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SYNTHESIS OF BLEACH ACTIVATORS FOR TEXTILE INDUSTRY

SUMMARY

Cotton fiber, is the most widely used natural fiber worldwide, contains undesired
natural yellowish-brown coloring matters that hinder absorbency (wetting), reduce
the natural whiteness of the fibers. These coloring impurities, which may cause poor
dyeing quality, poor finishing performance and end product defects, must be
removed by bleaching process to prepare the textile materials for dyeing and
finishing.  Hydrogen peroxide (H20:), a universal and environment-friendly
bleaching agent, is widely used for cotton and cotton blends.

Conventional hot hydrogen peroxide bleaching is conducted under alkaline medium
(pH 10.5-12) at high temperatures near boiling (at around 98 °C), leading extensive
use of energy and severe chemical damage to textiles. Increasing demands for textile
bleaching include reduction in processing costs (energy and water consumption),
reduction in environmental impact and improvement in quality. Since energy is one
of the main cost factors in textile industry, there has been considerable interest in
recent years in ‘‘low temperature’’ bleaching. Activated peroxide systems have been
investigated as an alternative approach to cotton bleaching at lower temperatures.
Although there have been many reports on the use of cationic bleach activators for
cotton bleaching, yet it has never reached the commercial success due to either
production cost on a large scale, environmental concerns and/ or activity. This study
focuses on the development and synthesis of novel, sustainable based on aliphatic
acid chloride and more cost-effective cationic bleach activators, with the aim of
reduced production cost, improved affinity and bleaching performance, reduced fiber
damage for low temperature cotton bleaching to overcome the drawbacks of
conventional hot hydrogen peroxide bleaching and other cationic bleach activators
based on aromatic acid chloride.

Compared to conventional peroxide bleaching, using a bleach activator in a peroxide
bleaching bath is an effective and kinetically more potent oxidation generating highly
reactive peracid in situ, providing low-temperature bleaching. Activated bleach
systems have the potential to produce more efficient kinetically potent bleaching
systems through increased oxidation rates with reducing energy cost, saving time
and, hence, causing less cellulose polymer chains damage or degradation than
conventional hot peroxide bleaching. Cationic bleach activators have been
investigated as the next generation bleach activators with inherent substantivity
towards cellulosic fibers.

In this study, facile synthesis of more sustainable and cost-effective bleach activators
(N-[4-(N,N,N)-triethylammoniumchloride- butyryl] caprolactam, TBUCC, and N-[4-
(N,N,N)-triethylammoniumchloride- butanoyl] butyrolactam, TBUCB, based on an
aliphatic acyl chloride (4- chlorobutyryl chloride), was reported. Fourier transform
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infrared and high resolution mass spectrometry and tHNMR confirmed the molecular
structure of the synthesized bleach activator. Bleaching performance of newly-
synthesized bleached activators was evaluated in terms of whiteness index, water
absorbency and fiber damage (degree of polymerization) and compared with
conventional peroxide system. Central composite design (CCD) (orthogonal blocks)
was used to establish an optimized TBUCB-activated hot peroxide-cotton bleaching
system at lower temperature for providing reduced energy cost and maintaining the
integrity of cellulose polymer chains. The significance of the process parameters
(independent variables) and their interactions were statistically evaluated using
Minitab. First principles density functional theory (DFT) calculations were
performed to elucidate the reaction mechanism via identifying plausible transition
state(s) of the nucleophilic attack of perhydroxyl anion (HOO") with different
carbonyl carbons and identifying the advantages and limitations of TBUCB activator
for hydrogen peroxide bleaching for cotton.

The synthesis of bleach activators was conducted using a two-step reaction
procedure. In the first step, intermediate product was synthesized by condensation
reaction of 4- chlorobutyryl chloride with lactam leaving groups (caprolactam and
butyrolactam). In the second step, quaternization step was performed to obtain the
cationic bleach activators. Experimental results show that, in TBUCC-H20. system,
the whiteness index (WI) of bleached samples improved when 1:8 and 1:10 molar
ratio of TBUCC: H20, was used at 60 °C for 30 min. Using 1:8 molar ratio of
TBUCC: H20- at 36.7 mmol/L activator provided a WI of 70. As the temperature
increased from 60 to 70 °C, WI increased to 75.72 and 78.97 at 1:10 and 1:12 molar
ratio of TBUCC to H»0,, respectively. The optimum pH was found to be 11.5 for
effective bleaching performance. It was concluded that the effective concentration of
generated PAA depends on the concentration of H2O- up to a certain level. Based on
the results of the experimental design and statistical analysis, a WI higher than 70
was achieved for TBUCB-activated bleach system at 9.47 g /L (29.7 mmol/L) and
higher activator concentrations and at a molar ratio of 1:6-1:10 activator: H2O,. WI
higher than 80 can be achieved between 11.7 g/L (36.7 mmol/L) and 13.93 g/L (43.7
mmol/L) of activator concentrations at a temperature of 80 °C. Considering the
significance of the process parameters (independent variables) and their interactions,
temperature (D) followed by molar ratio of activator: H,O> (B) and concentration of
activator (A), respectively, have the highest statistical relevance on whiteness index.
On the other hand, it was revealed that the two-way interaction between the
concentration of activator (A) and the molar ratio of activator: H.O2 (B) is greater
than the other two-way interactions.

When the bleached samples with similar whiteness values were compared (WI= ~
75) in terms of fiber damage for conventional and activated peroxide bleaching
systems, a 19.5% decrease in the average degree of polymerization (DP) was
observed in conventional peroxide bleaching, while a decrease of 11.4% and 9.8%
was observed in the TBUCC and TBUCB activated peroxide bleach systems,
respectively. All these results show that whiteness index greater than 80 for cotton
can be achieved by using TBUCC and TBUCB activated peroxide bleaching systems
at lower temperature, providing reduced energy cost while maintaining the integrity
of cellulose polymer chains.

Density functional theory calculations were performed to elucidate the reaction
mechanism of the bleach activator with cellulose and rationalize the superior
efficiency of the bleach activator while maintaining the integrity of cellulose polymer
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chains compared to conventional hydrogen peroxide bleaching. DFT calculations
elucidated the reaction mechanism, reactivity and peroxide bleaching reaction
pathway of the perhydroxyl anion attack at carbonyl group of the butanoyl segment
not at the carbonyl carbon of the butyrolactam, which is consistent with the
experimental results. Reactions were found to follow two step mechanisms, which
are perhydroxyl anion attack at the carbonyl carbon and the peracid formation.
Reaction barrier for the perhydroxyl anion attack at the carbonyl carbon was
calculated by using sum of electronic and thermal free energies at 70°C under water
solvation effect and determined as 12.55 kcal/mol. For perhydroxyl anion attack,
TBUCB was found to have a lower reaction barrier and higher solubility than TAED,
which was determined as 13.72 kcal/mol.

These newly developed and synthesized aliphatic acid chloride-based cationic bleach
activators, which are more cost-effective, sustainable and highly reactive compared
to other aromatic based cationic bleach activators, enable peroxide bleaching
possible at lower temperature (70 °C) compared to conventional hot peroxide
bleaching (98 °C). With a sustainable production approach, using these novel
cationic bleach activators in hot peroxide bleaching bath provides many advantages
such as energy savings, reduced production cost, improved affinity and bleaching
efficiency (whiteness index), and less fiber damage. This study provides key
fundamental science principles and suggestions at the molecular level of novel and
sustainable bleach activators for cotton using a combined experimental and first
principles DFT calculations. This study is expected to provide a great contribution to
the commercialization of these novel, more sustainable and effective cationic bleach
activators for cellulose and cellulosic materials and to the future development of
cost-effective industrial bleach activators and sustainable bleaching systems.
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TEKSTIiL SEKTORU iCiN AGARTMA AKTiVATORLERININ SENTEZi

OZET

Diinyada en yaygin kullanilan dogal elyaf olan pamuk elyafi, emiciligi (1slanma)
engelleyen, elyaflarin dogal beyazligini azaltan istenmeyen dogal sarimsi-kahverengi
renklendirici maddeler icerir. Kotii boyama kalitesine, kotii terbiye performansina ve
son 1{rin kusurlarina neden olabilen bu renklendirme safsizliklari, tekstil
malzemelerini boyama ve terbiyeye hazirlamak i¢in agartma islemi ile giderilmelidir.
Evrensel ve ¢evre dostu bir agartma maddesi olan hidrojen peroksit (H202), pamuk
ve pamuk karisimlarinda yaygin olarak kullanilmaktadir.

Konvansiyonel sicak hidrojen peroksit agartma, alkali ortam (pH 10.5-12) altinda,
kaynamaya yakin yiiksek sicakliklarda (yaklasik 98 °C'de) gerceklestirilerek, yogun
enerji kullanimina ve tekstil iirlinlerinde ciddi kimyasal hasara yol acar. Tekstil
agartma icin artan talepler arasinda, isleme maliyetlerinde azalma (enerji ve su
tilkketimi), cevresel etkide azalma ve kalitenin iyilestirilmesi bulunmaktadir. Enerji,
tekstil endiistrisindeki ana maliyet faktorlerinden biri oldugundan, son yillarda
"diisiik sicaklikta" agartmaya onemli bir ilgi olmustur. Daha diisiik sicakliklarda
pamuk agartilmasina alternatif bir yaklasim olarak aktiflestirilmis peroksit sistemleri
aragtirtlmaktadir. Pamuklu agartma icin katyonik agartma aktivatorlerinin
kullanimina iliskin birgok ¢alisma olmasina ragmen, biiyiik 6l¢ekli tiretim maliyeti,
cevresel kaygilar ve/veya oksidasyon aktivitesi nedeniyle ticari basariya higbir
zaman ulagamamistir. Bu ¢alisma, konvansiyonel sicak hidrojen peroksit agartmanin
ve aromatik asit kloriire dayali diger katyonik agartma aktivatdrlerinin
dezavantajlarinin iistesinden gelmek amaciyla; diisiik sicaklikta pamuklu agartma
icin daha diisiik tiretim maliyeti, gelistirilmis afinite ve agartma performansi,
azaltilmis elyaf hasar1 saglayarak, alifatik asit kloriir ve daha uygun maliyetli
katyonik agartma aktivatoriine dayali yeni, siirdiiriilebilir bir liriintin gelistirilmesi ve
sentezine odaklanmaktadir.

Konvansiyonel peroksit agartma ile karsilastirildiginda, peroksit agartma banyosunda
agartma aktivatorii kullanmak, diisiik sicaklikta agartma saglayan, yerinde yliksek
reaktif perasit lreten etkili ve kinetik olarak daha giicli bir oksidasyondur.
Aktiflestirilmis agartma sistemleri, enerji maliyetini diislirerek, zamandan tasarruf
ederek ve dolayisiyla, konvansiyonel sicak peroksit agartmaya gore daha az seliiloz
polimer zincir hasarmma veya bozunmasina neden olan yikseltilmis oksidasyon
oranlar1 yoluyla daha verimli kinetik olarak gii¢lii agartma sistemleri iiretme
potansiyeline sahiptir. Katyonik agartma aktivatorleri, seliilozik liflere karsi dogal
substantivite (afinite) sergileyen yeni nesil agartma aktivatorleri olarak
arastirilmaktadir.
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Bu calismada, alifatik asil kloriir (4-klorobiitiril kloriir) bazli, daha siirdiiriilebilir ve
uygun maliyetli agartma aktivatorlerinin, N- [4- (N, N, N) -trietilamonyumkloriir-
butiril] kaprolaktam, TBUCC, ve N- [4- (N, N, N) -trietilamonyumkloriir-biitanoil |
biitirolaktam, TBUCB, kolay sentezi rapor edilmistir. Fourier doniisiimii kizilotesi
spektroskopisi (FTIR) ve yiiksek coziiniirliiklii kiitle spektrometresi ve *HNMR
karakterizasyon testleri sentezlenen agartma aktivatoriiniin molekiiler yapisini
dogrulamistir. Sentezlenmis agartma aktivatorleri beyazlik indeksi, su emiciligi
(hidrofillik) ve lif hasar1 (polimerizasyon derecesi) agisindan degerlendirilmis ve
konvansiyonel peroksit sistemi ile karsilastirilmistir. Enerji tasarufu saglamak ve
seliiloz polimer zincirlerinin biitiinliiglinii korumak amaciyla, daha diisiik sicaklikta
TBUCB-sicak peroksit-pamuk agartma sistemi Merkezi kompozit tasarimi (CCD)
(ortogonal bloklar) kullanilarak optimize edilmistir. Islem parametrelerinin &nemi
(bagimsiz degiskenler) ve etkilesimleri, Minitab program kullanilarak istatistiksel
olarak degerlendirilmistir. Farkli karbonil karbonlar ile perhidroksil anyonun (HOO")
niikleofilik saldirisinin makul ge¢is durumlarini tanimlayarak ve hidrojen peroksit ile
pamuk agartma i¢in TBUCB aktivatoriiniin avantajlarin1  ve sinirlamalarini
belirleyerek reaksiyon mekanizmasini aydinlatmak i¢in yogunluk fonksiyonel teorisi
(DFT) hesaplamalar1 yapilmistir.

Agartma aktivatorlerinin sentezi, iki asamali bir reaksiyon prosediirii kullanilarak
gerceklestirilmistir. Ik asamada, 4-klorobiitiril kloriiriin laktam ayrilan gruplarla
(kaprolaktam ve butirolaktam) kondenzasyon reaksiyonu ile ara iiriin sentezlenmistir.
Ikinci asamada, katyonik agartma aktivatdrlerini elde etmek igin kuaternizasyon
asamast gercgeklestirilmistir. Deneysel sonuglar, TBUCC-H>O, aktive edilmis
agartma sisteminde, 1:8 ve 1:10 TBUCC:H202 molar oran1 kullanildiginda 60 °C'de
30 dakika iglem siiresinde, agartilmis numunelerin beyazlik indeksinin (WI) arttigini
gostermektedir. 1:8 TBUCC: H202 molar oraninda ve 36.7 mmol/L aktivator
konsantrayonunda, W1 degeri 70 olarak elde edilmistir. Sicaklik 60 °C’den 70 °C'ye
artiginda, W1 degeri, 1:10 ve 1:12 TBUCC: H202 molar oranlarinda sirasiyla 75.72
ve 78.97'ye yiikselmistir. Etkili agartma performansi i¢in optimum pH degerinin 11.5
oldugu bulunmustur. Uretilen perasetik asidin (PAA) etkin konsantrasyonunun belirli
bir seviyeye kadar H»O. konsantrasyonuna bagli oldugu sonucuna varilmistir.
Deneysel tasarim ve istatistiksel analiz sonuglarina gére, TBUCB ile aktive edilen
peroksit agartma sistemi i¢in 9.47 g/L (29.7 mmol/L) ve daha yiiksek aktivator
konsantrasyonlarinda ve 1:6-1:10 molar oraninda 70'den yiiksek WI degeri elde
edilmistir. 80 °C sicaklikta 11.7 g/L (36.7 mmol/L) ile 13.93 g/L (43.7 mmol/L)
aktivator konsantrasyonlar: arasinda 80'den yiiksek WI elde edilebilecegi sonucuna
varilmistir. Proses parametrelerinin (bagimsiz degiskenler) ve etkilesimlerinin 6nemi
g0z Oniine alindiginda, sicaklik (D), ardindan aktivator: H2O2 molar oran1 (B) ve
aktivatdr konsantrasyonu (A), beyazlik indeksi iizerinde en yiiksek istatistiksel
oneme sahiptir. Diger taraftan, aktivator konsantrasyonu (A) ile aktivatér:H202 molar
orani (B) arasindaki iki yonlii etkilesimin diger iki yonlii etkilesimlerden daha biiytik
oldugu ortaya konmustur.

Konvansiyonel ve aktive edilmis peroksit agartilmis sistemler ig¢in benzer beyazlik
degerlerine sahip agartilmis numuneler (WI= ~ 75) lif hasar1 acgisindan
karsilastirildiginda, konvansiyonel peroksit agartmada ortalama polimerizasyon
derecesinde (DP) % 19.5'lik bir diisiis gozlenirken, TBUCC ve TBUCB ile aktive
edilmis peroksit agartma sistemlerinde sirasiyla % 11.4 ve % 9.8 azalma
gbzlenmistir. Tiim bu sonuglar, TBUCC-H20, ve TBUCB-H:O; aktive edilmis
agartma sistemleri ile pamuk esasl tekstil iiriinleri i¢in 80'den biiyiik beyazlik
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indeksinin, konvansiyonel peroksit agartma sistemi karsilastirildiginda daha diisiik
sicaklikta elde edilebilecegini ve seliiloz polimer zincirlerinin biitiinliigii korunurken
enerji maliyetinin azaltabilecegini gostermektedir.

Yogunluk fonksiyonel teorisi (DFT) yontemi kullanilarak, agartma aktivatoriiniin
seliloz ile reaksiyon mekanizmast aydinlatilmis ve agartma aktivatoriiniin
konvansiyonel hidrojen peroksit agartmaya kiyasla, seliiloz polimer zincirlerinin
biitiinliiglini.  korurken {istlin agartma etkinligi rasyonellestirilmistir. DFT
hesaplamalari, deneysel sonuclarla tutarli olan butanoil segmentinin karbonil
grubuna ait perhidroksil anyon saldirisinin reaksiyon mekanizmasini, reaktivitesini
ve peroksit agartma reaksiyon yolunu aydinlatmistir. Reaksiyonlarin, karbonil
karbonuna perhidroksil anyon saldiris1 ve perasit olusumu olan iki asamali
mekanizmay1 takip ettigi bulunmustur. Karbonil karbonunda perhidroksil anyon
saldirist i¢in reaksiyon bariyeri, 70°C'de su ¢ézme etkisi altinda elektron ve termal
serbest enerjilerin toplam1 kullanilarak hesaplanmis ve 12.55 kcal/mol olarak
belirlenmistir. Perhidroksil anyon saldirist i¢in TBUCB’nin, 13.72 kcal/mol olarak
belirlenen TAED'e gore daha diisiikk reaksiyon bariyerine ve daha yiiksek
¢Oziiniirliige sahip oldugu bulunmustur.

Diger aromatik bazli katyonik agartma aktivatorlerine gore daha uygun maliyetli,
stirdiiriilebilir ve yiiksek reaktiviteye sahip bu yeni gelistirilen ve sentezlenen alifatik
asit klorlir bazli katyonik agartma aktivatorleri, konvansiyonel sicak peroksit
agartmasma gore daha diisiik sicaklikta (70 °C) peroksit agartmayr miimkiin
kilmaktadir. Siirdiirtilebilir bir {retim yaklagimiyla, bu yeni katyonik agartma
aktivatorlerinin sicak peroksit agartma banyosunda kullanilmasi, enerji tasarrufu,
diisiik iretim maliyeti, iyilestirilmis afinite ve agartma verimliligi (beyazlik indeksi)
ve daha az elyaf hasar1 gibi bir¢ok avantaj saglamaktadir. Bu ¢alisma, kombine bir
deneysel ve ilk prensip DFT hesaplamalari kullanilarak pamuk i¢in yeni ve
stirdiiriilebilir bir agartma aktivatoriiniin molekiiler diizeyde temel bilim ilkelerini ve
onerilerini sunmaktadir. Bu ¢alisgmanin, seliiloz ve seliilozik malzemeler igin bu yeni,
daha siirdiiriilebilir ve etkili katyonik agartma aktivatoriiniin ticarilestirilmesine ve
uygun maliyetli endiistriyel agartma aktivatdrlerinin ve siirdiiriilebilir agartma
sistemlerinin  gelecekteki gelisimine biiyiilk katki saglamasi beklenmektedir.
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1. INTRODUCTION

Textile wet processing, which includes pretreatment (or preparation), coloration
(dyeing or printing) and finishing, is the most energy intensive subsector in the
textile industry. A reduction in processing costs, a reduction in environmental impact
and improvement in textile quality are highly desired factors for textile wet
processes. Bleaching is a critical and essential textile wet process for the preparation
of cotton-based textiles prior to dyeing and finishing in order to remove undesired
inherent coloring matter, water-borne stains, oil-borne soils and to provide the
complete removal of seed husks and trash. Most of fiber-forming polymers are white
in their natural state. However, impurities and coloring matters in fibers hinder
wetting and mask the natural whiteness of fibers by absorbing light, causing a
yellowish brown or dull appearance. Synthetic fibers that are usually sufficiently
white do not require bleaching unless they are dyed in very vivid light colors or super
white finish textiles are required. If it is desired, whiteness of synthetic textiles is
improved by the bleaching process [1-8].

Cotton fiber, a plant derived natural seed fiber, is the most widely used natural fiber
worldwide and one of the most important raw materials in the textile industry. Cotton
fiber is an ideal material for apparel, bedding and linens due to its high water
absorbency, comfort and relative ease of dyeing and finishing. It consists largely of
cellulose and has up to 6-14% non-cellulosic materials such as fat, waxes, pectins
and mineral matters [9-12]. It also contains natural coloring matters that give a
yellowish-brown color and significantly reduce the inherent white appearance of
cotton cellulose. This yellowish and brown discoloration which may be due to the
flavone pigments of the cotton flower, varies depending on the area of cultivation,
climate, soil, drought and frost and other extraneous materials. The natural color of
cotton may affect the tone and brightness of the shade obtained by dyeing, especially
for light to medium shades. These coloring matters must be removed in bleaching to
achieve full white or extra bright shades in further dyeing and finishing. However,

bleaching step is generally skipped in case of material to be dyed in dark and dull



shades. In bleaching, these colored substances on cotton are chemically converted
into water-soluble molecules to be removed or their conjugated chromophores are
destroyed by oxidation [4-7,13].

This process is generally applied to grey goods to produce white fabrics or to fabrics
to prepare them for dyeing in pastel shades, by destroying the coloring matter with
the help of bleaching agents with minimum degradation of the fiber. In addition to
purpose of achieving sufficiently high and uniform whiteness degree with minimum
fiber damage, bleaching improves water absorbency (wetting) and uniformity of
appearance, which help to obtain high quality and level dyeing. The process must
also be ecologically and economically sensible, providing good user and

technological properties of textile material [4-8, 14-15].

Hydrogen peroxide (H20.), which is the most common and universally used
bleaching agent, has been used for industrial cotton bleaching for decade. Generally,
cotton substrates can be bleached in the presence of H.O> under alkali pH at high
temperature (>95 °C) by rapid exhaustion process (Hot peroxide bleaching). The
high temperatures, as well as the addition of alkali, are necessary to activate the
required hydrogen peroxide. Hot peroxide bleaching method consists of three main
steps. First step includes the saturation of the fabric with bleaching agent and other
required chemicals. The second step involves increasing the temperature to the
recommended level for the particular textile material and maintaining this
temperature for required process time. These steps are followed by the third step, the
washing and drying of the fabric. Hot peroxide bleaching provides acceptable
whiteness and high yield due to its short processing time. However, high temperature
bleaching causes high energy consumption with increased fiber damage [1, 3-5, 8,
13, 15].

Cotton substrates can alternatively be bleached at room temperature for a long dwell
time up to 24 h by cold pad-batch process [16-17]. While the cold pad-batch process
eliminates the fiber damage and high energy cost problems observed in the hot
bleaching process, two factors, which are storage space and whiteness level, often
limit its widespread application. After the fabric is impregnated with a peroxide-
based bleach solution, a significant amount of storage space is required to keep the
fabric at room temperature. Secondly, conventional cold pad-batch bleaching may

not achieve the sufficient whiteness required for white and light colored products.
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Considering these limitations, the studies in the literature have focused on reducing
the dwell time of cotton fabric to shorten the processing time in the cold pad-batch
process, and lowering the bleaching temperature to save energy in the rapid

exhaustion process [16-35].

1.1 Conventional Bleaching

Bleaching agents convert colored impurities into colorless particles. A chromophore,
which is the part of a molecule responsible for its color, contains conjugated double
bonds. These double bonds are attacked by the oxidizing species during bleaching
and destroyed by cleaving the conjugated chain, or by oxidation of one of the other
moieties in the conjugated chain. As a result, electromagnetic radiation is not
absorbed and reflected in the visible region of the spectrum, causing discoloration [7,
36].

Oxidizing agents are more commonly used in bleaching than reducing agents. The
most commonly used oxidizing agents for cotton bleaching are hydrogen peroxide,
sodium chlorite (NaClOz) and sodium hypochlorite (NaClO).

1.1.1 Chlorine-based bleaching

Hypochlorite is one of the oldest industrial bleaching agents. The main advantage of
hypochlorite is that it is an inexpensive bleaching agent and used to bleach socks and
other inexpensive textile products. Hypocorous acid (HOCI), which is unstable and
dissociates to give active oxygen and hydrochloride acid (HCI), is generated as a
result of dissolving sodium hypochlorite in water. The optimum condition for
sodium hypochlorite bleaching is pH 9-11 at 20 °C. A fall in pH (below 9) may cause
severe damage to the cellulose due to the formation of oxy-cellulose. Before the
hypochlorite bleaching of cellulosic fibers, it is necessary to remove all impurities
such as fats, oils, waxes and pectin, which would reduce available hypochlorite and,
accordingly, bleaching efficiency. There is a risk of yellowing of the bleached fabric
during storage. Antichlor treatment is applied to remove the residual chlorine from

the bleached fabric after the hypochlorite bleaching.

Sodium chlorite (NaClOy) is relatively expensive compared to H-O2 and NaClO. In
NaClO- bleaching, chlorous (HCIO>) acid is generated as a result of the hydrolysis

of sodium chlorite with water. The pH of the medium should be 3.5-4 in order to



achieve an adequate concentration of chlorous acid. The two most important issues
to be considered in sodium chlorite bleaching are the release of toxic chlorine
dioxide gas and corrosion of the devices. Sodium chlorite causes the least chemical
damage to cotton as compared to other bleaching agents, and its decomposition is not
catalyzed in the presence of metal ions. Due to the partial removal of waxes, chlorite
bleached fabric has a softer touch than NaClO and H20. bleaching, but it has poor

absorbency for subsequent dyeing and printing.

However, commercial use of chlorine based bleaching agents have considerably
limited due to the environmental impact resulting from the release of highly toxic
chlorinated organic by products (AOX). Nowadays, hydrogen peroxide has almost

entirely replaced the chlorine oxidizing agents [1-5, 7-8, 14].

1.1.2 Peroxide-based bleaching

The current most common industrial and universal bleaching agent is hydrogen
peroxide due to its simplicity of use, low cost and eco-friendly nature (decomposes
to O2 and H20). H20:> is the most commonly used in diluted form (e.g. 35% wi/w),
owing to its very low cost, abundance, and ease of application from a solution. Rapid
hydrogen peroxide bleaching (hot peroxide bleaching), one of the most common
bleach methods, is conducted under alkaline medium (pH 10.5-12) at high
temperatures near boiling to produce active oxygen which decomposes coloring
substances. The conventional bleaching results in a higher WI of 73-75, which is
accompanied by extensive use of energy, water and chemical consumption, and a
high level of fiber damage (decrease in the degree of polymerization of cellulose) [4-
6, 37-38]. In addition, the excessive amount of bleaching agent leads to increased
contamination load of wastewater effluents discharge after bleaching step [5, 7-8, 17-
20, 36]. Moreover, conventional bleaching requires extensive rinsing process to
remove any hydrogen peroxide residues, which may interfere with the subsequent

dyeing process resulting in color loss [39].

The advantages of hydrogen peroxide bleaching as compared to others can be

summarized as follow: [1-8].

e Hydrogen peroxide, which is a universal and widely used bleaching agent,

can be applied to jute, linen, wool, silk, etc. as well as cotton.
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e It is highly environment-friendly since it decomposes into water and oxygen,
which are nontoxic and innocuous wastewater products. One of the most
Important issues to be considered in sodium chlorite bleaching is the release
of toxic chlorine dioxide (CIOz) gas. Therefore, special equipment

construction is required for the safety of the employees.

e It is non-corrosive and does not have any unpleasent odours. Especially in
sodium chloride bleaching, which is performed under acidic conditions and at
high temperatures, the devices used in the bleaching corrode over time, even
if they are made of stainless steel.

e It causes less fiber damage (less chemical degradation, and less weight loss)

as compared to other bleaching systems.

e Its bleaching effect is good and permanent, causing no yellowing at later

stages.

e It allows combined scouring and bleaching process since peroxide bleaching

is carried out under alkaline conditions at or near boiling.
e It shows compatibility with optical brighteners and most dyes.
e It can be applied by hot or cold, and batch or continuous methods.

e Residuals in cotton (fats, oils, waxes and pectines) do not diminish the
bleaching effectiveness since they have a significant stabilizing effect on
hydrogen peroxide by preventing excessive loss of oxygen before bleaching.
However, before hypochlorite bleaching, it is necessary to remove all these
impurities from natural cellulosic fibers by boiling with NaOH for a long
time since they deplete the available hypochlorite resulting in reduced
bleaching effectiveness.

¢ No antichlor treatment is required after peroxide bleaching.
The limitations of hydrogen peroxide bleaching can be summarized as follow: [1-8].

e Cotton bleaching with H.O> requires harsh processing conditions (extremely
alkaline conditions at or near the boiling temperature) leading to intensive

energy consumption and severe fiber damage.



e Hydrogen peroxide is a highly unstable molecule under alkaline medium,
decomposing readily to water and oxygen with release of heat. This reaction
is catalyzed in the presence of metal ions (Fe, Cu, Co, Mn, etc.). Catalytic
degradation of cellulose may occur with catalytic decomposition of peroxide

due to the presence of the metal ions in the fabric or in the bleach solution.

e Stabilizers must be added to the bleach solution to control the decomposition
of H20..

e After bleaching, a large amount of water is required to remove the residual
H20. from the bleached substrate. In addition, neutralization process is

applied to remove the residual alkali remaining on the substrate.

1.1.2.1 Peroxide-based bleaching mechanism

The most common conventional bleaching process uses a perhydroxyl anion (HO?%)
as the primary oxidation species. Hydrogen peroxide behaves like a very weak acid
in aqueous medium and is relatively stable under acidic medium. It ionizes in water
to form perhydroxyl ion (HO?), which is an active bleaching agent, and hydrogen
ion (Kdiss=1.78 x 10™*2). The perhydroxyl is highly unstable and decomposes in the
presence of organic substances/ oxidisable substance (coloured impurities in cotton)
resulting in bleaching action as below: [4, 8, 10, 40-43].

Dissociation H,O02 + HO —4mM8 » H*+ HOO~ Kaiss=1.78 x 10712

HOO~ + organic substance —  oxidized organic substance

Since H20> is a very weak acid, strong alkaline such as sodium hydroxide is often
used in bleach bath to promote the formation of HOO™ anions in combination with
other textile auxiliaries including stabilizers and wetting agents. Sodium hydroxide
activates hydrogen peroxide by neutralizing the H + ion and shifting the reaction to
the right, which is favourable for liberation of HO? [4-5, 8, 14, 40-42].

AtpH10to11  H,0; ——— HOO~ +H20



Hydrogen peroxide can also decompose to water and molecular oxygen under high
temperature, high alkaline charge and in the presence of metal impurities, which can
severely damage cotton. At pH 10 to 11 (pH 10.2 to 10.7), there is a moderate
concentration of perhydroxyl ions, providing a safe and optimum pH for controlled
bleaching, where the evolution rate of perhydroxyl ion is equal to the consumption
rate for bleaching. The presence of more alkali (at higher pH above 10.8) will result
in instability and rapid generation of perhydroxyl anion (rapid liberation of HO?
ion), but more alkali will also promote the hydrogen peroxide decomposition. The
peroxide rapidly breaks down and results in formation of oxygen gas which has no
bleaching property. This reaction is catalyzed by the presence of transition metal ions
(e.g. Fe, Mn, Cu, Co, Ag, etc.) in bleach bath, which reduces the possibility of
bleaching. If the rate of decomposition is too high, the unused HO? may damage the
fiber [1-4, 6, 14-15].

Decomposition H02 —————  H0+'% 02

During oxidation, the polymerization degree of cellulose can be reduced due to the
formation of oxycellulose (oxidized cellulose) (Figure 1.1). As the oxygen
consumption increases, the carboxyl, aldehyde and ketone groups gradually increase.
However, it is seen that ketone groups are the predominant functional groups formed
on cellulose by hydrogen peroxide oxidation. Oxidised cellulose containing the
electronegative aldehyde and ketone groups, which are in position to the glucosidic
linkage, is sensitive to chain cleavage causing a significant decrease in the
polymerization degree. To control the decomposition of peroxide and cellulose
damage, stabilizers including sodium silicate, organic compounds and phosphates are
often added to the bleach bath. They act as a pH buffer to maintain the pH at the
optimum level and to form a complex with metals traces, which catalyze the
degradation of the fibers [1, 6-8, 42-46].
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Figure 1.1: Oxidation of cellulose [47].

1.2 Activated Bleach Systems

In general, textile wet processes consist of a sequence of various processes involving
the consumption of huge amounts of water and energy and the use of toxic and
hazardous chemicals, which are the main source of environmental pollution.
Furthermore, aggressive process conditions are also accompanied by deteriorating
the product quality. Therefore; the main concerns in textile wet processes are
reduction in production costs (energy and water consumption), reduction in
environmental impact and improvement in product quality in order to make a

contribution toward sustainability.

There has been an increasing demand for developing new and more sustainable
bleaching systems for cotton under mild conditions (lower temperature, shorter
process time, and lower chemical concentration, etc.) since bleaching is an essential
process required for the pretreatment of cotton fibers. The industry and academic
communities have conducted extensive research to reduce the temperature for
industrial cotton bleaching. Compared to conventional hot peroxide bleaching at or
near boiling temperarature, the low temperature bleaching significantly reduces
energy cost, saves time and causes less fiber damage. In addition, by shortening the
bleaching time, energy consumption is reduced and the capacity to treat more fabric
is increased [36, 48-51].

Since the beginning of the twenty-first century, researchers have focused on
activated peroxide systems in the textile industry as an alternative approach to low
temperature-cotton bleaching to minimize the problems caused by the conventional
peroxide bleaching [16-19, 38, 42, 49-50]. Activated bleaching systems enable more
efficient bleaching by increasing the oxidation rates [6, 38, 40, 52-54].



1.2.1 Bleaching with peracetic acid

In recent years, there has been considerable interest in low temperature-cotton
bleaching. Peracetic acid (PAA), also known as peroxyacetic acid, peracid,
peroxycarboxylic acid, is most often used in the textile industry and has been also
investigated for energy-saving and environmentally friendly bleaching systems.
Peracids have superior low temperature bleaching capabilities as they are stronger
oxidizing agent than hydrogen peroxide. The peracids are safe and efficient
bleaching agent at mild condition. Based on the literature, the preferable process
conditions for the use of peracids as a bleaching agent of cotton are the pH range of
6-7, the bleaching temperature of 50-80 °C and the bleaching time of 20-60 min.

PAA is environmentally safe as it decomposes to oxygen and acetic acid. PAA, an
industrial chemical agent, is easily available and can be safely incorporated into an
existing process. This acid can be produced directly in the bleaching bath. The
bleaching action of PAA occurs as a result of epoxidation of double bonds present in
undesirable-colored compounds as shown in Figure 1.2. Higher whiteness values can

be achieved with less fiber damage at lower temperatures with this process [48-58].

0 OH OH
| | (0) N/ N/ HO I
Peracid + —Cc=C— —— C—C —» —C —C —
/ \ / \
Color producing
material Epoxidation Colorless material

Figure 1.2: Epoxidation of double bonds via peracid [59].

PAA is commercially available for textile bleaching in 5%, 15% and 40% solutions
known as "equilibrium peracid”. Although PAA is not toxic compared to chlorine
dioxide, highly concentrated solutions (35-40%) are dangerously explosive and
difficult to use because the acid is volatile and has a sharp, irritating odor. All PAA
solutions decompose to some extent during storage, hence stabilizers can be added to
the solution to minimize decomposition. Tracking and control of inventory, including
the amount of product, type of storage container and transportation method, plays a

crucial role during storage.



Commercial PAA can be produced from hydrogen peroxide and glacial acetic acid
with the use of strong mineral acid such as sulphuric acid in an equilibrium reaction,
yielding a commercial product containing a mixture of PAA and peroxide.
Alternatively, it can be produced from hydrogen peroxide and acetic anhydride at
room temperature using suitable catalyst such as caustic soda or EDTA. However,
surplus acetic anhydride should be avoided during this synthesis because the excess
acetic anhydride may give rise to an undesirable side reaction yielding highly
explosive diacetyl peroxide [4-5, 18, 56, 60]. In earlier work, Rucker and Cates
found that excellent bleaching of cotton fibers can be achieved at 30 °C for 60

minutes by using acetic anhydride in peroxide bleaching bath [16, 61].

To reduce the danger in the on-site production of PAA from acetic
anhydride/hydrogen peroxide and overcome transportation and storage problems,
activators can be used to generate PAA in situ, resulting in increased oxidation
activity of hydrogen peroxide, accordingly improved bleaching performance,
decreased energy cost and process time and reduced fiber damage [1, 49, 56, 62-63].
A promising method to decrease energy consumption and lessen fiber damage is to
add bleach activators into the peroxide bleaching solution to produce kinetically
reactive peracid, which can make low-temperature bleaching possible [24, 62].

Bleach activators like anionic nonanoyloxybenzene sulphonate (NOBS), nonionic
tetraacetylethylenediamine (TAED) and cationic N-[4 (triethylammoniomethyl)-
benzoyl] caprolactam chloride (TBLC) generate peracids allowing bleaching at lower
temperature and at reduced time, resulting in energy savings and reduced fiber
damage [ 16-31, 47-48, 51, 63-66].

1.2.2 Bleach activators
Bleach activators, which are organic peracid precursors with O- or N-bounded acetyl
groups, generate peracids in situ in hydrogen peroxide solution to increase the

oxidation rates and consequently to reduce the bleaching temperature.

Under alkaline conditions, hydrogen peroxide first dissociates to form perhydroxyl
anion. Bleach activators would be nucleophilically attacked by the perhydroxyl
anions dissociated from hydrogen peroxide to form more kinetically active peracid
species in situ as shown in Figure 1.3. This reaction is also called perhydrolysis. The

formed peracids would be a more kinetically active bleaching agent than hydrogen
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peroxide and play a key role in low-temperature bleaching. Generated peracid
increases the oxidation rates and consequently lower the bleaching temperature [16,
18, 20-21, 28, 32, 38, 40, 56, 67-69].

tivat
H202 dcilivatlor )J\

OH k\
TOOH KS
w R OOH

R L

Figure 1.3: Reaction of bleach activator with H20 to form peracid [70].

A variety of bleaching activartors have been investigated for use in activated
peroxide systems such as tetraacetylethylenediamine (TAED) [63, 65, 71],
nonanoyloxybenzenesulfonate (NOBS) [45-46, 63], guanidine derivatives [66] and
N- [4 (triethylammoniomethyl)benzoyl]lactam chlorides (TBLCs) [28-30], thiourea
[72], and aminonitrile [34] and etc. [72-75].

Tetraacetylethylenediamine (TAED), and the sodium salt of
nonanoylbenzenesulphonic acid (NOBS) are two activators in widespread
commercial use and are widely used in laundry detergent formulations for removal of
coloring contaminants from textiles. In TAED-activated hydrogen peroxide
bleaching system, TAED react with perhydroxyl ions derived from H>O> to form
triacetylethylenediamine (TriAED) and diacetylethylenediamine (DAED) with the
release of two molecules of peracids in situ (Figure 1.4). However, TAED has poor
solubility in water and its bleaching effectiveness has been found to be insufficient at
temperatures below 50 °C [8, 48, 50, 73].
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Figure 1.4: Perhydrolysis of TAED [33].

In NOBS-activated hydrogen peroxide bleaching system, perhydroxyl anion reacts
with the activator, NOBS, to form a low temperature bleaching agent, pernonanoic
acid. However, the presence of excess NOBS or low pH may cause peracid anions to
be converted to an undesirable diacylperoxide (DAP) as a byproduct (Figure 1.5). It
was reported that bleaching performance of NOBS is superior to TAED under certain
conditions, which may be due to its higher solubility than TAED, which is poorly
soluble in water. The disadvantage of this system is that NOBS has a negative charge
on its leaving group with long alkyl chain, which leads to low substantivity for
cotton, thus causes perhydrolysis to occur in the bleach bath rather than the cotton
surface [48-49, 66, 76].

O 0
Il _ I _
CHHW—C—O’—@—SG_“NLI + HOO ——— EEHH—(—UUH + 0_©_50;\J.I
NOBS Pernonanoic acid

I 0 P9
CHH1?_C_04©750}K11 + CSHH_C_UO- _— CHHH_C_UD_C_C;-gH]?

DAP

Figure 1.5: Reaction of NOBS with H20> to produce pernonanoic acid and NOBS
side reaction to produce DAP [66].

With the aim of avoiding these limitations, an activated bleaching system using
lactam-based  cationic  bleach  activators  [N-[4-(triethylammoniomethyl)
benzoyl]lactam chloride (TBLC)] consisting of aromatic benzoyl chloride was

developed and designed by the Procter and Gamble Company. It contains one
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cationic group (quaternary ammonium cations), which can provide high water
solubility and inherent great affinity toward negatively charged cellulosic fibers in

aqueous solutions, leading to improved bleach effectiveness [24, 28, 35, 48, 77-78].

1.2.2.1 Cationic bleach activators (CBAS)

Cationic bleach activators (CBAs), a class of quaternary ammonium peracid
precursors, were first developed by the Procter and Gamble Company in the mid
1990s to be incorporated into laundry and automatic dishwashing detergents. N-[4-
(triethylammoniomethyl)benzoyl]lactam chlorides (TBLCs) are a promising class of
cationic bleach activators for industrial cotton bleaching, consisting of aromatic
benzoyl chloride (aromatic acid chloride). TBLCs have the same mechanism of
activating peroxide with other bleach activators. However, differently from anionic
bleach activators, TBLCs have at least one cationic group, providing high water
solubility and inherent affinity toward negatively charged materials in aqueous
solutions such as cellulosic fibers (Figure 1.6) [77-83]. Previous studies show that
TBLCs can be applied by both cold pad-batch and hot peroxide bleaching processes
for cotton [16-17, 20, 23, 29-30, 84].
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Figure 1.6: Aromatic-based cationic bleach activator (where n=1-5) [35].

N-[4-(triethylammoniomethyl)benzoyl] butyrolactam chloride (TBBC) and N-[4-
(triethylammoniomethyl)benzoyl] caprolactam chloride (TBCC), the most promising
cationic bleach activators to date, have similar structures except for the leaving
group. In TBCC, caprolactam is the leaving group while in TBBC, the butyrolactam
is the leaving group. During their synthesis, the chlorine substituent in the benzoyl
chloride moiety reacts with the nitrogen in the amine group of triethylamine to
produce cationic compound. The bleach mechanism of these cationic activators is the
same, while the bleach performance of TBBC has been found to be better than the
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more hydrolytically unstable TBCC to a certain extent [29, 35, 51]. Reaction of
TBLC with H2O: to produce peracid is given in Figure 1.7.

i 7
T R

_/

TBLC Peracid Lactam

Figure 1.7: Perhydrolysis of TBLC (aromatic based cationic bleach activator)
(n=1-5) [30-31, 84].

In TBLC-activated peroxide system, 4-(triethylammoniomethyl) perbenzoic acid
(TPA) is generated in situ by the reaction of TBLC with H>O. (Figure 1.7). When
bleaching is completed, TPA would be converted to 4-(triethylammoniomethyl)
benzoic acid (TBA). However, it was reported that as the storage time of cationic
bleach activators increased, N-4-(triethylammoniomethyl) benzoic acid (TBA),
which does not contribute to the oxidation reaction, is produced by the hydrolysis
reaction (Figure 1.8) [29, 35, 78].

TBA
0 0

i
_—— ““«
l/ \ Hydrolysis cr j + H\] /
—{CH 2 \/‘ﬁ —(CHy),,

Figure 1.8: Hydrolysis reaction of TBLC to form N-[4
(triethylammoniomethyl)benzoic acid (TBA) [29, 35].

It has been reported that TBBC follows the Freundlich Isotherm model with its rapid
absorption onto and into cellulosic fibers, helping to reduce unwanted side reactions

such as hydrolysis of activator prior to oxidation of colored impurity [30-31].
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1.3 Problem Statement and Purpose of Thesis

Nowadays, textile wet processes have constraints, being under pressure to be
environmentally safe, cost effective and energy efficient. An important aspect in
achieving efficient wet processing method is that it should be cost-effective,
environmentally friendly and gentle to the textile material. Bleaching is an important
and essential textile wet process in pretreatment process of textiles, especially for
cotton-based textile materials. The most popular and well-known textile bleaching is
performed by using hyrogen peroxide (H202). Although H20: is an environmentally
accetable chemical agent, hot peroxide bleaching is a long process and requires large
amounts of water, energy, chemicals and time, resulting in increased cost and fiber
damage. As an ecofriendly and environmentally benign approach, a number of
studies have been conducted to promote more efficient use of energy and to achieve
more sustainable and efficient bleaching [16-33].

Considering ecology and sustanability, low temperature bleaching becomes one of
the key technologies in textile wet processes. Low temperature bleaching has
important ecological and economical advantages such as lower energy and water
consumption, higher productivity and lower unit cost compared to conventional
bleaching. Industrial energy consumption plays a key role on the overall energy use,
hence reduction in the temperature of the bleaching process results in large energy
savings to achieve more sustainable production [43]. In addition, bleaching under
mild conditions leads to less degreasing of the cotton, which provides reduced weight
loss resulting in increased yield. Bleaching at low temperatures also causes less fiber
damage (higher polymerization degree) and provides a softer and more voluminous

touch.

This thesis focuses on low temperature cotton bleaching, providing an
environmentally friendly bleaching system, mainly in terms of energy conservation,
by achieving the same or higher bleaching efficiency (whiteness) and maintaining
product quality, or minimizing the fiber damage as compared to conventional hot
H20. bleaching system. Attempts to develop more environmentally benign,
alternative bleaching processes have focused on new technologies such as bleach
activators. The addition of activator in peroxide bleaching bath is an effective way to

reduce the temperature of alkaline H2O2 bleaching. Nowadays, in the development

of new bleach activator ecological and economical points of view must be taken into
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consideration. Though there have been many reports on the use of cationic bleach
activators for cotton bleaching, yet it has never reached the commercial success due
to either production cost on a large scale, environmental concerns and/ or activity.
With the aforementioned in mind, this study aims at the development and synthesis
of a novel, sustainable based on aliphatic acid chloride and more cost-effective
cationic bleach activator, with the aim of reduced production cost, enhanced affinity
and bleaching performance, reduced fiber damage for low temperature cotton
bleaching to overcome the drawbacks of traditional hydrogen peroxide bleaching and
other cationic bleach activators based on aromatic acid chloride. The use of aromatic
acid chloride for cationic bleach activators represents a serious pollution problem
upon discharge of the effluent. With that in  mind, N-[4-(N,N,N)-
triethylammoniumchloride-butyryl] caprolactam (TBUCC) and N-[4-(N,N,N)-
triethylammoniumchloride- butanoyl] butyrolactam (TBUCB) were synthesized
using butryl chloride, which is less expensive, sustainable and highly reactive as
compared to aromatic ones used in synthesis of cationic bleach activators reported in
previous studies [21, 28-29, 32, 51, 67-68, 78, 81]. Newly-synthesized catinonic
bleach activators were applied for hot peroxide bleaching of cotton and the results
were statistically evaluated to optimize the bleaching conditions. DFT calculations
were performed to identify the advantages and and theoretical limitations of the
newly-synthesized catinonic bleach activators for low temperature bleaching of

cotton.
The objectives of this thesis can be summarized as follows:

1) to design and synthesize novel, more sustainable, highly effective cationic bleach
activators for low temperature cotton bleaching to overcome the drawbacks of
traditional hydrogen peroxide bleaching and other cationic bleach activators based on

aromatic acid chloride

2) to establish the mechanism of low temperature cotton bleaching with hydrogen
peroxide activated by the newly synthesized bleach activators and to optimize the
bleaching conditions with the goal of reduced production and energy costs, improved
affinity, increased oxidation rates (bleaching performance) and reduced fiber damage
(cellulose polymer chains damage or degradation)
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3) to identify the advantages and theoritical limitations of newly synthesized bleach
activator for hydrogen peroxide bleaching of cotton

4) to elucidate the reaction mechanism of the bleach activator with cotton and to
rationalize the superior efficiency of the bleach activator while maintaining the
integrity of cellulose polymer chains compared to conventional hot hydrogen
peroxide bleaching

1.4 Literature Review

Until date, several studies have been reported on low temperature hydrogen peroxide
bleaching for cotton.

Lim et al. (2004) evaluated the performance of a cationic bleach activator, N-[4-
(triethylammoniomethyl) benzoyl] caprolactam chloride (TBCC) in a hot peroxide
bleaching process. It was observed that temperature had the greatest influence on the
whiteness of cotton fabric, followed by the bleach activator concentration, hydrogen
peroxide concentration and process time. If hydrogen peroxide is used to bleach
cotton at room temperature it typically requires at least an overnight dwell time. By
the addition of the cationic bleach activator to a conventional hot bleaching system, a
similar level of whiteness was obtained at lower temperature and reduced time with
maintaining wettability. The cationic activator was superior to the anionic activator,

NOBS, in bleaching the fabric under the optimized conditions used in the study [16].

Lee et al. (2005) investigated hydrolytic stability of a novel cationic bleach activator,
TBCC in aqueous solution. It was reported that TBCC is not hydrolytically stable in
aqueous solution, therefore it should be stored in solid form and dissolved
immediately before use in bleach bath. AvO (available oxygen) of the solution and
whiteness of cotton decreased with increase in storage time of TBCC solution, as a
result of hydrolysis. Hydrolysis leads to N-4-[triethylammoniomethyl] perbenzoic
acid, which has no oxidizing power, resulting in a reduction of AvO. However, the
initial rate of decrease in AvO was found to be highly dependent on the pH of the
storage solution and the higher pH causes more rapid decrease in initial rate of AvO.
This suggests that higher concentration of hydroxyl ions causes greater efficiency of
hydrolysis. The AvO of TBCC in solid form was constant over several months,
indicating that it is very stable in solid form. A close relationship was found between
the reduction of AvO and WI [19].
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Lim et al. (2005) have compared and evaluated two activated peroxide systems in
cotton bleaching, one with a cationic (TBCC) N-[ (triethylammoniomethyl) benzoyl]
caprolactam chloride and the other with an anionic (NOBS) nonanoyloxybenzene
sulphonate bleach activator. It was shown that the performance of TBCC was
superior to that of NOBS, which is due to its higher substantivity toward negatively
charged cotton in the bleach bath. The performances of both activators increased
with temperature and sodium hydroxide concentration. Also, the performance of the
cationic bleach activator improved with activator concentration, while an increase in

the concentration of NOBS had a negative effect on the bleach performance [17].

Lavric et al. (2007) used a novel cationic bleach activator, N-[4-
(triethylammoniomethyl) benzoyl] butyrolactam chloride (TBBC) in combination
with peracetic acid (PAA) to investigate the improvement of cotton bleaching
efficiency. The addition of TBBC increased the efficiency of the bleaching process
of PAA. In the presence of TBBC, temperature had the greatest effect on PAA
performance, followed by the PAA concentration and pH. While increasing
concentration of TBBC had the least impact on the whiteness degree, but plays an
important role in reducing fiber damage. It was reported that peracid, produced in
situ from the reaction between hydrogen peroxide and TBBC, exhibited higher
substantivity for the negatively charged surface of cotton than PAA, which leads to a

higher level of oxidation on the relevant sites of the fiber in the bleach bath [23].

Shafie et.al. (2009) investigated one-step process for bio-scouring and PAA
bleaching of cotton fabrics. Greige cotton fabric was desized either with PAA or
ammonium persulphate prior to bio-scouring and PAA bleaching. The results show
that desized cotton fabric can be successfully enzymatic scoured and PAA bleached
at 60 °C for 90 min in one bath including TAED, sodium perborate, pectinase and
non-ionic wetting agent. Desizing with PAA prior to bio-scouring and bleaching
improves the whiteness index (WI) and the bleached fabric exhibits higher tensile
strength and elongation at break compared with those fabric desizing using
ammonium persulphate. It was observed that the desized cotton fabrics bleached with
PAA and either cellulase or pectinase enzyme show excellent wettability and
acceptable WI, indicating that the combination between PAA and either cellulase or
pectinase enzyme did not have any adverse effect on bio-scouring of cotton fabric or

low temperature bleaching of cotton fabric [76].
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Lee et al. (2010) studied on that the hydrolysis rate of cationic bleach activators
including different lactam leaving groups. The bleach activator containing a six-
membered lactam ring (y-valerolactam) was found to have the highest hydrolysis rate
constant. The hydrolysis rate of the bleach activators containing 5-, 8-, and 9-
membered lactam ring (butyrolactam, ® -heptalactam ® —octalactam, respectively)
was lower than that of TBCC (containing 7-membered lactam, caprolactam),
indicating higher stability than TBCC in aqueous solution. Although the bleach
activator containing the 9-membered ring (o —octalactam) as a leaving group was
found to be the most stable compound in this study, the production cost of this
compound is relatively high compared to the other compounds due to the high cost of

® —octalactam [29].

Xu et al. (2010) focused on hydrogen peroxide bleaching of regenerated bamboo in
the presence of TBBC as a bleach activator. It was observed that the ratio of TBBC
to hydrogen peroxide and pH are critical factors to achieve effective bleaching at low
temperature. Using equimolar amounts of TBBC and hydrogen peroxide at 50 °C at
pH 7, comparable whiteness and less fiber damage were obtained compared to
conventional peroxide bleaching. However, at pH 11.5, TBBC had no effect on
whiteness, which may be due to hydrolysis or decomposition [31].

Hou et al. (2010) synthesized and characterized (N-[4 triethylammoniomethyl]-
benzoyl) caprolactam chloride (TBCC) as a novel cationic activator for hydrogen
peroxide bleaching. Cotton fabric was bleached with hydrogen peroxide at low
temperature 60 °C using TBCC. The results show that whiteness index and
wettability of the cotton fabric bleached at low temperature were similar to that of
conventional bleached cotton fabric. Increasing in NaOH concentration from 0 g/L to
2 g/L provided the whiteneness index to increase from 28.9 to 68.3. However, the
whiteness index was found to decrease as the NaOH concentration was increased
further. Because, liberation of HOO— anion at higher NaOH concentration was so
rapid that it became unstable with the formation of oxygen gas, which has no
bleaching property. At same time, TBCC could be hydrolyzed and produced the
unbleachable compound [26].

Abdel-Halim et al. (2011) prepared peracetic acid by the reaction of hydrogen
peroxide with glacial acetic acid in the presence of concentrated sulfuric acid as a

catalyst. The results indicate that peracid is not formed in the absence of sulfuric
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acid. Because, acetic acid is partially converted to peracetic acid, and the sulfuric
acid acts as the acid catalyst needed for the reaction. As concentration of the catalyst
sulfuric acid increases, the amount of hydrogen peroxide consumed in forming
peracid increases and, consequently the percentage of peracid formation increases.
The stability of the peracid decreases at a concentration of sulfuric acid higher than
0.125 mol. At a concentration of 40 ml / | peracetic acid at 70 °C using a liquor ratio
of 1:30 at pH 6 for 30 minutes, and then continuing the bleaching process for an
extra 30 minutes by increasing the pH to 10.5, satisfactory whiteness index (64) with

reasonable loss in tensile properties was achieved [27].

Xu et al. (2013) investigated the TAED-activated peroxide system for bleaching of
cotton. It was found that the TAED-activated peroxide system is most effective using
stoichiometric amounts of H.O> and TAED under near-neutral pH conditions. Use of
H20- in the TAED-activated peroxide system in excess of the stoichiometric amount
had no addition effect on the bleaching performance since H.O> was not active
enough to bleach cotton at pH less than 10. No addition effect on bleaching was
observed when excessive amounts of H.O, were used under alkaline conditions. This
may be attributed to the base-catalyzed bimolecular decomposition of peracetic acid
and the nucleophilic attack by H>O> on peracetic acid. NaHCO3z was found to be
more applicable than Na,CO3z and NaOH for the TAED-activated peroxide system

due to its excellent ability to maintain near-neutral pH [33].

The feasibility of a complete enzymatic one-bath pretreatment of the cotton fabric at
low temperature was studied by Spicka et al. (2013). The cotton fabric was
enzymatically desized, scoured and bleached with an enzyme mixture of starch
degrading enzymes (a mixture of a-amylases, amyloglucosidases and pullulanases),
pectinases and glucose oxidases, respectively. Bleaching was perfomed in the
presence TAED at 50 °C and neutral pH (pH 7.5) for two hours. It was concluded
that hydrogen peroxide can be efficiently enzymatically produced from the sizing
agent and converted with TAED to form peracetic acid to bleach the cotton fabric.
While the obtained whiteness was medium, high tensile strength and high

polymerization degree were obtained [85].

Zeng et al. (2015) used a novel activator, sodium  4-(2-
decanoyloxyethoxycarbonyloxy) benzene sulfonate (DECOBS) for the bleaching of
cotton fabric. They performed H.O/DECOBS-activating system under alkaline
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medium at low temperature (70 °C) and obtained the same bleaching performance
with those of the conventional bleaching at 90 °C, providing energy saving [24].

Fei et al. (2015) analyzed the process factors affecting the bleaching performance of
activated peroxide systems on bleaching of cotton fabric such as type of bleach
activator, concentration of bleach activator, molar ratio of hydrogen peroxide to
bleach activator, type of peroxide stabilizer, concentration of peroxide stabilizer, type
of wetting agent, concentration of wetting agent, pH value of bleach bath, bleaching
temperature, bleaching time, liquor-to-goods ratio, cotton substrate, and water
quality. N-[4-(triethylammoniometh- yl)benzoyl]caprolactam chloride (TBCC) and
TAED were used as bleaching activators while EDTA (Ethylenediaminetetraacetic
acid) and a commercial peroxide stabilizer named DM-1403, which is a polyacrylate-
based chelating agent, were used as peroxide stabilizers. Results revealed that an
increase in the bleaching temperature caused an increase in the degree of whiteness
of cotton fabric. This suggests that the perhydrolysis of bleach activators and
oxidative bleaching of cotton fabric with the produced peracids were performed at
faster rates as the bleaching temperature increases. Bleaching performance of TBCC
was found to be more effective than that of TAED. An increase in pH value of bleach
bath led to a reduction in the degree of whiteness of cotton fabric. DM-1403 was
more effective than EDTA in improving the bleaching performance. Using in large
excess of the stoichiometric amount of hydrogen peroxide to bleach activator
decreased bleaching performance as compared to a 1:1 molar ratio (using
stoichiometric amount or a slightly excess of stoichiometric amount) of hydrogen
peroxide to bleach activator. This is because the peracids produced from the bleach
activators were decomposed to a large extent by the attack of excess hydrogen

peroxide [84].

Luo et al. (2015) established activated peroxide system for low-temperature
bleaching of cotton by incorporating N-[4-(triethylammoniomethyl)benzoyl]
caprolactam chloride (TBCC), hydrogen peroxide (H202) and sodium bicarbonate
(NaHCO:s3) into an aqueous solution. It was found that the performance of TBCC-
activated peroxide system on bleaching of cotton could be improved by increasing
temperature, concentration of TBCC and t time. Low-temperature bleaching of
cotton was accomplished using a 1:1.1:1.2 molar ratio of TBCC, H202 and NaHCOg3,

providing equivalent whiteness and slightly inferior water absorbency compared to

21



conventional bleaching, resulted in no apparent fiber damage. Although NaHCOs3
exhibited no apparent effect on bleaching performance, NaHCOs was required for

the TBCC-activated peroxide system to maintain the desired pH range [28].

Spicka et al. (2015) bleached a knit fabric from regenerated bamboo fibers with four
different PAA bleaching processes: with only PAA, with PAA or H2O: in
combination with TAED, and with H20. in combination with arylesterase enzymes
(PAA, PAAITAED, H202/ TAED, and H202/ENZ). The bleaching processes with
PAA were carried out under neutral to slightly alkaline pH at 65 °C. They found that
the optimum pH for bleaching with PAA is between 7 and 8. However, the initial pH
8 for the H20, /TAED bleaching process results in lower bleaching ability. Among
the low-temperature bleaching with PAA, the PAA/TAED process has the highest
W1 (WI=71), followed by the conventional H.O, (WI=70.3), PAA (WI=70),
H20./ENZ (WI1=69), and H.O>/TAED bleaching processes (WI=58). All differently
PAA bleached fabrics had higher tenacity compared to the conventionally H>Oo-
bleached fabric [22].

Chen et al. (2016) reported that the bleaching performance unexpectedly diminished
as the TBCC concentration increased over the range of 25-100 g/L. It can be thought
that the exchange of TBA on cotton fibers with TBCC and TPA in bleach bath would
be prevented to some extent and hence the reduction in the ion activities of TBCC,
TPA and TBA will result in a decrease in bleaching performance. However,
experimental results show that TBCC-activated peroxide system had a limitation on
cold pad-batch bleaching of cotton fabric since padding fabric through a bleach bath
requires an extremely high TBCC concentration to ensure sufficient amounts of
chemicals loaded on the fabric. It was observed that the degree of whiteness
decreased as the TBCC concentration increased in the padding bath. In addition,
extending the dwell time was found to have no apparent effect on the degree of
whiteness [21].

In Wang et al. (2012) research, the synthesis of eight novel cationic bleach activators
were synthesized, four having a caprolactam leaving group and different cationic
groups (triethlamine, pyridine, nicotinamide, 1;4-diazabicyclo(2.2.2)octane and 3-
picoline) and four having the same varying cationic groups with butyrolactam

leaving group. According to obtained results, the activators including 3- picoline
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cationic group (PBCC and PBBC) exhibited similar bleaching performance to the
current generation of bleach activator, TBBC [51].

Wei et al. (2014) synthesized a series of N-[4 (dimethylalkylammoniomethyl)
benzoyl]caprolactam chlorides as cationic bleach activators with various alkyl chain
lengths. All these synthesized cationic bleach activators were found to be effective
for low-temperature bleaching of cotton fabric under near-neutral pH conditions, but
their bleaching performance can be affected by the alkyl chain length. An increase in
the alkyl chain length from 2 to 6 carbon atoms could be beneficial in improving
bleaching performance, while an increase in the alkyl chain length from 8 to 16
carbon atoms led to a significant reduction in bleaching performance, which may be

attributed to the physical interactions between the alkyl chains and cotton fibers [81].

Wang et al. (2017) synthesized three new bleach activator for cotton containing
pyridinium (PBBC), nicotinamido (NABBC), and 3-methylpyridinium (3-PBBC)
cationic groups. Bleaching results indicated that all of the cotton fabrics treated with
the bleach activator showed an improvement in whiteness at a temperature below 95
°C as compared to controlled fabrics bleached without bleach activator. It was
reported that 3-PBBC exhibited the best bleaching performance with a similar
whiteness index to the prototype bleach activator, TBBC. The chronic toxicity and
mutagenicity of TBBC and 3-PBBC were also evaluated. 3-PBBC was found to be
less toxic to D. similis and R. subcapitata, less mutagenic to TA100 as compared to
TBBC [67].

Yu et al. (2017) conducted TBCC- H.0O> activated bleaching system at a pilot plant
scale. It was reported that pilot-plant bleaching with the TBCC-activated peroxide
system provided comparable degree of whiteness and a slightly lower water
absorbency of cotton fabric with no apparent fiber damage. Cotton fabric bleached
with TBCC-activated peroxide system was found to meet requirements for
trichromatic reactive dyeing. TBCC-activated bleached samples was found to be
dyed into a slightly duller and redder shade of gray, which may be due to a slightly
lower degree of whiteness and a higher extractable content of the samples bleached
with the TBCC [68].

Liu et al. (2017) investigated pentaacetyl glucose (PAG) as a bleach activator for low

temperature cotton bleaching. It was reported that WI and H2O. decomposition rate
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strongly increased at 70 °C in the presence of PAG. HO concentration, which was
found to be one of the important bleaching species in the H>O/PAG system,
increased by 10 times in the H.O2/PAG system as compared to conventional H.O;
bleaching [86].
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2. EXPERIMENTAL STUDY

2.1 Materials

g-Caprolactam (99%), vy-butyrolactam (99 %), triethylamine (99.5%) and 4-
chlorobutanoyl chloride (98%) were purchased from Alfa Aesar (USA) to synthesize
bleach activator. Hydrogen peroxide (35% wi/w) was purchased from Alfa Aesar
(USA) and peroxide stabilizer (Ruco-Stab OKM) was provided from Rudolf Group
(Germany). 100% single jersey knitted cellulosic greige and scoured fabrics were

used in bleaching experiments.

2.2 Instrumentation

The new bleach activator was characterized by Fourier transform Infrared (FTIR),
mass spectrometry and proton nuclear magnetic resonance (*H-NMR). FTIR
measurements were performed using Thermo Nicolet Nexus 470 spectrometer. Mass
spectra were recorded on Agilent Technologies 1200 SL Liquid Chromatograph with
Evaporative Light Scattering (ELS) detector and 6520 QTOF mass spectrometer.
Proton nuclear magnetic resonance (*H-NMR) spectrum was recorded in Methanol-
ds (CD30D) using a 500 MHz BrukerAvance Spectrometer.

All bleaching experiments were conducted using an Ahiba Nuance Infrared
Laboratory Dyeing Machine (Datacolor international, USA). The whiteness index of
all fabrics was measured using a Datacolor Spectraflash SF600X (Datacolor
International, USA). The fluidity of the cotton samples was measured using Ostwald
cannon-fenske routine viscometer to calculate the average polymerization degree of

the cotton samples.

2.3  Methods

2.3.1 Designing of novel bleach activator
Efficiency of the bleaching system essentially depends on the kinetics of peracid
generated, the nature of the leaving group, and hydrolytic stability of bleach
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activator. The kinetic potency of the generated peracid is influenced by the nature of
the acyl group. In this study, in order to increase the water solubility of the bleach
activator and facilitate potential inherent substantivity toward negatively charged

cellulosic fibers in aqueous solutions, aliphatic acid chloride was selected.

The polarity of a bond depends on the electronegativities of the bonded atoms. A
polar covalent bond exists when atoms with different electronegativities share
electrons in a covalent bond. Electronegativity is a measure of the attraction of an
atom for bonding electrons in molecules compared to that of other atoms. Large
electronegativity values indicate a stronger attraction for electrons than small
electronegativity values. Large differences between the elevtronegativities of the
bonded atoms increase the polarity of bonds. Dipole moment indicates the magnitude
of the polarity of a bond. TBBC and TBCC compounds consist of six equivalent
carbon atoms in an aromatic ring, in which all carbon-carbon atoms are identical.
This aromatic ring is a symmetrical molecule that contains only C-C and C-H bonds,
and hydrocarbons are nonpolar. C is slightly more electronegative than H (by 0.35
units), so a C-H bond is very slightly polar and has a small dipole moment. However,
each C-H bond in the aromatic ring has a partner that points in exactly the opposite
direction. Therefore; all the bond dipoles cancel exactly. This makes aromatic ring a
nonpolar molecule. In this study, 4-chlorobutyryl chloride, aliphatic acyl chloride
(also called acid chloride), was used instead of 4-chloromethyl benzoyl chloride,
which is an aromatic acyl chloride, and includes nonpolar aromatic ring, in order to
improve the polarity, accordingly, efficiency of the bleach activator. The term acyl
chloride describes a functional group containing a carbonyl group (C=0) and a
chlorine atom (CI). Aliphatic acyl chlorides are extremely reactive acylating agents
while aromatic acyl chlorides like benzoyl chloride are less reactive [87-90]. In
addition, considering the production cost and environmental impact of bleach
activator, 4-chlorobutyryl chloride is more cost-effective and more sustainable than

4-chloromethyl benzoyl chloride.

In previous studies, hydrolytic stability of bleach activator (the rate of hydrolysis)
was found to be related to the leaving group of the compound. For the synthesis of
new cationic bleach activator, lactam-based leaving group was used as a good
leaving group. It was reported that bleach activator containing y-valerolactam has the

highest hydrolysis rate constant. Although o —octalactam based activator was found
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to be the most stable in aqueous solution, the synthesis of that activator is not

economically feasible compared to other compounds due to the high cost of ® —

octalactam. Among these leaving groups, g-caprolactam and y-butyrolactam are low

cost alternatives, which have higher hydrolytic stability than other lactam groups and

provide satisfactory bleaching performance [29, 56, 91]. In this study, e-caprolactam

and y-butyrolactam were used as the leaving group. Different lactam-based leaving

groups and their hydrolytic stabilities were summarized in Table 2.1.

Table 2.1: Different lactam-based leaving groups and their hydrolytic stabilities [29,

56, 78, 91].

Leaving groups (Lactam based)

Structure Chemical Hydrolytic stability
formula
Butyro'actam CsH7NO -demonstrating hlgher
caprolactam based activator
N in aqueous solution
H
3-Valerolactam CsHsNO -highest hydrolysis rate
Mw=99.13 constant, demonstrating
lowest hydrolytic stability
N in aqueous solution
H
g-Caprolactam CeH1:NO - lower hydrolytic stability
Mw=113.16 than y- butyrolactam based
activator in aqueous
solution
N
H
w-Heptalactam C,H:NO —demons_trating.higher
M.=127.19 hydrolytic stability than ¢-
caprolactam based activator
in aqueous solution
N
H
w -Octalactam CsHisNO -most stable compound
My=141.21 -cost of manufacture of this
compound is relatively
higher than others
N
H
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2.3.2 Synthesis of bleach activator

In order to achieve effective cotton peroxide bleaching under mild conditions, a
novel aliphatic-based cationic bleach activators, N-[4-(N,N,N)-triethylammonium-
chloride-butyryl] caprolactam (TBUCC) and N-[4-(N,N,N)-
triethylammoniumchloride- butanoyl] butyrolactam (TBUCB) were developed and
synthesized. In an alkaline peroxide bleaching bath, H20- first dissociates to generate
perhydroxyl anion (OH"). Cationic bleach activator reacts with perhydroxyl anion
generating a kinetically potent peracid, as illustrated in Figure 1.3, which rapidly
adsorbs, then diffuses into cellulosic fibers, and effectively oxidizes color bodies and
renders the fabric significantly whiter. Peracids possess higher oxidizing power than
H.O. at lower temperature and efficiently oxidize stains and natural-colored

impurities in cotton in a much shorter time.

The synthesis of bleach activators was carried out using a two-step reaction
procedure: synthesis of intermediate product by condensation reaction of 4-
chlorobutyryl chloride with lactam leaving groups, followed by quaternization step to
obtain the cationic bleach activators. The steps for bleach activator synthesis are

shown in Figure 2.1.

Figure 2.1: Synthesis of bleach activator.
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The byproduct, triethylammonium hydrochloride salt (EtsN, HCI), must be removed
from the intermediate by extraction of the product with a proper solvent. Synthesized
intermediate was mixed with different organic solvents such as tetrahydrofuran
(THF), ethyl acetate, dichloromethane, acetonitrile and etc. to make EtsN, HCI
insoluble as a white powder in the solution and effectively remove the by-product by

filtration.

2.3.2.1 Synthesis of N-[4-(N,N,N)-triethylammoniumchloride-butyryl]
caprolactam, TBUCC

TBUCC was synthesized using 4-chlorobutyryl chloride, is an aliphatic acyl
chloride, with caprolactam as a leaving group and triethylamine as a cationic group.
During the synthesis of bleach activator, the carbonyl carbon of the acid chloride
undergoes nucleophilic attack leading to a replacement of the chloride by

caprolactam, a better leaving group.

Following the reaction of the aliphatic acid chloride with e-caprolactam, it was
quaternized with tertiary amino compound to give the cationic bleach activators (see
Figures 2.2 and 2.3). In the first reaction step, 4-chlorobutyryl caprolactam was
synthesized. In the second reaction step, N-[4-(N,N,N)- triethylammoniumchloride-

butyryl] caprolactam (TBUCC) was synthesized.
Synthesis of the intermediate, 4-chlorobutyryl caprolactam

The first step is to make the intermediate, 4-chlorobutyryl caprolactam. Referring to
Figure 2.2 and 2.3, the intermediate was synthesized by the condensation reaction of

4-chlorobutyryl chloride with caprolactam leaving group.

Caprolactam (22.6 g, 0.2 mol) and triethylamine (30.5 g, 0.3 mol) were dissolved in
toluene (225 mL) under nitrogen, and heated to reflux. 4-Chlorobutyryl chloride
(28.2 g, 0.2 mol) was dissolved in toluene (75 mL) and added slowly to the solution.
The solution was refluxed for 6 h, cooled to room temperature and filtered. The
filtrate was cooled and stored overnight under the hood. The filtrate was washed with
diethyl ether and dried at 40 °C under vacuum overnight.
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Figure 2.2: Synthesis of 4-chlorobutyryl caprolactam (n=3) (Mw=217.5).

Synthesis of final product, N-[4-(N,N,N)- triethylammoniumchloride-butyryl]

caprolactam (Quaternization), TBUCC

In the second step, the intermediate was reacted with triethylamine to furnish the

final bleach activator, TBUCC. Figure 2.3 summarizes the reaction.

4-Chlorobutyryl caprolactam (21.75 g, 0.1 mol) was dissolved in acetonitrile (150
mL) under nitrogen. Triethylamine (0.2 mol) was added drop wise to the solution and
the solution was refluxed for 4 h. The solution was cooled to room temperature and
the solvent evaporated using a rotary evaporator. The product was washed with

diethyl ether and then dried at 40 °C under vacuum overnight.

— 2 9 N 9§
\/N 4 Cl\/\/u\N / f\\‘l(\g /”\AN
) \(CH,), CHiCN o “(CHy),

Figure 2.3: Synthesis of N-[4-(N,N,N)-triethylammoniumchloride
butyryl]caprolactam (TBUCC) (n=3) (Mw=318.74).

2.3.2.2 Synthesis of N-[4-(N,N,N)-triethylammoniumchloride- butanoyl]
butyrolactam (TBUCB)

N-[4-(N,N,N)-triethylammoniumchloride-butanoyl] butyrolactam (TBUCB) was
synthesized using a two-step reaction procedure. In the first step, the intermediate
was synthesized by the condensation reaction of 4-chlorobutanoyl chloride with
butyrolactam to form the corresponding amide (intermediate) and triethylammonium
hydrochloride salt as (a byproduct). Butyrolactam (17.2 g, 0.2 mol) was mixed with
triethylamine (0.3 mol, 30.5 g) in toluene (225 mL). The mixture was refluxed under
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nitrogen. Subsequently, 4-chlorobutanoyl chloride (28.2 g, 0.2 mol) was dissolved in
75 mL of toluene and added slowly to the solution to obtain the intermediate (4-
chlorobutanoyl butyrolactam). The solution was refluxed for 6 h, cooled to room
temperature. The reaction mixture was dissolved in tetrahydrofuran (instead of
acetonitrile) and the salt as a white powder was separated from the reaction mixture
by filtration. The filtrate was rotary evaporated to remove tetrahydrofuran, leaving

the pure intermediate.

In the second reaction step, 0.1 mol of 4-chlorobutanoyl butyrolactam (intermediate)
was refluxed with triethylamine (0.2 mol) in 150 mL acetonitrile for 4 hours to
furnish the cationic bleach activator, (TBUCB). The solution was cooled to room
temperature and the solvent evaporated using a rotary evaporator to give the cationic
bleach activator, (TBUCB) (Figure 2.4).

—4 O O e C)' o) O|
~N. Cl\/\/U\N)S 2 N@\)]\N)w
) L(CHz)n CH3CN -~ L(CHz)n

Figure 2.4: Synthesis of N-[4-(N,N,N)-triethylammoniumchloride- butanoyl]
butyrolactam (TBUCB), (n=1) (Mw=290.83).

2.3.3 Bleaching method: Hot peroxide bleaching

2.3.3.1 Activated bleaching

Hot peroxide bleaching method was applied to evaluate and optimize the bleaching
performance of synthesized bleach activators for cotton. An Ahiba Nuance Infrared
Laboratory Dyeing Machine (Datacolor International, USA) was used for the hot
peroxide bleaching experiments. A bleaching bath was prepared using the desired
amount of the bleach activator, hydrogen peroxide and sodium hydroxide at a liquor-
to-goods ratio of 20:1. 1 g/L stabilizer and 1 g/L wetting agent were kept constant for
all experiments. The bath was heated to target temperature at the rate of 4 °C/min and
bleaching was conducted for 30 min. After bleaching, fabric was removed from the
bleach bath and rinsed with copious amounts of cold water, then dried under ambient

conditions.
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2.3.3.2 Conventional bleaching

For comparison, the bleaching was also applied using commercial bleaching recipe
for cotton, including 6 g/L H20> (35 %, w/w), 3 g/L NaOH, 1 g/L wetting agent and
1 g/L stabilizer. Bleaching was conducted at 98 °C for 30 min using a liquor-to-
goods ratio of 20:1.

Whiteness index (WI) of unbleached cellulosic fabric was 35.77 while the WI of a

conventional bleached fabric (without bleach activators) was 75.77 (Table 2.2).

Table 2.2: Recipe of conventional hot peroxide bleaching.

Conc.of Conc.of Stabilizer Wetting

Temp. Time
H202 (g/L), NaOH, ent 0 ) Wi
5% ww 500 ww (L) (g/L) (°C)  (min))
6 3 1 1 98 30 75.77

2.3.4 Evaluation of bleaching performance

2.3.4.1 Whiteness measurement

The whiteness index (WI) of all fabrics was measured using a Datacolor Spectraflash
SF600X (Datacolor International, USA) under illuminant D65 and 100 standard
observer, specular included, large area view and UV component included. Test were
conducted by using the CIE method according to AATCC Test Method 110 [92].
Measurements were repeated four times by rotating the sample 90° between each
measurement and the average of the repetitions was recorded.

2.3.4.2 Water absorbency measurement
Wettability of samples was tested by recording the time required for the droplet to
penetrate completely into the fabric according to AATCC Test Method 79 [93].

2.3.4.3 Determination of fiber damage

Degree of polymerization (DP) demonstrates changes in fiber structure and it is an
indirect measure of fiber damage. Higher DP values indicate less fiber damage.
Average polymerization degree of bleached (by conventional hot peroxide bleaching
method and activated bleaching system) and unbleached cotton samples, from

viscosity measurements, was calculated using the below equation, in which the
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fluidity (F) of a dispersion of samples in cupriethylenediamine (cuen) (0.1 M)
solution was measured according to AATCC TM 82 standard [94].

74.35+F

DP= 2032 [log = ]- 573

Ostwald cannon—fenske routine viscometer was used for measuring the fluidity of
samples. The experimental set up for viscosity measurement is presented in Figure
2.5.

Figure 2.5: Experimental set up for viscosity measurement (Ostwald cannon—fenske
routine viscometer).
Fluidity is calculated in rhes as follows: [92]

_ 1loo
- ctd

F

Where:

¢ = instrument constant determined from a liquid of known viscosity;
t = efflux time of the liquid within the ring interval in seconds;

d = density of cuen solution (1.052)

2.3.5 Central composite design and statistical evaluation
Response Surface Methodology (RSM) is a combination of statistical and

mathematical methods used to determine the optimum experimental conditions with

saving time and cost by reducing the number of experiments. Central composite
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design (CCD) (orthogonal blocks) was used with TBUCB to establish an optimized
TBUCB-activated hot peroxide-cotton bleaching system since CCD is one of the
most favored response surface methodology (RSMs) for process optimization. The
experimental design was performed and multiple factors and their interactions were
statistically evaluated using Minitab [95]. The order of experiments was arranged
randomly. The significance of the process parameters (independent variables) and
their interactions were evaluated by means of analysis of variance (ANOVA) with a

95% confidence level.

In this study, independent variables, which are factors that affect the process, are the
concentration of activator, molar ratio of activator: H.O2, molar ratio of H.02:NaOH,
temperature and time, while the dependent variable, which is the response /outcome
that may change as a result of changes in independent variables, is whiteness index.
Slightly higher molar ratio of alkaline to H.O> was used for activating peroxide in
bleaching bath. Five levels of each variable were selected, including 7 at center

points, 16 at factorial points, 10 at axial points, giving a total of 33 experiments.

2.3.6 Determinination of the limitations of TBUCB at molecular level for
cotton: Computational methods

Density functional theory (DFT) calculations were performed at the B3LYP hybrid
functional and 6-311+g(d,p) basis set level in the Gaussian 16 Rev. A.03 software
package [96-99]. Geometry optimizations were started from different initial
structures to obtain lowest energy geometry. Highest occupied molecular orbitals
(HOMO), lowest unoccupied molecular orbitals (LUMO), and electrostatic potential
surface (ESP) were calculated and mapped onto the optimized geometry of the
TBUCB activator. Atomic charges on the activator were calculated by using ESP
fitting scheme of Merz-Singh-Kollman (MK) and atomic dipole moment corrected
Hirshfeld atomic charges (ADCH) [100-102]. Fukui reactivity indices for the
nucleophilic attack sites on the activator were calculated by using finite difference
approximation by using the atomic charges based on the MK charges [103]. The
geometry of a transition structure and activation barriers are of key importance in
describing the reaction mechanism of hydrogen peroxide anion attack at the most
susceptible sites for nucleophilic attacks. Free energy profile for the reaction barrier
of the perhydroxyl anion attack to the carbonyl groups were calculated at 70 °C. The
reaction barrier for the attack to TBUCB is compared with the reaction barrier for
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TAED activator. The stationary states were determined by vibrational frequencies
where transition states were validated as saddle points by only one imaginary
frequency. All calculations were performed in water to mimic the experimental
conditions by integral equation formalism polarizable continuum model (IEFPCM)
[104].
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3. RESULTS AND DISCUSSIONS

3.1 Characterization

3.1.1 Fourier transform infrared spectroscopy (FTIR)

FT-IR spectrum of synthesized bleach activator, TBUCC, was shown in Figure 3.1.
Bands at 2979, 2945 and 2881 cm™ were assigned to C—H stretching vibrations of
caprolactam (antisymmetric and symmetric-CHy-stretching), and at 1686 cm™,
associated with carbonyl (C=0) peak of the amide. The peak observed at 1474 cm™
was due to CH2 bending, at 1445 cm™ was due to C—H bending and wagging. C-N
stretching absorptions are found at 1200-1350 cm™ for aromatic amines and at 1000—
1250 cm* for aliphatic amines. In Figure 3.1, peak at 1332 cm™ was assigned to C—-N
stretch between the 4-chlorobutyryl chloride and caprolactam, while peaks at 1036,
1072, 1147 cm™ were assigned to C-N stretch between triethylamine and 4-
chlorobutyryl chloride. The peak at 1170 cm™ represents CO-N skeletal motion
[105-108]. The peaks located at 857 and 851 cm™ belong to C-H out of plane
bending.

The most characteristic band in the triethylammonium hydrochloride salt is the N-H
bond stretch, and it appears as a weak to medium, somewhat broad band in the range
of 3300-3600 cm™ [105-106]. A broad peak centered at 3394 cm™ was found
corresponding to N-H bond stretching, indicating the presence of amine salt
(triethylamine hydrochloride) produced during the intermediate synthesis. This
reaction leads to the production of hydrogen chloride which reacts with triethylamine

to form triethylammonium hydrochloride.
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Figure 3.1: FTIR spectrum of synthesized bleach activator (TBUCC).

The byproduct, triethylammonium hydrochloride salt, must be removed from the
intermediate by extraction of the product with a proper solvent. To remove the salt,
the product was dissolved in acetonitrile and the hydrochloride salt was filtered off.
The filtrate was washed twice with diethyl ether and successively dried under
vacuum. The diethyl ether and excess triethylamine were removed via rotary
evaporation, leaving the pure intermediate. FTIR spectrum of the product (TBUCC)
after removal of hydrochloride salt is shown in Figure 3.2. From the FT-IR spectrum
in Figure 3.2, it is clearly seen that peak in the range of 3300-3600 cm™ disappeared,
indicating hydrochloride salt was mostly removed from the intermediate. The peaks
around 3500-4000 cm™ arise from moisture while the peaks around 1700-2400 cm™

come from diamond ATR.
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Figure 3.2: FTIR spectrum of the bleach activator (TBUCC) after removal of
hydrochloride salt.

FTIR analysis was also conducted to identify the presence of functional groups on
the bleached and unbleached fabrics. The FTIR spectra of bleached and unbleached
fabrics are presented in Figure 3.3. The peaks at 3333 and 3274 cm? are
characteristic for stretching vibration of the hydroxyl group (OH stretching),
including inter- and intra-molecular hydrogen bond vibrations in cellulose. Peak at
2898 cm™ belongs to CH stretching, at 1651 cm™ is due to the C=0 stretching. The
peak found at 1423 cm™ is assigned to CH- scissoring at C(6) and associated with the
amount of the crystalline structure of the cellulose. The peak at 1334 cm'
corresponds to OH in plane bending, at 1314 cm™ corresponds to CH2 wagging. The
peak located at 1161 cm™ is attributed to the C-O-C asymmetric stretching [107-
114].

With the formation of oxy-cellulose during oxidation, the carboxyl, aldehyde and
ketone groups gradually increase, however, oxidation predominantly forms ketone
groups. The C=0 and C-C-C stretching peaks are the best peaks to use to determine
whether a ketone is present in a sample. The absorbance around 1740 cm, which is
characteristic of carbonyl groups (C=0), and the band around 880 cm™ assigned to
the formation of hemiacetal bonds between the aldehyde groups and neighbour
hydroxyl groups, increase with increasing degree of oxidation. However, these
related peaks were not observed for bleached fabric in Figure 3.3; this may be
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hardly detected and not quantitatively by FTIR. The intensity of the peaks at 3333
and 3274 cm™ decreased, which was attributed to the removal of of the hydroxyl
groups after bleaching process. However, sharper but lower intensity peaks were
detected at 1278, 1108, 1055 and 1030 cm, indicating C-O stretching and - C-C-C
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Figure 3.3: FTIR spectrum of the bleached and ubleached fabric.

3.1.2 Mass spectra results

Figure 3.4 shows the mass spectra of synthesized intermediate product for TBUCC.
Formula of expected compound is C10H1602NCI. Similar to the FT-IR results, it was
found that EtsN+HCI was observed as a by-product during the synthesis of
intermediate.  As shown in Figure 3.3, the 218 signal corresponds to the

intermediate.

The 240 corresponds to the sodiated intermediate, which should be [M+ Na]+ . The
isotope ratio of 3sCl and 37Cl is about 3:1, which means 218/220 should be 3:1 and
240/242 should be 3:1.

Figure 3.5 shows mass spectrum of synthesized intermediate product after removal
of EtsN+HCI. Both 182.1176 and 240.0769 are intermediate: 182 is [M—CI]+, 240 is
[M + Na].
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x10 5 [+ Sc=n (0.084-0.933 min, 57 Scens) Dwr_ES|_Pos_0518sample_MS_F200_0001d
240.
076

182.
12 117

172,
= 0888 200  207.185 248, 2560 2721

R og 6 222.0 177 518 121
4 57 677 8

o ) | | | L ey 4 | .
W 10 15 180 185 190 16 200 206 210 215 20 205 230 235 24 285 200 25 20 205 20 25
Coures vs. Mass-to-Charge (miz)

Figure 3.5: Mass spectra of intermediate product after removal of EtsN+HCI.

Figure 3.6 shows the mass spectrum of final product (after quaternization). Formula
of expected compound is C16H3102N2+ + CI. The 283 peak corresponds to the final

product.
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Figure 3.6: Mass spectrum of final product (after quaternization).

3.1.3 !H-NMR analysis
Figure 3.7 shows the 'H-NMR spectrum of TBUCC. *H-NMR (500 MHz, CDsOD,

S(ppm): 1.2 (t, (3(CHs), 9H), 1.5-2.35 (m, 4(CH), 8H), 3.1-3.5 (m, g and t, 7(CH2),
14H).

[rel]

Figure 3.7: *H NMR spectrum of TBUCC.

42



3.2 Bleaching Performance

Bleaching performances of all bleached samples were evaluated in terms of

whiteness index, water absorbency and fiber damage (DP).

3.2.1 Whiteness measurement

3.2.1.1 TBUCC-activated peroxide bleaching system

Bleaching experiments in the presence of TBUCC were conducted at 60 °C and 70
OC for 30 min under different process parameters, including concentration of
activator (22.7 mmol/L, 36.7 mmol/L), molar ratio of activator:H,O, (1:4, 1:8),
molar ratio of H2O2:NaOH (1:1.02, 1:1.04).

It can be seen clearly from Table 3.1 that the whiteness index (WI) of bleached
samples in TBUCC-H20, system was improved when 1:8 and 1:10 molar ratio of
TBUCC: H,0; was applied at 60 °C for 30 min. Using 1:8 molar ratio of TBUCC:
H>O> provided a WI of 69.85-70.11 while Xu et al. (2012) reported that using
equimolar amounts of TBBC and H20 under neutral conditions at 50 °C for 50 min
resulted in less WI of 67.01 [118]. It was shown that the effective level of
concentration of activator was found to be when higher concentration of peroxide

was used, which is an attractive economical advantage.

The optimum pH was found to be 11.5. Increasing the pH beyond 11.5 increases the
degree of hydrolysis and decreasing the pH below 11.5 decreases the degree of

perhydrolysis and increases the formation of diacylperoxide.

Considering the results given in Table 3.2, TBUCC-H20, bleaching using 36.7
mmol/L activator was done at 1:10, 1:12 and 1:13 molar ratios of TBUCC: H,O; at
60 °C and 70 °C. Although concentration higher than 1:8 molar ratio of H,O2 has no
effect on improvement of whiteness at 60 °C, temperature was shown to play a key
role on bleaching performance. As the temperature increased from 60 to 70 °C at
1:10 molar ratio of TBUCC to H.0O>, the WI increased from 70.12 to 75.72. It was
also seen that temperature has an interaction with the molar ratio of hydrogen
peroxide to activator. As the temperature increased from 60 to 70 °C at 1:12 molar
ratio of activator to H>O>, the WI increased from 70.86 to 78.97. Molar ratio higher
than 1:12 of activator was found to have no considerable effect on W1, indicating that
that ratio furnished the optimum peracid concentration that achieved optimum
bleaching efficiency.
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Table 3.1: Bleaching performances of TBUCC-activated bleached samples under different concentrations of activator, HO> and NaOH.

Conc. of

TBUCC Molar ratio of Conc. of H202 Molar ratio of Temp. Time " _ N
TBUCC:H:0: (g/L) H202:NaOH (°C)  (min) WI- without addition of

(mmol/L) TBUCC

22.7 1:4 3.1 1:1.02 60 30 62.70 56.93

36.7 1:4 5 1:1.02 60 30 6238 61.11

22.7 1:8 6.2 1:1.02 60 30 65.23 63.56

36.7 1:8 10 1:1.02 60 30 69.85 64.25

22.7 1:4 3.1 1:1.04 60 30 62.30 57.04

36.7 1:4 5 1:1.04 60 30 62.26 61.29

22.7 1:8 6.2 1:1.04 60 30 64.85 62.35

36.7 1:8 10 1:1.04 60 30 70.11 63.96
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From the results shown in Table 3.2, it is clear that the WI increased with the
increase of H2.O2 concentration up to a certain level, after which no remarkable
improvement was observed at higher concentration of H>O. In the presence of
TBUCC, WI increased at higher concentration of H,O2 up to 1:12, then it started
level off. This indicates that the 1:12 molar ratio is the optimum ratio for the
generation of optimum peracid concentration in situ by perhydrolysis reaction,
achieving the optimum bleaching efficiency, between the TBUCC and perhydroxy
anion generated by the disassociation of hydrogen peroxide. This would suggest that
the effective concentration of generated PAA depends on the concentration of H.O>

up to a certain level.

Table 3.2: Bleaching performances of TBUCC-activated bleached samples using
36.7 mmol/L activator at a large excessive amount of hydrogen peroxide at 60 °C and

70 °C.
Conc. of WI-
activaltor Molar ratio of Temp. Time Wi without
(mmol/L) activator:H202  (°C) (min) addition of
TBUCC

36.7 1:10 60 30 70.12 64.37

36.7 1:12 60 30 70.86 62.12

36.7 1:10 70 30 75.72 70.13

36.7 1:12 70 30 78.97 69.95

36.7 1:13 70 30 78.76 70.55

3.2.1.2 TBUCB-activated peroxide bleaching system

The bleach experiments were performed at different concentrations of activator,
different molar ratios of H>O; to activator and H>O, to NaOH, different temperature
and time as stated in Table 3.3 to optimize the bleaching recipe for TBUCB.
Cellulosic fabric was bleached with hydrogen peroxide with the addition of TBUCB
at a liquor-to-goods ratio of 20:1 according to recipe given in Table 3.3. NaOH (%50
w/w) was used for alkaline pH (around 11) based on the results of pre-experiments.
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Table 3.3: Process parameters and levels of each parameters.

Ind_ependent Coded levels and Factor levels
variables

-2 -1 0 +1 +2
o B TR O
(mmol/L) (59/L) (13.93 g/L)
(B) Molar ratio . . . . .
of activator:HzOs 1:2 1:4 1:6 1:8 1:10
(C) Molar ratio 1:1.05 1:1.1 1:1.15 1:1.2 1:1.25
of H202:NaOH
(D)Temp.(°C) 40 50 60 70 80
(E) Time (min.) 30 40 50 60 70

The Response Surface Methodology (RSM) based on Central Composite Design
(CCD) was used to evaluate and optimize the hot peroxide bleaching process for
newly synthesized TBUCB. Design matrix and bleaching results for TBUCB are
given in Table 3.4,
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Table 3.4: Design matrix and CCD response data for TBUCB.

Standard Run A B C D E WI
order order

1 30 0 0 0 2 0 79.22
2 25 0 -2 0 0 0 61.42
3 26 0 2 0 0 0 71.37
4 27 0 0 -2 0 0 68.94
5 31 0 0 0 0 -2 69.89
6 29 0 0 0 -2 0 56.45
7 32 0 0 0 0 2 69.53
8 24 2 0 0 0 0 71.11
9 33 0 0 0 0 0 69.10
10 28 0 0 2 0 0 71.55
11 23 -2 0 0 0 0 59.52
12 16 1 1 1 1 1 77.92
13 20 0 0 0 0 70.67
14 18 0 0 0 0 0 70.49
15 9 -1 -1 -1 1 -1 66.45
16 19 0 0 0 0 0 69.28
17 4 1 1 -1 -1 1 64.91
18 21 0 0 0 0 69.50
19 17 0 0 0 0 0 69.21
20 2 1 -1 -1 -1 -1 57.86
21 13 -1 -1 1 1 1 67.70
22 6 1 -1 1 -1 1 56.92
23 11 -1 1 -1 1 1 69.21
24 5 -1 -1 1 -1 -1 55.60
25 10 1 -1 -1 1 1 70.79
26 3 -1 1 -1 -1 -1 60.42
27 15 -1 1 1 1 -1 68.44
28 8 1 1 1 -1 -1 65.81
29 14 1 -1 1 1 -1 70.66
30 1 -1 -1 -1 -1 1 54.95
31 12 1 1 -1 1 -1 77.53
32 22 0 0 0 0 0 70.17
33 7 -1 1 1 -1 1 60.56

The Analysis of Variance for W1 is given in Table 3.5. Coefficients of determination
(correlation coefficient) (R?), ranging from 0% to 100%, indicates the percentage of
variation in the response that is explained by the model. The higher the R? value, the
better the model fits the response data. As can be seen from Table 3.5, the model is
adequate to provide an accurate prediction of response function since R? > 0.9 and
lack of fit P value >0.05. R? is found to be as 99.23%, indicating that 99.23% of the
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response variability can be explained by the model. R? and Adj- R? values are higher
than 0.9, providing a high trend between the experimental and the predicted values.

Concentration of activator (A), molar ratio of activator: H.O, (B) and temperature
(D) are found to have significant influence on W1 due to the higher F-ratio (178.94,
187.78, 869.35, respectively) and the smaller significance level (P value<0.05).
Temperature (D), followed by molar ratio of activator: H.O> (B) and concentration of
activator (A), respectively, present the highest statistical relevance since a higher F
ratio indicates greater relevance of the corresponding factor. Although all the
interactions between the factors were analyzed, the interactions between the
concentration of activator (A) and the molar ratio of activator: H.O> (B), between the
concentration of activator (A) and the temperature (D), between the molar ratio of
activator: H2O> (B) and the temperature (D) were statistically significant. In terms of
F value, the two-way interaction between the concentration of activator (A) and the
molar ratio of activator: H>O> (B) is greater than the other two-way interactions (F=
17.75).

Table 3.5: Analysis of Variance for WI.

Source DF SeqSS AdjSS AdjMS F P

Blocks 1 14.70 14.70 14.702 16.29 0.002
Regression 20 127110 1271.10 63.555 70.43 0.000
Linear 5 1117.23  1117.23  223.446 247.63 0.000
A 1 161.46 161.46 161.461 178.94 0.000
B 1 169.44 169.44 169.442 187.78 0.000
C 1 1.88 1.88 1.876 2.08 0.177
D 1 784.44 784.44 784.441  869.35 0.000
E 1 0.01 0.01 0.012 0.01 0.911
Square 5 121.54 121.54 24.308 26.94 0.000
A*A 1 55.88 66.26 66.261 73.43 0.000
B*B 1 39.37 44.30 44.299 49.09 0.000
C*C 1 1.02 1.86 1.862 2.06 0.179
D*D 1 20.86 21.87 21.871 24.24 0.000
E*E 1 441 4.41 4.409 4.89 0.049
Interaction 10 32.32 32.32 3.232 3.58 0.024
A*B 1 16.02 16.02 16.02 17.75 0.001
A*C 1 0.07 0.07 0.069 0.08 0.787
A*D 1 7.74 7.74 7.742 8.58 0.014
A*E 1 0.50 0.50 0.501 0.55 0.472
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Table 3.5 (continued): Analysis of Variance for WI.

B*C 1 0.00 0.00 0.002 0.00 0.965
B*D 1 4.92 4,92 4,917 5.45 0.040
B*E 1 0.02 0.02 0.023 0.03 0.875
C*D 1 0.00 0.00 0.00 0.00 0.998
C*E 1 1.56 1.56 1.556 1.72 0.216
D*E 1 1.49 1.49 1.495 1.66 0.225
Residual Error 11 9.93 9.93 0.902

Lack-of-Fit 6 7.89 7.89 1.315 3.23 0.109
Pure Error 5 2.03 2.03 0.407

Total 32 1295.73

$=0.949912 PRESS = 138.263
R-Sq = 99.23% R-Sq(pred) = 89.33% R-Sq(adj) = 97.77%

2D contour plots, representing a 3D surface on a two-dimensional plane, illustrate
the response function of two factors while keeping all other factors constant for the
optimization of process conditions. Figure 3.8 (a)-(j) show the two-way interactions
of process parameters on WI while all other parameters are at fixed level. It was
observed from Figure 3.8 (a) that a whiteness index higher than 70 was obtained at
9.47 g/ L (at O-level) and higher activator concentrations and at a molar ratio of 1:6-
1:10 activator: H20o.

It is seen from Figure 3.8 (b) that the maximum W1 can be obtained at 11.7 g/L of
activator concentration (at 1-level) and the increase in the activator concentration to a
certain value (approximately to 12.8 g/L) either at a low or high level of alkali
(NaOH) range used in the study causes a decrease in the WI. Figure 3.8 (c) indicates
that WI higher than 80 can be achieved between 11.7 g/L and 13.93 g/L of activator
concentrations at a temperature of 80 °C. Similar with the trend of alkali
concentration in Figure 3.8 (b), (e) and (h), process time has no significant effect on
WI as shown in Figure 3.8 (d) (g) and (j). A whiteness index higher than 75 was
obtained at a ratio of 1:6-1:10 activator: H.O, at a temperature of about 68 to 80 °C
(Figure 3.8 (f)), indicating that peracid became more active resulting in improved
bleaching efficiency.
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Figure 3.8: Contour plots showing the effect of independent variables on WI.
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Figure 3.8 (continued): Contour plots showing the effect of independent variables
on WI.

3.2.2 Water absorbency
The wetting time of both activated and conventional bleached samples was found to
be less than 5 s, indicating good hydrophilicity.

3.2.3 Determination of fiber damage

For the purpose of determination of fiber damage, degree of polymerization (DP) of
activated-bleached cotton fabric under optimized bleaching conditions was measured
and compared to conventional bleached and untreated fabric. Using 36.7 mmol/L
TBUCC and TBUCB at a molar ratio of H202 around 1:8-1:10 under alkaline pH at
70 °C was found to be the optimum condition for providing satisfactory bleaching

performance.

It can be seen clearly from Table 3.6 that comparable whiteness of 75.7-77.5 with
conventional bleaching can be obtained at 70 °C with the addition of TBUCC and
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TBUCB respectively, providing higher DP of 3350-3410 than the conventional
process, which furnished a DP of 3044.

Table 3.6: DP of bleached cotton fabric for activated and conventional peroxide

bleaching.
Bleaching Temp  Time Wi DP Reduction
0 .
condition C) (min.) (Average) in DP (%)
Untreated - - - 35.77 3.780 -
fabric
Conventional 6 g/L H.0> 98 30 75.77 3.044 19.5
bleaching oH:11.5
TBUCC - 36.7 mmol/L 70 30 75.72 3.350 114
tl;:zOzh_ Molar ratio of
eaching activator:
H»0,=1/10
pH=around 11
TBUCB- 36.7 mmol/L 70 30 77.5 3.410 9.8
tl—)I|202h_ Molar ratio of
eaching activator:
H.0,=1/8

pH=around 11
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3.3 Computational Results

Mapped Surface for the LUMO on the TBUCB activator given in Figure 3.9a is
localized on the butanoyl and butyrolactam groups, especially on the carbonyl
groups. One can expect the attack of perhydroxyl anion should be directed at these
groups because they are the most electron deficient sites in the activator structure.
HOMO orbital which has low possibility for the nucleophilic attack is mainly on the
chloride anion and partly on the ethyl ammonium groups (Figure 3.9b). ESP surface
showed that carbonyl groups on the butanoyl and butyrolactam are the only groups
that have both electron rich part, depicted by red color on oxygen which can form a
hydrogen bond with perhydroxyl anion, in addition to the electron deficient carbonyl
carbon depicted by blue color which can undergo nucleophilic attack by peroxide
anion, perhydroxyl (Figure 3.9b). Although there are two carbonyl groups, only the
carbonyl carbon of butanoyl is the one that can lead to the formation of peracid
(Figure 3.9c). Atomic charges on the carbon atoms were compared by two different
methods to determine which one will be preferred for the anion attack. Both ESP
charges based on the electrostatic potential fitting method and charges based on the
partitioning of the molecular electron density showed higher positive charge on the
carbon atom of the butanoyl carbonyl (Figure 3.9d-e), which is the main driving
force for the initial diffusion and attack by perhydroxyl anion. At last, Fukui
reactivity indices for the nucleophilic attack were compared for the two carbonyl
carbons, which showed higher potential of the cationic bleach activation to undergo
nucleophilic attack by peroxide anion at butanoyl carbonyl carbon rather than
butyrolactam carbonyl carbon (Figure 3.9f). Fukui reactivity indices based on
different atomic charge calculation methods gave similar results.
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Figure 3.9: a) LUMO and b) HOMO frontier molecular orbital isosurfaces, c)
electrostatic potential (ESP) surface mapped on the optimized geometries. Atomic
charges based on the d) electrostatic potential fitting method (MK) and e) atomic
dipole moment corrected Hirshfeld (ADHC) population analysis f) Fukui reactivity
indices showing the most susceptible sites for nucleophilic attack. Highest charges
and reactivity indices are marked.

Imaginary frequencies of the transition state of perhydroxyl anion attack and peracid

dissociations for TBUCB and TAED are given in Figure 3.10-3.13, respectively.

Figure 3.10: Vibration with imaginary frequency for the transition state of
perhydroxyl anion attack for the TBUCB.
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Figure 3.11: Vibration with imaginary frequency for the transition state of peracid
dissociation for the TBUCB.

Figure 3.12: Vibration with imaginary frequency for the transition state of
perhydroxyl anion attack for the TAED.

Figure 3.13: Vibration with imaginary frequency for the transition state of peracid
dissociation for the TAED.

Reactions were found to follow two step mechanisms, which are perhydroxyl anion
attack at the carbonyl carbon and the peracid formation. Transition state
characterized by the single imaginary frequency was calculated for the perhydroxy
anion attack at the TBUCB and free energy profile is given in Figure 3.14a. Reaction
barrier for the perhydroxyl anion attack at the carbonyl carbon calculated by using
sum of electronic and thermal free energies at 70 °C was determined as 12.55
kcal/mol under water solvation effect. This activation barrier was compared with the
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TAED activation barrier, and it was determined that perhydroxyl anion attack has
lower reaction barrier and higher solubility for TBUCB than TAED determined as
13.72 kcal/mol (Figure 3.14b). There is an interaction between carbonyl carbon and
perhydroxyl anion as well as a hydrogen bond formation between the oxygen of the
carbonyl and perhydroxyl hydrogen in the transition state. This confirms the
importance of initial hydrogen-bonding through these interactions that leads to the
nucleophilic attack. Although carbonyl carbon that is part of the butyrolactam has a
partial positive charge as a potential site for nucleophic attack, no transition states for
perhydroxyl anion attack at the carbonyl carbon of butyrolactam ring was found,
which confirms that there is no reaction happening inside ring, which led to the
conclusion that the carbonyl group of butyrolactam is not reactive towards
perhydroxyl anion attack to form any peracid. The bond distance between carbonyl
carbon of butanoyl and the nitrogen atom of butyrolactam significantly increased
after perhydroxyl bonding, followed by bond dissociation and peracid formation in
the second step of the reaction. The perhydroxyl anion attack in the first step is the
rate determining step, and dissociation of peracid for TBUCB and TAED in the
second step occurs with a lower energy barrier at 7.88 and 4.58 kcal/mol,
respectively. Cartesian coordinates of atoms for the transition states are given in

appendices section.
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Figure 3.14: Free energy diagrams of the perhydroxyl anion attack and peracid
formation for the a) TBUCB and b) TAED. The relative energies are in kcal/mol and
distances are in A.
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The main limitation of TBUCB is the conformational freedom due to the alkyl group
in butanoyl group. Results showed that positively charged triethyl ammonium group
is attracted toward the more negative oxygen atoms of either butanoyl (Figure 3.15a
and 3.15c) or butyrolactam (Figure 3.15b and 3.15d) groups, resulting in a bent
conformation with decreased reactivity, thereby preventing more peracid formation.
In addition, steric interactions cause a barrier for perhydroxyl ion to reach to the
activator in bleaching bath for peracid formation. Although all trans coplanar
conformation is the lowest energy structure, gauchel (Figure 3.15a and 3.15c) and
gauche2 (Figure 3.15b and 3.15d) conformers of these alkyl groups were easily
obtained with less than 2 kcal/mol energy difference. The closest distance between
ethylammonium hydrogens and butanoyl oxygen which was 4.51 A in the lowest
energy structure, decreased to 2.51 A in gauchel structure. The closest distance
between ethylammonium hydrogens and butyrolactam oxygen which was 6.02 A in
the lowest energy structure, decreased to 4.51 A in gauche2 structure (Figure 3.15c¢-
d).

When phenyl is used in the molecule structure (Figure 3.15e) similar with the
structure reported as N-[4-(triethylammoniomethyl)benzoyl]caprolactam chloride
(TBCC) in the literature [24, 26, 28], the interaction between triethyl ammonium and
the oxygen atoms of the carbonyl group decreased since the butanoyl segment can
adopt different conformations while the phenyl group is highly rigid. However, the
reactivity of the butanoyl carbonyl towards nucleophilic attacks significantly
decreased by phenyl substitution. Alkene modification can be a better alternative to
achieve more rigid structure to prevent folding of this aliphatic chain in the future
studies (Figure 3.15f). Unlike butanoyl group, rigid conformations of alkene group
hinder coplanar structure from intramolecular interaction and keep the plane of
molecule parallel to cellulose surface without compromising nucleophilic reactivity.
In general, future work of the developments of novel activator should focus on more
rigid, linear and coplanar bleach activator/peracid to achieve better substantivity for

cellulose, which would mimic the substantivity of direct dyes to cellulose.
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Figure 3.15: Atomic charges for non-coplanar low energy structures of TBUCB in
the (a) gauchel and (b) gauche2 conformations. Ethyl ammonium end group distance
to the (c) butanoyl oxygen in gauchel and (d) butyrolactam oxygen in gauche?2
conformations. Atomic charges on the (e) phenyl modified TBUCB and (f) alkene
modified TBUCB. Highest positive atomic charges are marked.
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4. CONCLUSIONS

There is a growing need for environmentally acceptable and energy efficient cotton
bleaching in textile industry. This study aims to develop new economical and
ecological bleach activators, providing desired whiteness, absorbency and minimum
fiber damage for the textile industry.

In this study, novel, more soluble, more sustainable and cost-effective cationic
bleach activators based on aliphatic acid chloride, N- [4-(N,N,N)-
triethylammoniumchloride-butyryl] caprolactam (TBUCC) and N-[4-(N,N,N)-
triethylammoniumchloride-butanoyl]butyrolactam (TBUCB), were developed and
synthesized for low temperature cotton bleaching.

Bleaching results indicated that TBUCC showed the most effective bleaching
performance at the molar ratio range of 1:8-1:10 activator to H20.. Although
increasing molar ratio higher than 1:8 at the same temperature had no improvement
on bleaching performance, the temperature was found to have a significant effect on
improvement of whiteness. It was shown that using 36.7 mmol/L activator (TBUCC)
at 1:8-1:10 molar ratio of activator to H202 under alkaline pH (around 11) at
significantly lower temperature (70 °C) provided satisfactory whiteness (WI: 75) and
similar water absorbency with significantly reduced fiber damage (DP = 3350) as
compared to conventional bleaching, which showed DP = 3044. W1 greater than 75
can be achieved up to 78.97 by increasing the molar ratio of H,O, to 1:12. It was also
shown that 1:1.02 molar ratio of H202 to NaOH was the optimum for achieving the
highest bleaching bath efficiency for low temperature bleaching with TBUCC- H.0;
system. Compared to aromatic-based bleach activator (TBBC), comparable results
were obtained in improving whiteness of fabric with the advantage of more

sustainable and cost-effective production.

Experimental results (CCD) for TBUCB indicate that the most important factors on

WI are temperature, followed by molar ratio of activator: H.O, and concentration of

activator, respectively, based on the results of ANOVA. Maximum whiteness index

of 77.53 can be achieved at 11.7 g/L (36.7 mmol) at 1:8 molar ratio of activator:
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H.0, at 70 °C, providing reduced energy cost and fiber damage (DP= 3410) as
compared to conventional hot peroxide bleaching (WI: 75 at 98 °C). With the use of
this more sustainable and cost-effective bleach activator in bleach bath, bleaching
system can be optimized and W1 higher than 80 can be achieved using 11.7 g/L up to
about 12.8 g/L activator concentration at 1:8-1:10 molar ratio of activator to H20- at

a temperature of 80 °C.

In order to determine the advantages and theoretical limitations of TBUCB for low
temperature bleaching of cotton, density functional theory (DFT) calculations were
performed to explain the reaction mechanism through plausible transition state(s) of
the nucleophilic attack of perhydroxyl anion (HOO") with different carbonyl carbons.
DFT calculations validated the structure, reactivity and peroxide bleaching reaction
pathway for the perhydroxyl attack at carbonyl group of the butanoyl segment not at
the carbonyl carbon of the butyrolactam, which is consistent with the experimental

results.

The use of these newly developed aliphatic acid chloride-based cationic bleach
activators, which are more cost-effective, sustainable and highly reactive compared
to other cationic bleach activators based on aromatic acid chloride, in hydrogen
peroxide bleaching bath offers benefits of energy saving and reduced production cost
due to the application of lower temperature (70 °C) over conventional hot peroxide
bleaching conducted at 98 °C. Based on the experimental results, TBUCC and
TBUCB-activated peroxide bleaching systems provide improved affinity and
bleaching efficiency (whiteness index) and reduced fiber damage (higher product
quality) compared to the conventional one. The obtained results suggest that the use
of novel cationic bleach activators has a promising prospect for industrial application
and all these findings will contribute to the commercialization of these novel, more
sustainable and effective cationic bleach activators and sustainable bleaching
systems. Furthermore, this study also provided key fundamental science principles
and suggestions at the molecular level for the design of more efficient bleach

activators with higher substantivity for cotton.
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APPENDICES

Appendix A: Cartesian coordinates for the transition state of perhydroxyl anion
attack for the TBUCB.

Appendix B: Cartesian coordinates for the transition state of peracid dissociation
for the TBUCB.

Appendix C: Cartesian coordinates for the transition state of perhydroxyl anion
attack for the TAED.

Appendix D: Cartesian coordinates for the transition state of peracid dissociation
for the TAED.
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Appendix A: Cartesian coordinates for the transition state of perhydroxyl anion

attack for the TBUCB.
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Figure A.1: Cartesian coordinates for the transition state of perhydroxyl anion attack

for the TBUCB.
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Figure A.1 (continued): Cartesian coordinates for the transition state of perhydroxyl
anion attack for the TBUCB.
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Appendix B: Cartesian coordinates for the transition state of peracid dissociation for

the TBUCB.
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Figure B.1: Cartesian coordinates for the transition state of peracid dissociation for
the TBUCB.
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Figure B.1 (continued): Cartesian coordinates for the transition state of peracid
dissociation for the TBUCB.
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Appendix C: Cartesian coordinates for the transition state of perhydroxyl anion

attack for the TAED.
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Figure C.1: Cartesian coordinates for the transition state of perhydroxyl anion attack
for the TAED.
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Figure C.1 (continued): Cartesian coordinates for the transition state of perhydroxyl
anion attack for the TAED.




Appendix D: Cartesian coordinates for the transition state of peracid dissociation for

the TAED.
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Figure D.1: Cartesian coordinates for the transition state of peracid dissociation for

the TAED.
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Figure D.1 (continued): Cartesian coordinates for the transition state of peracid
dissociation for the TAED.
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