenton-oxidation based
Discoloration of Reactive-dyed Cotton Fabric

A.1 Materials

For the Fenton-processes, Fe** from iron(ll)sulfate hepta-hydrate (FeSOsx7H,0, >99.0%
purity, SIGMA-ALDRICH) and hydrogen peroxide (H20,, 35 wt%, Merck) are used to make a
Fenton-solution with de-ionized water. Also Fe** from iron(lll)chloride (FeCls, 98% purity,
Fisher Scientific) and 0,1M-solution of citric acid (CeHgO7, 99% purity, SIGMA-ALDRICH) are
used in several parts of the preliminary-tests.

A.2 Methods
A.2.1 Influence of Increased Solution-concentration on Discoloration Efficiency

Four different concentrations are tested: the first treatment will be according to the optimal
concentrations for Fenton-discoloration of dye-solution (Table 2.4), while the concentrations
for the other three treatments are found by multiplying the optimal concentrations in Table
2.4 by 2, 4 and 8. The conditions used in these four treatments are presented in Table A.1

Cotton fabric-samples of 5x5cm are treated in 100 ml solution, according to the conditions in
Table A.1, for both the black- and the blue-dyed fabric. For each dye, these pre-tests are
repeated 4 times. The temperature is kept at 40°C by a warm-water-bath and the diffusion is
ensured by magnetic mixing bars (stirring at 400 rpm). After the 60 minutes, the fabric-
samples are rinsed and left to dry.

Table A.1: Four different conditions used in pre-tests, for a fabric of 5x5cm in 100 ml solution.

[Fe*](mM)  [H20:] (mM) T(°C)
Fenton 1 3,5 70 40
Fenton 2 7 140 40
Fenton 3 14 280 40
Fenton 4 28 560 40
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During the reaction, the pH is not altered by addition of extra buffer and/or acids or bases.
However, the trend in pH during the reaction will be monitored by measuring the pH with a
pH-sensor (FiveEasy Standard pH Meter Line, Mettler Toledo) every 20 minutes.

A.2.2 Influence of Fe-source on Discoloration Efficiency

The optimal conditions from the previous part of the pre-tests (Fenton 3; see results in section
A.3.1) is repeated, but now with FeCls as the iron source.

During this reaction, the pH is not altered by addition of extra buffer and/or acids or bases.
However, the trend in pH during the reaction will be monitored by measuring the pH with a
pH-sensor (FiveEasy Standard pH Meter Line, Mettler Toledo) every 20 minutes.

A.2.3 Contribution of Coagulation to Discoloration

The optimal conditions from the previous part of the pre-tests (Fenton 3; see results) will be
repeated, but now without H,0; (only with the Fe-source). This test is performed for both
dyes, with both Fe-sources (FeSO4x7H,0 and FeCls).

The pH is altered to the pH in which Fenton 3 occurs (pH = 2,5 for FeSO4, pH = 2 for FeCls, see

results in section A.3.1 and A.3.2), by adding some drops of 0,1M-solution of citric acid.

A.3 Results and Discussions

A.3.1 Influence of Solution-concentration on Discoloration

Black-dyed Cotton

A plot with mean K/S-values of the black-dyed cotton and the samples discolored with
increasing Fenton-solution concentrations (Fenton 1 — Fenton 4) are given in graph A.1. From
these K/S-values, the associated discoloration percentages of the black-dyed fabric can be
calculated according to eq. 2, and are given in Table A.2.
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Graph A.1: mean K/S-values of the black-dyed cotton before and after Fenton treatments with
increasing concentrations according to Table A.1.

Table A.2: mean discoloration percentages of the black-dyed cotton for Fenton-treatments with
increasing concentrations according to Table A.1.

Fenton 1 Fenton 2 Fenton 3 Fenton 4

Discoloration % 15,89 12,39 20,46 16,40

Statistical T-tests are performed to compare the K/S-results before and after the Fenton-
treatments. The seemingly optimal Fenton-condition for discoloration of the black-dyed
cotton (Fenton 3) is also compared to the other treatments, to verify whether it gives
statistically significant results than the other treatments. The p-values of the performed t-
tests are respectively given in Table A.3.

Table A.3: p-values of t-tests between measured K/S-values of the black-dyed cotton before and after
Fenton-treatments and p-values of t-tests between K/S-values of the seemingly optimal treatment
(Fenton 3) and other Fenton-treatments, with all t-tests with & = 0,05 and n = 4.

Fenton 1 Fenton 2 Fenton 3 Fenton 4
Black-dyed fabric 0,003 0,005 0,001 0,003
Fenton 3 0,033 0,008 / 0,092
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These p-values indicate that the results of all treatments differ significantly from the color
strength of the black-dyed fabric (before treatment). Therefore, all Fenton-solutions from
Table A.1 result in significant discoloration of the black-dyed-cotton.

From Graph A.1, Fenton 3 (with a Fenton-solution with 4 times the recommended
concentrations for discoloration of dye-solution) seems to obtain the lowest color strength
after treatment (K/S-value decreases from 35,69 to 28,33) and thus the highest discoloration
percentage (20,46%).

When comparing the seemingly optimal treatment (Fenton 3) to the other treatments by t-
tests in Table A.3, only the results from Fenton 4 cannot be assumed significantly different
from Fenton 3. However, with an eye on sustainability, it is more beneficial to consume a
lower amount of chemicals. Since Fenton 4 requires double the amount of chemicals
compared to treatment 3, further Fenton-treatments of the black-dyed fabric will be
performed with the conditions of Fenton 3.

Blue-dyed Cotton

A plot with mean K/S-values of the blue-dyed cotton and the samples discolored with
increasing Fenton-solution concentrations (Fenton 1 — Fenton 4) are given in graph A.2. From
these K/S-values, the associated discoloration percentages of the blue-dyed fabric can be
calculated according to eq. 2, and are given in Table A.4.
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Graph A.2: mean K/S-values of the blue-dyed cotton before and after Fenton treatments with
increasing concentrations according to Table A.1.
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Table A.4: mean discoloration percentages of the blue-dyed cotton for Fenton-treatments with
increasing concentrations according to Table A.1.

Fenton 1 Fenton 2 Fenton 3 Fenton 4

Discoloration % 30,62 33,76 42,71 45,15

Statistical T-tests are performed to compare the K/S-results before and after the Fenton-
treatments. The seemingly optimal Fenton-condition for discoloration of the blue-dyed cotton
(Fenton 4) is also compared to the other treatments, to verify whether it gives statistically
significant results than the other treatments. The p-values of the performed t-tests are
respectively given in Table A.5.

Table A.5: p-values of t-tests between measured K/S-values of the black-dyed cotton before and after
Fenton-treatments and p-values of t-tests between K/S-values of the seemingly optimal treatment
(Fenton 4) and other Fenton-treatments, with all t-tests with & = 0,05 and n = 4.

Fenton 1 Fenton 2 Fenton 3 Fenton 4
Blue-dyed fabric < 0,001 <0,001 <0,001 < 0,001
Fenton 4 0,025 0,017 0,411 /

These p-values also indicate that the results of all treatments differ significantly from the color
strength of the blue-dyed fabric (before treatment). Therefore, all Fenton-treatments from
Table 3.1 result in significant discoloration of the blue-dyed-cotton.

From Graph A.2, Fenton 4 (with a Fenton-solution with 8 times the recommended
concentrations for discoloration of dye-solution) seems to obtain the lowest color strength
after treatment (K/S-value decreases from 15,70 to 8,57) and thus the highest discoloration
percentage (45,51%).

When comparing the seemingly optimal treatment (Fenton 4) to the other treatments by t-
tests in Table A.5, only the results from Fenton 3 cannot be assumed significantly different
from treatment 4. However, with an eye on sustainability, it is more beneficial to consume
less chemicals. Since Fenton 4 requires double the amount of chemicals compared to
treatment 3, and the results of Fenton 3 and 4 do not differ significantly, further Fenton-
treatments of the blue-dyed fabric will be performed with the conditions of Fenton 3.

The decision to treat both the black- and blue-dyed fabric with the same Fenton-conditions
for further experiments will also allow better comparison of the results of both fabrics.
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Trend in pH during Fenton-treatments

For both the black- and blue-dyed cotton, the pH during the Fenton-discoloration treatments
follows a similar trend. The mean values of the measured pH-values at specific time-intervals
during the reaction are given in Graph A.3.
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Graph A.3: trend in pH during Fenton-treatments with increasing solution-concentrations according
to Table A.1.

It is visible that increasing concentrations of the Fenton-solution are accompanied by
decreased pH-values during the treatment, due to the acidic characteristic of both ferric-
sulphate and hydrogen peroxide.

For Fenton 3, a drop in pH from pH = 2,5 to pH = 2,2 is visible. The drop in pH during the
reaction is caused by the production of hydroxyl-ions in reaction 2.6.

The pH-range in which Fenton 3 occurs is already rather low compared to optimal conditions
for Fenton-oxidations (pH = 2,5 — 4) . However, since the purpose of this thesis-project is not
to fully optimize the Fenton-discoloration, but rather to investigate whether the use of
Fenton-mechanisms can be used for discoloration of textiles and whether this mechanism
would be interesting for further research, the pH will not be adapted in further upscaled
experiments to avoid overcomplicating the analysis section.
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A.3.2 Influence of Fe-source on Discoloration Efficiency
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Graph A.4: mean K/S-values of the black-dyed cotton before and after Fenton treatments with
different iron-sources (FeSO4x7H,0 and FeCls).

From the K/S-values obtained by the different iron-sources (Graph A.4), the associated
discoloration percentages can be calculated according to eq.2 and are given in Table A.6.
Pictures of the cotton fabric before and after treatment are given in Figure A.5.

Table A.6: mean discoloration percentages of the black-dyed cotton for Fenton treatments with
different iron-sources.

Fenton 3 — FeSO4 x 7H,0 Fenton 3 — FeCl3

Discoloration (%) 20,46 13,16

a). b) . c) .

Figure A.5: black-dyed cotton before (a) and after Fenton-treatment with FeSO, (b) and FeCls (c).

71



A statistical t-tests between the K/S-results of the dyed-fabric and the Fenton-treatment with
the Fe(lll)-source (FeCls) is performed to investigate whether this iron-source leads to a
significant discoloration. Statistical t-tests between the Fenton-treatments with the different
iron-sources is also performed, to determine whether the iron-source achieves a significantly
different discoloration. The p-values of these statistical tests for the black-dyed cotton are
listed in Table A.7.

Table A.7: p-values of t-test between measured K/S-values of black-dyed cotton before and after
Fenton-treatment with an Fe(lll)-source and of t-test between K/S-values of Fenton-treatments with
different iron-sources (Fe(ll) and Fe(lll)),with a = 0,05 and n = 4.

Black-dyed cotton Fenton 3 — FeSO4 x 7H;0

Fenton 3 — FeCls <0,001 0,005

Therefore, for the black dyed cotton, using an Fe(lll)-source (FeCls) also results in a significant
discoloration (13,16%), however, achieving a lower discoloration percentage than for the
Fe(ll)-source FeSOa (20,46%).

Blue-dyed Cotton
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Graph A.6: mean K/S-values of the blue-dyed cotton before and after Fenton treatments with
different iron-sources (FeSO4x7H,0 and FeCls).

From the K/S-values obtained by the different iron-sources (Graph A.6), the associated
discoloration percentages can be calculated according to eq.2 and are given in Table A.8.
Pictures of the cotton fabric before and after treatment are given in Figure A.7.
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Table A.8: mean discoloration percentages of the blue-dyed cotton for Fenton treatments with
different iron-sources.

Fenton 3 — FeSO4 x 7H,0 Fenton 3 — FeCls

Discoloration (%) 42,71 59,65

a) b) c)

Figure A.7: black-dyed cotton before (a) and after Fenton-treatment with FeSO, (b) and FeCls (c).

A statistical t-test between the K/S-results of the dyed-fabric and the Fenton-treatment with
the Fe(lll)-source (FeCls) is performed to investigate whether this iron-source leads to a
significant discoloration. Statistical t-tests between the Fenton-treatments with the different
iron-sources is also performed, to determine whether the iron-source achieves a significantly
different discoloration. The p-values of these statistical tests for the black-dyed cotton are
listed in Table A.9.

Table A.9: p-values of t-test between measured K/S-values of blue-dyed cotton before and after
Fenton-treatment with an Fe(lll)-source and of t-test between K/S-values of Fenton-treatments with
different iron-sources (Fe(ll) and Fe(lll)), with @ = 0,05 and n = 4.

Blue-dyed cotton Fenton 3 — FeSO4 x 7H;0

Fenton 3 — FeCls <0,001 0,021

Therefore, for the blue-dyed cotton, the Fe(lll)-source also leads to significant discoloration,
which is even higher than for the Fe(ll)-source (59,65% compared to 42,71%).
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Trend in pH during Fenton-treatment with FeCI3

For both the black- and blue-dyed cotton, the pH during the Fenton-treatment with FeCls
follows a similar trend. The mean values of the measured pH-values at specific time-intervals
during the reaction are given in Graph A.8.
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Graph A.8: Trend in pH during Fenton-treatment with FeCls.

The pH during the Fenton-discoloration with FeCls is lower than for FeSO4 (pH = 2 compared
to pH = 2,5). This is due to hydrolysis of the salt in water with generation of HCI, which is a
strong acid. However, this pH is already below the lower limit for efficient Fenton-mechanism.
Therefore, it is suspected that not the only the Fenton-mechanism, but also some other
mechanism might be responsible for the 13,16% and 59,65% discoloration of the respective
black- and blue-dyed cotton.

Since part of the iron-cations will be present as Fe3* during the Fenton-mechanism, it is
possible that ferric-ions will coagulate with the negatively charged dye-molecules. Therefore,
the discoloration might be due to an accumulative effect of the Fenton-mechanism and
coagulation of the iron with the dye-molecules. However, since this thesis-project intends to
investigate the Fenton-process, accumulative discoloration results due to coagulation should
be avoided.

For this reason, an experiment to examine the contribution of Fe3*-coagulation to the
discoloration is performed by adding the cotton-samples to a solution with only the Fe-source
(no HzOz).
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A.3.3 Contribution of Coagulation to Discoloration
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Graph A.9: mean K/S-values of the black-dyed cotton before and after treatments with only the iron-
sources FeS0O4x7H,0 and FeCls (without H,0,).

From the K/S-values obtained by the treatments with only the iron-sources (Graph A.9), the
associated discoloration percentages can be calculated according to eq. 2, and are given in
Table A.10.

Table A.10: mean discoloration percentages of the black-dyed cotton for Fenton treatments with
different iron-sources.

Only FeSO4 x 7H,0 Only FeCls

Discoloration of black-dyed cotton % 2,03 14,03

Statistical t-tests between the K/S-values of the dyed fabric before and after treatment with
only the iron-sources are performed to investigate whether coagulation by Fe-hydroxides
present in the Fenton-solution contributes significantly to the discoloration of the cotton. The
p-values of these statistical tests for the black- and blue-dyed cotton are respectively listed in
Table A.11.

Table A.11: p-values of t-test between measured K/S-values of the black-dyed cotton before and after

treatment with only the iron-sources FeSO4 x 7H,0 and FeCls (no H,0,), with & = 0,05 and n = 4.

Only FeSO4 x 7H,0 Only FeCls

Black-dyed cotton 0,292 <0,001
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Blue-dyed cotton
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Figure A.10: mean K/S-values of the blue-dyed cotton before and after treatments with only the iron-
sources FeSO4x7H,0 and FeCls (without H,0,).

From the K/S-values obtained by the treatments with only the iron-sources (Graph A.10), the
associated discoloration percentages can be calculated according to eq. 2, and are given in
Table A.12.

Table A.12: mean discoloration percentages of the blue-dyed cotton for Fenton treatments with

different iron-sources.

Only FeSO4 x 7H,0 Only FeCls

Discoloration of blue-dyed cotton % 3,03 59,08

Statistical t-tests between the K/S-values of the dyed fabric before and after treatment with
only the iron-sources are performed to investigate whether coagulation by Fe-hydroxides
present in the Fenton-solution contributes significantly to the discoloration of the cotton. The
p-values of these statistical tests for the black- and blue-dyed cotton are respectively listed in
Table A.13.

Table A.13: p-values of t-test between measured K/S-values of the blue-dyed cotton before and after

treatment with only the iron-sources FeSO4 x 7H,0 and FeCls (no H,0,), with & =0,05 and n = 4.

Only FeSO4 x 7H,0 Only FeCls

Blue-dyed cotton 0,415 <0,001
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When only the Fe(ll)-source is added to de-ionized water (at pH = 2,5), a non-significant
discoloration of 2-3% is achieved for both dyes. However, a solution with only the Fe(lll)-
source (at pH = 2) leads to significant discoloration of the black- (14,03%) and the blue-dyed
cotton (59,08%). Since the Fenton-reactions with FeCls lead to similar discoloration
percentages (in Table 4.5 and 4.6), it cannot be concluded whether the discoloration is due to
the Fenton-mechanism or due to an accumulative effect of Fenton-mechanism and
coagulation of the Fe3*-hydroxides with the organic dye-molecules.

Since only a non-significant percentage of the discoloration was achieved by adding the Fe(ll)-
source, it can be concluded that the main discoloration when using this source is caused by
the Fenton-mechanism. Therefore, only this iron-source will be used in upscaled experiments
in order maintain the objective of this thesis-project, namely investigating the feasibility of
the Fenton-oxidation for discoloration of reactive-dyed cotton.
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Annex B — Microscopy Images of Raw Cotton

Microscopy-images of the knitted structure, the yarn and the fiber of the raw cotton are given
below.
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Figure B.1: microscopy-images of the knitted structure (a), spun yarn (b) and fiber (c) of the raw
cotton.
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Annex C — Images of Mechanically Shredded Fabric

Pictures of the residue after shredding of the raw cotton, dyed fabrics and Fenton-treated
fabrics are given below.

Figure C.1: picture of residue (fibers and non-opened yarns) of raw cotton after shredding.

Figure C.2: detailed picture of fibers and non-opened yarns of raw cotton after shredding.

79



Figure C.3: picture of residue (fibers and non-opened yarns) of black-dyed cotton after shredding.

Figure C.4: detailed picture of fibers and non-opened yarns of black-dyed cotton after shredding.
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Figure C.6: detailed picture of fibers and non-opened yarns of blue-dyed cotton after shredding.
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Figure C.8: detailed picture of fibers and non-opened yarns of discolored black cotton after shredding.
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Figure C.9: picture of residue (fibers and non-opened yarns) of discolored blue cotton after shredding.

Figure C.8: detailed picture of fibers and non-opened yarns of discolored blue cotton after shredding.
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