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Abstract Anionic dyes are often used for conven-
tional cotton dyeing. This process, however, has a
moderate affinity and it is estimated that less than 70%
of the dye interacts with the cotton fiber. Cationization
of cellulose is a chemical treatment that modifies the
cellulose molecule, making it strongly cationic. This
pretreatment increases the affinity between cotton and
anionic dyes. Therefore, cationic dyeing reduces
water, time, energy and chemical consumption. In
this scenario, there is a growing demand to develop
new cleaner products, as well as to elucidate the
reaction mechanism aiming to create a clean and low-
cost process for cotton cationization. In the last

J. Correia (D<) - K. T. Rainert

Postgraduate Program in Chemical Engineering and Food
Engineering, Federal University at Santa Catarina,
Floriandpolis, Santa Catarina, Brazil

e-mail: jefersoncorreia@hotmail.com

F. R. Oliveira - R. de Cassia Siqueira Curto Valle -

J. A. B. Valle

Department of Textile Engineering, Federal University at
Santa Catarina, Blumenau, Santa Catarina, Brazil

J. A. B. Valle

Department of Chemical Engineering and Food
Engineering, Federal University at Santa Catarina,
Floriandpolis, Santa Catarina, Brazil

decades, more than 800 documents were published,
and this number continues to rise. Among the cationic
agents, 3-chloro-2-hydroxypropyl trimethylammo-
nium chloride is the most researched and has achieved
niche markets. However, poly-diallyldimethylammo-
nium chloride combines effectiveness with a cleaner
process. These characteristics make this cationic agent
promising for future research. This review reports the
state of the art on the techniques used for cationization,
with a brief description of the market available for
cationic cotton and a critical evaluation of the future
perspectives for cationization.
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Introduction

The conventional method of dyeing cotton generally
uses besides the dyes, the following chemical inputs:
sulfate or sodium chloride, sodium hydroxide, sodium
carbonate, acetic acid, surfactant, and chelating agent.
In terms of chemical quantity, a conventional cotton
dyeing process result in a consumption of 300 to
1200 g of chemical inputs (Ghaly et al. 2013) and 80 L
of water per kilogram of fabric (Rosa et al. 2014). The
conventional process has a moderate affinity between
the fiber and the dyes and it is estimated that only
60-70% of the dye is exhausted (Ma et al. 2015).
Therefore, it generates a considerable amount of
effluent composed of non-reacted chemical inputs and
hydrolyzed dye (Acharya et al. 2014; Arivithamani
and Giri Dev 2017a).

The growing need to reduce water consumption and
the use of chemicals in textile substrate processing has
led to new technologies that increase dyeing effec-
tiveness. One is the cationization of cellulose that
chemically modifies the cellulose molecule, making it
strongly cationic (Hauser and Tabba 2001; Roy
Choudhury 2014; Aktek and Millat 2017; Li et al.
2019). Cotton fiber, which is originally negatively
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charged after this functionalization, acquire positive
surface charges, which facilitates interaction with
anionic dyes (Arivithamani and Giri Dev 2018). Using
this type of dyeing can bring to cotton fiber more
intense and brighter colors. Besides, it brings benefits
to the dyeing process mainly by eliminating the use of
alkali, soda ash (Na,CO3) and salt, essential inputs for
cellulose fibers dyeing with reactive dyes class.
Anionic dyes, such as reactive and direct dyes are
often used for cotton dyeing. Reactive dyes are
predominantly used for dyeing of cotton due to their
high color fastness, brilliancy and wide range of
shades (Wang et al. 2009). However, these two dye
classes often have a low affinity for cotton fabrics
(Helmy et al. 2017). Thus, conventional dyeing of
cotton with these classes of dyes requires the presence
of electrolytes, which can neutralize negative charges
on the cotton surface and thus increases dye-uptake in
cellulose (Liu and Yao 2011). The most common
electrolytes used for industrial dyeing of cotton are the
salts NaCl or Na,SO, (Liu and Yao 2011; Ariv-
ithamani and Dev 2017), in concentrations of
30-100 g L' depending on the dye concentration
applied in the dyeing process (Wang et al. 2009).
One of the great triumphs of the cationization is the
elimination of the salt feed from conventional pro-
cesses. Dyeing of cationic cotton with reactive dyes
can reduce by 70% the quantity of salt in textile
effluent (Arivithamani and Giri Dev 2018). Therefore,
many authors name the cationization process as salt-
free or low-salt dyeing (Chattopadhyay et al. 2007;
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Arivithamani and Giri Dev 2016; Dong et al. 2020). A
high concentration of salts elevates the water density,
reduces the solubility of oxygen gases, affects the
microorganisms, and is thus undesirable in effluents
(Salmanikhas et al. 2016; Ahsan et al. 2019). The
conventional effluent treatment is inefficient for salt
removal and water desalination processes are unfea-
sible because of the high cost (Ni et al. 2018).
Separation of salt from effluents increases the dyeing
cost by 10% (Arivithamani and Giri Dev 2018).
Therefore, a viable alternative for companies is the
reduction of salt in dyeing processes.

Considering the competitiveness of the market, the
greatest benefit of this technology is to achieve a
reduction in water, energy, and chemicals in the
dyeing process (Farrell and Hauser 2013; Bessa et al.
2019). Cationic cotton helps address market demands
and improve inventory and cost efficiencies. It enables
to dye fabrics utilizing one-third to one-half the typical
amount of dye required in traditional dyeing (Cotton
Incorporated 2018).

Several authors have studied cotton cationization as
an alternative for lower cost or more sustainable
dyeing over the years. In Fig. 1 is shown the historical
growth in the number of publications in the Scopus
database (up to April 2020), searched with keywords
“cationic”, or “cationization”, and “cotton”. There
has been a considerable amount of publications for
over 50 years. Even after extensive research, cotton
cationization still faces structural problems that make
it difficult to use. Cationic cotton has still not seen a
considerable industrial recognition aside from niche
markets. According to Farrell et al. (2015), this
happens because of the concerns about the safety of
cationic agents, cost of cationic agents and

cationization process, lack of results in large scale
procedures and lack of methodology to transition from
a conventional to a cationic cotton dyeing. The
cationization process still needs improvement before
achieving industrial-scale use.

Publication in cotton cationization has grown
especially in the last 10 years. In this period, two
review papers were published. Roy Choudhury (2014)
published a paper focused on cationization and
implication on the dyeing process. Aktek and Millat
(2017) published a critical review regarding cationic
agents and cationization procedure. The present
review paper not only adds updated information but
also add a unique contribution to the literature by
focusing on indicators, processes variables, and mar-
ket. It brings updated information regarding the
mechanisms for cationization and application in the
textile dyeing and printing. Based on the critical
evaluation of the research papers, this work presents
tendencies for the future of cationization.

This review article presents an overview of the
current state of the art regarding cotton cationization.
It provides knowledge about the cationic agents and
the cationization process variables used by many
authors. This paper also presents indicators to evaluate
cationization and dyeing efficacy. Furthermore, it
contains a brief discussion about the state of the art of
printing of cationic cotton. Finally, the paper presents
the market for cationic cotton, challenges, and
prospects in this field.
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Cationization of cellulose fibers

Cationization is a chemical process that provides
cationic sites to the cellulose fibers. After the
treatment, the fiber becomes positively charged.
Therefore, this modification increases the electrostatic
attraction between the fibers and the anionic dyes.
Most dyes used for the dyeing of cellulose fibers are
anionic in nature (Ibrahim et al. 2010; Arivithamani
et al. 2014).

Cellulose is the major component of cotton, as
shown in Table 1. While in contact with water,
negative charges accumulate on the cotton surface due
to the partial ionization of hydroxyl groups of
cellulose (Acharya et al. 2014). Thus, in the conven-
tional dyeing process, cotton fibers have electrostatic
repulsion to most commercially available dyes, such
as reactive and direct dyes, which are negatively
charged (Aktek and Millat 2017). The efficiency of the
process is increased by using high concentrations of
electrolytes in the dyebath and extended dyeing times
at elevated temperatures. Therefore, several washing
cycles are necessary after dyeing to eliminate the dye
that did not react with the fiber. For this reason, dyeing
cotton fabrics with direct and reactive dyes consume a
large amount of energy and natural resources (Ariv-
ithamani and Giri Dev 2017a; Farrell et al. 2017).

By introducing cationic groups into the cotton
fibers, the ionic attractions between cationized cotton
and anionic dyes result in increased dye uptake, due to
the electrostatic attraction. The most common
methodology for cationization is to introduce amino

Table 1 Composition of typical cotton fibers

Component Composition (% dry weight)
Typical Range
Cellulose 95 88-96
Protein 1.3 1.1-1.9
Pectic substances 0.9 0.7-1.2
Ash 1.2 0.7-1.6
Wax 0.6 0.4-1.0
Total sugars 0.3 0.1-1.0
Organic acids 0.8 0.5-1.0
Pigment Trace NA?
Others 1.4 NA

“Data not available. Source: Wakelyn et al. (2006)
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groups into the fiber (Roy Choudhury 2014). Quater-
nary or tertiary amino groups bind to cellulose to
provide nucleophilic groups, which show greater
attraction for anionic dye resulting in the interaction
of dye-fiber without the addition of salt (Aktek and
Millat 2017).

Cationic fiber also enables anionic dyeing at neutral
pH. Dyeing cationic cotton results in greater exhaus-
tion of dye and higher color values. The strong dye-
fiber interaction, resulting from cationic cellulose,
allows dyeing with minimal rinsing and after-washing.
Furthermore, a fiber with good dye-attracting affinity
may continue to exhibit those strong colors and
brightness in later use, after consecutive washes
(Roy Choudhury 2014).

Cationic agents

Several authors researched the introduction of amine
quaternary groups into the cellulose structure for the
cationization of cotton. A typical form of the cationic
agent is a molecule containing quaternary ammonium
and a reactive group that interacts with cellulose.
Cationic agents can be grouped into polymer or
monomeric based agents. A list of reagents studied for
fiber cationization is shown in Table 2.

Hauser and Tabba (2001) studied the effect of
commercially CHPTAC (3-chloro-2-hydroxypropyl
trimethylammonium chloride), available as a 65%
solution in water, in cationization of cotton fabrics
with direct and reactive dyes. In comparison with
conventional dyeing, color strength values (K/S) of
cationic fabric dyed with reactive and direct dyes were
increased by approximately 50%. The color fastness of
the cationic dyeing was equal or superior in compar-
ison with untreated cotton.

Acid dyes are typically applied to fibers with
positive charges, such as wool, silk and polyamide
fibers in an acidic bath. Although, it has a low affinity
to cellulosic fibers due to repulsions forces between
the negative charges of the cellulosic fibers and the
acid dye molecules (Rehan et al. 2020). However,
according to Hauser and Tabba (2001), cationization
with CHPTAC also allowed the dyeing of cellulosic
fabric with acid dyes. The authors compared cationic
cotton and nylon dyed with different acid dyes. The
results showed that K/S values were almost the same
for both types of fabric. However, color fastness
considerably decreased for acid-dyed cationic cotton.
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Table 2 Cationic agents and methods of application used for the pretreatment of cotton

Cationic agent

Method for cationization

References

3-Chloro-2-hydroxypropyl
trimethylammonium chloride
(CHPTAC)

Poly diallyldimethylammonium
chloride (PDDACI)

Diallyldimethylammonium chloride
(DADMAC)

Chitosan

2-(N,N-dimethylamino)ethyl
methacrylate (PDMAEMA)

Ovalbumin
Bovine serum albumin (BSA)

N-oxiranylmethyl-N-

methylmorpolinium chloride (NMM)

2-Oxiranylpyridine
1-Acrylamido-2-hydroxy-3-

trimethylammoniumpropane chloride

(AAHTAPC)
Betaine

2-Methacryloyloxyethyltrimethyl
ammonium chloride (DMC)

Epichlorohydrin/thiourea (EP/TH)

Benzyl (3-chloro-2-hydroxypropyl)
dimethylammonium chloride
(BCHDAC)

3-Chloro-2-hydroxypropyl

dimethyldodecylammonium chloride

(CHPDDAC)

Pad-batch

Exhaustion

Pad-bake
Pad-dry
Pad-dry-cure

Exhaustion, pad-batch,
pad-steam

Pad-batch, exhaustion,
pad-steam, and pad-
dry-cure

Exhaustion

Pad-dry-bake
Pad-dry-cure
Pad-batch

Exhaustion

Pad-dry-cure

Pad-dry, pad-batch, pad-

steam, and pad-dry-
steam

Exhaustion

Pad-dry-cure
Exhaustion

Exhaustion
Exhaustion
Pad-bake
Pad-bake
Exhaustion
Exhaustion

Pad-bake

Pad-bake

Hauser and Tabba (2001), Kanik and Hauser (2002), Farouk
et al. (2013), Fu et al. (2013), Kamal Alebeid and Zhao
(2015) and Farrell et al. (2015)

Shateri Khalil-Abad et al. (2009), Acharya et al. (2014),
Arivithamani and Giri Dev (2016, 2017a, b, 2018),
Arivithamani and Dev (2017), Ma et al. (2017) and Abdelileh
et al. (2019)

Wang et al. (2009) and Farrell et al. (2017)
Rehan et al. (2017) and Nakpathom et al. (2017)
Giacomini et al. (2020)

Hashem (2006)

Hashem et al. (2003)

Oliveira et al. (2017) and Jareansin et al. (2019)

Helmy et al. (2017)
Abd El-Hady et al. (2020)
Farouk et al. (2013)

Ibrahim et al. (2010) and Chatha et al. (2016)
Giacomini et al. (2020)
Houshyar and Amirshahi (2002)

Dong et al. (2020)

Giacomini et al. (2020)
Sahito et al. (2015)
Hasani et al. (2009)

Hasani et al. (2009)
Wang and Lewis (2002)
Ma et al. (2016)

Ma et al. (2015, 2020)
Liu and Yao (2011)

Farrell et al. (2017)

Farrell et al. (2017)

@ Springer
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Table 2 continued

Cationic agent

Method for cationization References

3-Chloro-2-hydroxypropyl Pad-bake
cocoalkyldimethylammonium
chloride (CHPCDAC)

3-Chloro-2-hydroxypropyl Pad-bake

dimethyloctadecylammonium
chloride (CHPDODAC)

Farrell et al. (2017)

Farrell et al. (2017)

Acid dyes are widely used by the textile market for
producing fabrics with intense and bright shades. Acid
dyes are also considered easier to dye than other
classes (Patil et al. 2019).

A fabric composed of 50% polyester and 50%
cotton was cationized using poly diallyldimethylam-
monium chloride (PDDACI) and chitosan by Oliveira
et al. (2017). The cationic fabric was dyed using acid
dyes. The best K/S value was 43 for the sample treated
by PDDACI, this value was approximately 20% higher
than cationic fabric treated with chitosan and nearly
280% higher than the untreated sample. Comparing
treated with non-treated samples, no significant vari-
ation on the whiteness degree was found; this means
that the cationization process does not change the base
color of the fabric.

According to Farrell and Hauser (2013), most of the
chemicals used for the cationization of cotton have
some toxicity issues. Therefore, chitosan has been
studied in the textile dyeing process because it
represents an environmentally sound and non-toxic
practice to increase dye uptake. Chatha et al. (2016)
measured the properties of dyeing cotton cationized by
chitosan. The authors concluded that pretreatment
increased color strength along with a significant
improvement in the washing fastness.

Dong et al. (2020) grafted 2-(N,N-dimethy-
lamino)ethyl methacrylate (PDMAEMA) onto the
cotton fabric. The results showed that the cotton
fabric was successfully grafted. The dyeing with
reactive dye presented excellent dye uptake, fixation
yield, K/S value, dyeing levelness, and color fastness.

Hasani et al. (2009) prepared two epoxy reagents,
N-oxiranylmethyl-N-methylmorpolinium  chloride
(NMM) and 2-oxiranylpyridine, for cationization of
the cotton linter. CHPTAC was also used in cation-
ization tests as reference. The authors observed the
dependence between the nitrogen content in cellulose

@ Springer

and water retention. The higher the amount of
nitrogen, the greater the water retention into the
cotton. Better water retention, consequently, resulted
in raised adsorption of the acid dye methyl orange to
the fiber. NMM exhibited higher reactivity toward
cellulose than CHPTAC and 2-oxiranylpyridine.
Wang and Lewis (2002) researched cationic cotton
fabrics treated with 1-acrylamido-2-hydroxy-3-
trimethylammoniumpropane chloride (AAHTAPC)
using a pad-bake process. The treated fiber was dyed
with several reactive dyes without the addition of salt
or alkali. The cationization increased dye-fiber affin-
ity. The reactive dyes were almost completely
exhausted when used with cationic cotton. The
dyeings were uniform on the surface, but some
dyeings exhibited ring dyeing (a fault in which the
dye did not diffuse completely to the interior of fiber).
Ring dyeing is associated with the molecular weight of
the cationic agent. High molecular cationic agents
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cannot penetrate cellulose pores, therefore the cation-
ization is restricted to the external surface of the fiber.

Ma et al. (2016) treated cotton fabric with betaine
(N,N,N-trimethyl glycine) as a cationic agent, using a
pad—dry-bake pretreatment process. The cationic
fabrics were applied in salt-free dyeing of reactive
dyes. The increase in dye fixation of Reactive Red 195,
Reactive Yellow 145 and Reactive Blue 19 on cationic
fabrics were 6.7%, 9.5%, and 7.7%, respectively. Dye
fixation on the cationic fabrics in the absence of salt
improved with satisfactory light fastness property.
However, some wash and wet rub fastness could not
remain as good as that of the conventional dyeing.

Cotton fabrics were cationized using 2-methacry-
loyloxyethyltrimethyl ammonium chloride (DMC).
Modified and unmodified cotton was dyed with
Reactive Blue 19, Reactive Red 195 Reactive Yellow
145. The fixation of dye in modified cotton was
23-24% higher than those obtained using the conven-
tional dyeing method in the presence of inorganic salt.
The wastewater parameters, chemical oxygen
demand, color and ammonia—nitrogen content of the
cationic cotton dyeing method were considerably
lower than those of the conventional dyeing (Ma
et al. 2015).

Liu and Yao (2011) prepared cationic cotton with
two pretreatment solutions. Initially, epichlorohydrin
was used for epoxidation of the cotton fibers. Then the
fabric was treated with a solution containing thiourea
to bind amino groups to the cellulose. The epichloro-
hydrin acted as a crosslinking agent between the
thiourea and the cotton fibers. The cationic samples
were dyed using reactive dyes. The cationic dyed
fabrics presented higher K/S, levelness, washing and
rubbing fastness.

Farrell et al. (2015) cationized cotton using various
alkyl chlorohydrin quaternary ammonium com-
pounds, in conjunction with the traditional reagent
CHPTAC. The cationic samples were dyed using
reactive and disperse dyes. The K/S of reactive
dyeings were higher for samples pretreated by
molecules with low molecular weights, BCHDAC
and CHPTAC. This happens due to the higher nitrogen
ratio of these molecules. The authors also found a
possibility to dye cotton with disperse dyes. Cationic
cotton treated by long-chain compounds (CHPDDAC,
CHPCDAC, and CHPDODAC) readily exhausted
almost all disperse dye. This is related to the increased
hydrophobicity of cotton treated by long-chain com-
pounds. Disperse dyes are often used for dyeing of
hydrophobic fibers, such as polyester and polyamide
(Matthews 2018).

3-Chloro-2-hydroxypropyl trimethylammonium
chloride (CHPTAC)

Among all the cationic agents, CHPTAC has been the
most preferred for cotton cationization and has shown
potential for industrial scale-up (Arivithamani and
Giri Dev 2018). The synthesis procedure for CHPTAC
is published by Seong and Ko (1998). CHPTAC is also
known by their commercial names Glytac A, Quat-
188, CA200, and CR2000.

A great advantage of the CHPTAC is the size of the
molecule. It is easier to penetrate the fiber pores if the
molecule has low molecular weight. Therefore, dye-
ings with cotton treated with CHPTAC tends to
present a uniform dyeing. The cross-section optical
microscope images performed by Arivithamani and
Giri Dev (2017b) and Ma et al. (2017) indicated that

@ Springer
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High molecular weight

Fig. 2 Schematic illustration of surface deposition and pores penetration by high and low molecular weight PDDACI

the dyes penetrated satisfactory in the cotton when
treated with CHPTAC.

CHPTAC itself does not react with cellulose.
Firstly, it converts into 2,3-epoxypropyl trimethylam-
monium chloride (EPTAC), also identified as glycidyl

@ Springer

trimethylammonium chloride, by reacting with alkali.
Then EPTAC reacts with the hydroxyl groups on
cotton fiber under alkaline conditions to form cation-
ized cotton. In the presence of alkali, CHPTAC is
converted to EPTAC together with partial dissociation
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«Fig. 3 Different methods used for the pretreatment of fabrics

of the cellulose hydroxyl group (Farrell and Hauser
2013). The reaction is shown in Scheme 1 (Hauser and
Tabba 2001; Wang et al. 2009; Farrell et al. 2015;
Arivithamani and Giri Dev 2016).

The produced EPTAC reacts with the primary
hydroxyl group of ionized cellulose under alkaline
conditions to form the cationized fiber. The reaction
mechanism is presented in Scheme 2 (Arivithamani
and Giri Dev 2016). Each repeating unit of the
cellulose molecule has one primary and two secondary
hydroxyl groups, which can undergo chemical reac-
tions. However, the primary hydroxyl groups are more
accessible and reactive than the secondary groups
(Wakelyn et al. 20006).

CHPTAC is a moderately nontoxic chemical
reagent, but to proceed with cellulose reaction, it must
be first converted into EPTAC, which presents
carcinogen properties (Roy Choudhury 2014). There-
fore, to minimize exposure, EPTAC solutions should
never be handled or transported. Cationization pro-
cesses should be designed to introduce CHPTAC and
the alkali required for EPTAC conversion, followed
by its subsequent reaction with the cellulose. The
overall cationization process should be designed in a
quantity that EPTAC is consumed to the maximum by
fiber, to ensure minimal EPTAC release to the
environment (Farrell and Hauser 2013).

Poly diallyldimethylammonium chloride (PDDACI)

Poly diallyldimethylammonium chloride (PDDACI),
usually abbreviated as PDDA, PDADMAC, and Poly-
DADMAC is a well-known cationic polyelectrolyte.
Research interest for PDDACI is related to applica-
tions in different fields, such as papermaking, wastew-
ater treatment, mineral processing, food and medical
industry (Zhang et al. 2003). It does not have the same
acceptance as CHPTAC for cationization of fibers, but
recent research indicates that this polyelectrolyte has
potential as an environmentally-safe cationic agent
(Kim et al. 2016; Helmy et al. 2017; Oliveira et al.
2017; Bessa et al. 2019; Jareansin et al. 2019).
PDDACI is considered as an environmentally
friendly and low-cost polyelectrolyte (Wang et al.
2013; Liu et al. 2018). It is the first polymer approved
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by United States Food and Drug Administration for
use in potable water treatment (Helmy et al. 2017).
Environmental and human health studies destined for
the United States Environmental Protection Agency
testified that diallyldimethylammonium chloride
(DADMAC), the monomer of PDDACI, is nontoxic
to environmental organisms and is readily biodegrad-
able (DADMAC HPV Committee 2004). This report
was issued for the High Production Volume Challenge
Program, which provides hazard information for the
chemicals produced or imported into the United States
(Bishop et al. 2012).

The cellulose mechanism for cationization with
DADMAC was published by Jareansin et al. (2019).
Potassium persulfate was used as an initiator to create
cellulose radicals. The initiator creates a radical in the
hydroxyl bonded to the primary carbon of cellulose.
The cationization mechanism is explained in
Scheme 3. The initiator has the same function as the
epoxy group in the CHPTAC cationization process
shown in Scheme 1. The formation of PDDACI and
binding to cellulose occurs from the interaction with
hydroxyl radicals.

Considering the polymer structure of PDDACI, its
fiber penetration is limited by the size of the molecule.
Thus, the degree of polymerization is a particularly
important property for determining the effectiveness
of cellulose cationization. Zhang et al. (2016) used
PDDACI with different molecular weights for the
accessibility evaluation of cellulose fiber charges.
Fiber charges strongly depended on the molecular
weight of polyelectrolyte. A higher fiber charge was
detected using PDDACI with low molecular weight.
However, the charge was nearly unchanged when the
molecular weight varied from 100 to 600 kg mol ™"
This suggests that above 100 kg mol~!, PDDACI is
not filled into the cellulose pores and the interaction is
restricted to the external surface, as illustrated in
Fig. 2.

Methods for fiber cationization

The method used by each author for the pretreatment
of cotton is available in Table 2. Among them,
exhaustion is a discontinuous process considered the
conventional system of dyeing as most of the indus-
tries follow this process (Arivithamani and Giri Dev
2018). However, continuous and semi-continuous
processes are used mainly in the treatment before
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Table 3 List of variables used for cotton cationization, by exhaustion method, used by different authors: cationic agent (CA), CA
and NaOH dosage, temperature (T) and material-to-liquor ratio (MTLR)

CA CA dosage NaOH (g Lfl) T (°C) Time (min) MTLR Ref.c
PDDACI, chitosan 5%owf* - 30-70 10-40 1:200 (a)
Chitosan 0.5-2.0%owf 15 50 30 NAP (b)
DMC 10-60 g L™ - 60 40 1:20 ()
CHPTAC 5-40 g L™ 1-4 50-90 5-20 1:20 (d)
CHPTAC 80 gL™! 24 80 30 1:20 (e)

“Expressed in percentage over weight of fiber

bdata not available

‘reference: (a) Oliveira et al. (2017), (b) Chatha et al. (2016), (c) Ma et al. (2020),(d) Ma et al. (2017), (e) Arivithamani and Dev

(2017)

dyeing. Therefore, various processes are used for the
cationization of fibers. A brief explanation of each
method is also given in Fig. 3. Pad-batch is a sequence
of operations involving padding and batching without
intermediate drying. The padded fabric is rolled in a
batch, wrapped by plastic sheets, and stored with slow
rotation to allow the dye to fix at room temperature. In
pad-steam, the fabric is padded and steamed for
fixation of the chemicals. Pad-dry is like the pad-steam
method, the difference consists in use dry air instead of
steam. Pad-bake is like pad-dry but involves chemical
fixation at high temperatures. Pad-dry-steam and pad-
dry-bake, as the names suggest, are associations
between pad-dry, pad-steam and pad-bake. Pad-dry-
cure, which is also presented in Table 2, is reciprocal
to the pad-dry-bake method (Hashem et al. 2003; Roy
Choudhury 2014; Matthews 2018).

Houshyar and Amirshahi (2002) treated cotton
fabric with chitosan using five different techniques,
consisting of exhaustion, pad-dry, pad-batch, pad-
steam, and pad-dry-steam methods. The exhaustion
method was carried out in a laboratory dyeing machine
at 60 °C during 5 min. The pad-dry method was
carried out by padding with 110% pick up and dried at
150 °C for 3 min. In the pad-batch method, cotton was

Oﬂ—‘ CH3 NaOH

R . —

N—CHj ClI Water
AN

CHg3
EPTAC

CH3
HO + _
N—CHj3 CI
N
CHj
HO
2,3-dihydroxypropyl
trimethylammonium chloride

Scheme 4 Hydrolysis mechanism for EPTAC

padded with 110% pick up and batched for 30 min,
while in pad-steam method samples where padded
with 110% pickup and steamed during 30 min at
110 °C. The pad-dry-steam method padded samples
with 110% pick up, dried at 150 °C for 3 min and
steamed at 100 °C for 30 min. The authors concluded
that the pad-dry method ensured the highest dye
uptake with a slight reduction of light and wash
fastness.

Hashem (2006) developed a one-stage process of
scouring, bleaching or desizing with cationization.
CHPTAC was the cationic agent used. Three methods
were used: exhaustion, cold pad-batch and pad-steam.
The authors have found that the cationic agent was
compatible with enzymatic desizing agent diastase.
However, the CHPTAC was incompatible with the
chemical desizing agents, specifically ammonium
persulfate and potassium peroxydiphosphate. Besides,
CHPTAC was also incompatible with hydrogen
peroxide. The combination of CHPTAC and hydrogen
peroxide hindered the effect of cationization and
bleaching. However, cationization and scouring with
NaOH was performed without incompatibility.

Arivithamani et al. (2014) fixed KH into cotton
fabric by an esterification reaction. In a round-bottom
flask was prepared a solution with cotton, KH, and
toluene as solvent. The solution was heated to boiling.
During this process, the esterification reaction takes
place, water is eliminated from the reaction and it is
evaporated from the flask. To avoid reverse esterifi-
cation reaction, the evaporated water continuously
removed from the process was condensed and
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collected. The process ended when it stopped the
formation of water.

Ma et al. (2016) cationized cotton fabric with
betaine through the pad-dry-bake method. It was
prepared a solution containing 8 wt% of anhydrous
betaine, hydrochloric acid (1 mol of betaine per mol of
acid) and 5 wt% of dicyandiamide. The fabric was
dipped in the solution at material to liquor ratio of 1:10
and padded to 90% pickup. Then the fabrics were
dried at 80 °C during 3 min and baked at 150 °C
during 40 s. The cationic treatment improved the
fixation of the dye, maintaining the washing and
rubbing fastness at satisfactory levels.

According to some authors (Fu et al. 2013; Mandal
2017), among the higher temperature application
methods, however, the cold pad-batch is possibly the
most efficient method to provide uniform cationiza-
tion of cotton because heat may cause the migration of
reactants, which results in non-uniform cationization.

Cationization process variables

The cationization variables must be optimized for
achieving higher dye fixation. Understanding all the
parameters involved, the treatment can be evaluated
comprehensively. Table 3 contains a list and range of
values for the variables used in various cationization
studies carried out by the exhaustion method.
Although some authors prefer to represent the
concentration of the cationic agent in percentage over
weight of fiber (owf), according to Table 3 the
concentration evaluated varies from 5 to 80 g per liter
of solution. It was observed a strong correlation

between cationic agent dosage and reactive dye
fixation. An addition of a high concentration of
cationic agent could achieve a higher cationization
degree of cotton, as well as high dye exhaustion and
the percentage of the total dye fixed on the cationized
cotton (Chatha et al. 2016; Ma et al. 2017).

The alkali concentration is a parameter that needs to
be optimized for the cationization process. For exam-
ple, a low mole ratio of NaOH to CHPTAC result in a
low formation of EPTAC, consequently, it decreases
the fiber cationization. On the contrary, an increase in
the mole ratio led to the hydrolyzed form of EPTAC, a
diol namely as 2,3-dihydroxypropyl trimethylammo-
nium chloride, as shown in Scheme 4. The diol form is
stable, therefore it does not react with the cotton
fabrics and results as an effluent at the end of the
cationization process (Hauser and Tabba 2001; Farrell
and Hauser 2013).

Ma et al. (2017) studied the effect of NaOH
concentration in the fixation of Reactive Red 195 dye
on cationic cotton. When the concentration of NaOH
was 1,2,3,and 4 g Lfl, the dye fixation was 45.94,
70.53,96.74 and 96.18%, respectively. The fixation of
the reactive dye did not increase when the NaOH
dosage rose from 3 to 4 g L™, Therefore, they found
3 gL' as the optimal concentration for NaOH.
According to Hashem, Hauser and Smith (2003), the
optimal NaOH:CHPTAC molar ratio for the cation-
ization process is 1.8.

According to Table 3, the temperature used in
cationization by the exhaustion method can vary from
30to 90 °C. Cationization of cotton by CHPTAC is an
etherification reaction, dehydration of an alcohol

Table 4 Percentage of

A - CA (g Lfl) NaOH (g L™h Process N (wt%) References
nitrogen (N) in cotton
cationized with CHPTAC Untreated - - 0.01 Kanik and Hauser (2002)
obtained by different 50 31.0 Pad-batch 0.12 Kanik and Hauser (2002)
processes and authors
75 46.5 0.17
100 62.0 0.23
30 3 Exhaustion 0.0839 Ma et al. (2017)
100 40 Exhaustion 0.21 Hashem (2006)
Pad-steam 0.23
Pad-batch 0.22
8.0%owb* 1.8%0owb* Pad-bake 0.65 Wang et al. (2009)
100 60 Pad-batch 0.22 Fu et al. (2013)
150 90 0.26
“Expressed in percentage 200 120 03

over weight of bath
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group to form ether, so that increasing the temperature
is beneficial for the retention of cationic groups on
cotton (Ma et al. 2017).

The material-to-liquor ratio was 1:20, except for the
research developed by Oliveira et al. (2017), which
used a considerably higher amount of liquor. The
nitrogen fixation efficiency is observed to decrease
with increasing liquor ratio because the hydrolysis
reaction of the cationic agent is more favorable with
higher concentrations of water (Mandal 2017).
Besides, a higher bath ratio rises the energy costs for
temperature elevation and increases the amount of
effluent.

Exhaustion is a discontinuous process for fiber
cationization. However, there are also some continu-
ous or semi-continuous processes. For example,
Hauser and Tabba (2001) used a foulard to pad cotton
fabric with a solution consisting of 50 g L™" of a 65%
CHPTAC solution and 36 g L' of a 50% sodium
hydroxide solution, at 100% wet pick-up. Wang and
Lewis (2002) used a pad—bake process with 50 g L™
AAHTAPC, 30 g L™ sodium hydroxide, 90% wet
pick-up and baked at 125 °C for 6 min.

Nakpathom et al. (2017) used CHPTAC to prepare
cationic cotton and dye using purple corncob. The
concentration of CHPTAC varied between 5 and
150 g L™ and NaOH was added to achieve the molar
ratio of 1:2.6 (CHPTAC:NaOH). The fabric samples
were padded to 100% pick up. The addition of NaOH
occurred immediately before proceeding with the
padding bath to avoid the hydrolysis of the CHPTAC.
Then, the cotton fabric was neutralized using
1.5 g L™! of acetic acid during 30 min, rinsed with
water and air-dried. The authors obtained optimum
K/S values for cotton pretreated with 125 g L™'
CHPTAC and dyed at 100 °C and pH 9, during
30 min.

Characterization of cationic fiber

As exemplified in the mechanism described in
Schemes 1, 2 and 3, the cationization process occurs
from the incorporation of cationic elements to the
fiber, mainly quaternary ammonium compounds,
which positively charge the surface of the fiber. Thus,
a good indicator of the efficiency of the cationization
process is the nitrogen content incorporated in the
fiber. Table 4 contains the percentage of nitrogen in
cationic cotton researched by some authors, using

different methods and reagents concentrations. The
nitrogen content analyses were performed using an
elemental analyzer by Kanik and Hauser (2002) and
Fu et al. (2013), while Wang et al. (2009), Hashem
(2006) and Ma et al. (2017) measured with the
Kjeldahl method.

For reference purposes, the percentage of nitrogen
in a non-cationized sample is 0.01% (Kanik and
Hauser 2002). According to Table 4, the percentage of
nitrogen increased up to 0.65%, depending on the
variables and the process used. It is observed a strong
and positive dependence on the concentration of
CHPTAC. Considering that is the nitrogen incorpo-
rated in the fiber that guarantees the affinity with
anionic dyes, the bigger its quantity the better the
fixation to the fiber occurs.

Some authors characterized the nitrogen content
using X-ray photoelectronic spectroscopy (XPS) (Liu
and Yao 2011; Oliveira et al. 2017). The analysis
indicated that the atomic percentage of nitrogen for a
cationic fabric composed by 50% polyester and 50%
cotton treated with PDDACI (concentration of 5%owf
and temperature of 50 °C) was 3.7%. Moreover, XPS
analysis of cotton fabric cationized by epichlorohydrin
and thiourea revealed a nitrogen atomic percentage of
3.35%. For both cases, the nitrogen content in the
untreated sample was null.

Kim et al. (Kim et al. 2016) performed a qualitative
analysis to validate the deposition of PDDACI and
chitosan. The authors assessed the color of dyed
fabrics with Coomassie Brilliant Blue dye. The color
strength of the fibers regards the quantity of polyelec-
trolytes attached to the fibers. Therefore, the stronger
color after dyeing means more affinity to the fiber
surface. Coomassie Brilliant Blue dye is often used for
protein detection due to its anionic character and
affinity with protonated amino groups (Georgiou et al.
2008). The stronger color was obtained for samples
pretreated with cationic agents PDDACI and chitosan.

According to the conventional cationization proce-
dure proposed by Hashem (2006), the exhaustion, pad-
steam and pad-batch methods presented a small
difference in the nitrogen quantity fixed, although
the pad-steam process obtained the best result.

Fourier-transform infrared spectroscopy (FTIR)
can also confirm the fixation of the cationic agent into
cellulose. A peak between 1000 and 1400 cm™' may
correspond to the presence of quaternary ammonium
groups, while a peak at 1200 cm ™' may correspond to
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C-N stretching vibration (Zhang et al. 2015; Ariv-
ithamani and Dev 2017).

As cationization induces a positive charge at the
surface of cotton, due to the presence of a quaternary
ammonium group, it is expected an increment in the
zeta potential of cationic cotton. As observed by
Arivithamani and Giri Dev (2017b), the cotton fabric
showed zeta potential of — 6 mV and — 4 mV atpH7
and 6, whereas the cationic cotton fabric showed zeta
potential of + 1.3 mV and + 2.2 mV for pH of 7 and
6 respectively. Zhang et al. (2015) obtained similar
results: the zeta potential of modified cellulose
was + 13.8 mV, in contrast to — 5.2 mV that corre-
sponds to original cellulose.

The surface morphology of cationic cotton fiber
was evaluated through scanning electron microscopy
(SEM). Based on the micrographs, the surface of the
cationic fibers was slightly rougher compared with
that of the non-cationic, but the cationization process
almost not influenced the structure of the cotton so that
it was considered suitable for dyeing application
(Wang et al. 2009; Ma et al. 2017).

During the cationization, the intermolecular inter-
actions between the chains are affected due to the
penetration of the polyelectrolyte molecules. This is
responsible for a slight change of the thermal profiles
of cationic fabrics (Arivithamani and Giri Dev 2016).
Thermogravimetric analysis (TGA) made by Ma et al.
(2017) indicated that the stability of the non-cationic
cotton was slightly better, a significant weight loss
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happened at 320 °C for non-cationic cotton, against
305 °C for the treated sample. Thermal profiles from
Arivithamani and Giri Dev (2016) indicated a signif-
icant weight loss of around 350 °C 390 °C for cationic
and non-cationic cotton, respectively.

X-ray diffraction (XRD) analysis was used to study
the effect of cationization on crystal structural
changes. The results showed that the X-ray spectra
of the cotton before and after cationization are almost
equal. It demonstrated that cationization occurred just
on the surface of the fiber; it did not affect its crystal
structure (Wang et al. 2009).

Dyeing of cationic fibers

Cationization of cotton has been widely researched
with the use of direct and reactive dyes because they
have a high affinity to materials with positive surface
charges. For dyeing with reactive dyes, it can not only
increase the dye uptake but also eliminate the use of
salt. Thus, cationization can be used to reduce
problems associated with dye bath effluent of reactive
dyes (Fu et al. 2013).

The cationic cotton fabric contains cationic sites
called quaternary ammonium group, which creates a
strong positive potential in the dyebath. Thus, anionic
dye molecules move from the dyebath solution to the
cationic cotton fabric by ionic attraction (Ariv-
ithamani and Giri Dev 2018).
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Table 5 Comparisons of color strength (K/S), exhaustion (E) and dye fixation (F), Wash, light and rubbing fastness from different

research papers

Dye® Fiber + CA® K/S E (%) F (%) Fastness Ref .
Wash Light  Rubbing
Dry Wet
Procion Red H-E3B CO + AAHTAPC 20 99.9 93.0 4-5 5 NA NA (a)
2%owf CcO 12 86.3 84.4 4-5 5 NA NA (a)
Sumifix Supra Yellow 3RF CO + AAHTAPC NA 99.7 94.2 4-5 5 NA NA (a)
2%owf CcO NA 97.1 82.7 4 5 NA NA (a)
Reactive Gold Yellow B-3RD  CO + EP/TH 8.94 NA NA 5 NA 4 4 (b)
2%owf CcO 7.86 NA NA 4-5 NA 4 34 (b)
Reactive Blue B-RV CO + EP/TH 8.37 NA NA 5 NA 4 3 (b)
2%owf CcO 6.38 NA NA 5 NA 34 34  (b)
Reactive Blue 19 CO + DMC 11.5 99.9 96.8 4 7 4-5 4 (©)
3%owf CcO 9.7 81.1 67.2 4 6-7 4-5 4 (©)
Reactive Red 195 CO + DMC 11.3 99.7 97.3 4 34 4 3 (c)
2%owf CcO 8.5 91.0 79.2 4 2-3 4 34 (o)
Reactive Blue 19 CO + CHPTAC 9.1 NA 84 4 5-6 4 34 (d)
3%owf CcO 7.9 NA 80 34 5-6 4 34 (d)
Dye* Fiber + CA® K/S E (%) F (%) Fastmess Ref’
Wash Light Rubbing
Dry Wet

Reactive Yellow 145 CO + CHPTAC 4.5 NA 85 4-5 4-5 4-5 34 (d)
1%owf CcO 4 NA 81 4 4 4 4 (d)
Direct Blue 78 CO + CHPTAC 1399 NA NA 4-5 4-5 NA 5 (e)
2%owf cO 8.67 NA NA 2 4-5 NA 5 (e)
Direct Red 80 CO + CHPTAC 20.11 NA NA 4-5 4 NA 5 (e)
2%owf CcO 14.16 NA NA 2 2 NA 5 (e)

“The percentage below refers to the quantity of each dye, on weight of fiber

°In cases where the cationic agent (CA) is not present, it means that the fiber was not cationic
“References: (a) Wang and Lewis (2002), (b) Liu and Yao (2011), (c) Ma et al. (2020), (d) Wang et al. (2009) and (e) Hauser and

Tabba (2001)

For example, in Scheme 5 is shown the reaction
mechanism between cationic cotton and a vinyl
sulphone based reactive dye (Arivithamani and Giri
Dev 2017b). According to the scheme, the dye
molecule can bind to the cellulose in two ways. In
(a), the reactive group interacts with the ammonium
quaternary and causes the breakdown of two N-CHj
bonds. In (b) is presented the conventional cellulose
dyeing mechanism, in which the reactive group reacts
with the ionized oxygen of the primary carbon of the
cellulose. Primary hydroxyl groups are more

accessible and reactive than secondary groups (Wake-
lyn et al. 2006).

Wang and Lewis (2002) investigated the use of salt
in a dyeing bath containing a commercial anionic
reactive dye (Procion Red H-E3B) and cationic cotton.
The exhaustion was almost complete in the absence of
salt, but the exhaustion drops to 94.6% after adding
20 g L' of sodium sulfate. This unfavorable effect
occurs because the sulfate anions have a significant
affinity for cationic cellulose, so they compete with
dye anions for the quaternary sites in the modified
fiber.
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Alkalis are often used to obtain the alkaline
medium, that is, the pH of the bath more favorable
for the exhaustion and fixation (reaction) of the dye to
the fiber. Therefore, the use of Na,CO; is very
common in conventional dyeing processes. Fu et al.
(2013) investigated the influence of Na,COj3 in the
dyeing process with cationic fabrics. With the increase
of Na,CO; concentration, both K/S and dye uptake
non-cationic cotton increased gradually from 5 to
20 g L~". The results also revealed that, for cationic
cotton fabrics, eliminating the use of Na,CO;
decreased both the K/S and dye uptake, but increasing
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processes
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the concentration did not influence the K/S and dye
uptake values significantly. Thus, 5 g L' Na,CO;
appears to be an effective concentration for dyeing
cationic cotton fabrics.

Various properties of dyed fibers are presented in
Table 5. Through the comparison between noncationic
and cationic fiber, it is observed that the cationization
increased the color intensity, expressed by color
strength values (K/S). The increase in color intensity
in dyed fabrics occurred due to the greater interaction
between the dye and the cationic fiber, resulting in
higher percentages of exhaustion and fixation.
Exhaustion (E) refers to the amount of dye migrating
from the bath to the fiber surface. The fixation (F) is
related to strong dye-fiber interactions, measured by
the color difference in the fabric before and after
soaping. It is observed in Table 5 that the cationization
increased both percentages of exhaustion and dye
fixation.

Washing and rubbing fastness area measured on a
scale of 1 to 5, where 5 represents the maximum
fastness (International Organization for Standardiza-
tion 2010, 2016), that is, no color changes were
detected after washing or rubbing (dry and wet). In the
case of light fastness, the scale ranges from 1 to 7,
which 7 being the maximum fastness, according to
ISO 105 B2 (International Organization for Standard-
ization 2013).

There was little interference of cationization in the
fastness properties of cotton dyed with reactive dyes.
For wash fastness, a slight improvement was observed
for four dyes (Wang and Lewis 2002; Wang et al.
2009; Liu and Yao 2011): Sumifix Supra Yellow 3RF,
Reactive Gold Yellow B-3RD, Reactive Blue 19 and
Reactive Yellow 145. Cationization altered light
fastness for Reactive Yellow 145, Reactive Blue 19
and Reactive Red 195 (Wang et al. 2009; Ma et al.
2020).

The dry rubbing fastness slightly increased for
cationic cotton dyed with Reactive Yellow 145 (Wang
et al. 2009) and decreased with Reactive Blue B-RV
dyes (Liu and Yao 2011). Wet rubbing fastness
increased for cationic cotton dyed with Reactive Gold
Yellow B-3RD (Liu and Yao 2011). However, a slight
loss of wet rubbing fastness occurred for cationic
fabrics dyed with Reactive Blue B-RV, Reactive Red
195 and Reactive Yellow 145 (Wang et al. 2009; Liu
and Yao 2011; Ma et al. 2020). The loss may be related
to the hydrophilic character of the cationic agent. In
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the wet rubbing fastness, the water acts as a lubricant
and removes the cationic sites at the surface of the
fabric (Naikwade et al. 2017).

The decrease in the fastness properties is also
related to the tendency to the ring dyeing in cationic
fabrics. Due to strong attraction forces, both fixed and
unfixed dye can be present on the surface of the
cationic fiber. This effect is more evident when dyeing
deep shade fabrics (Naikwade et al. 2017). According
to Wang and Lewis (2002), ring dyeing can be
decreased with anionic surfactants added in the
dyebath. The anionic surfactants interact with surface
cationic sites so that the dye would penetrate deeper
inside the fiber.

Considerable improvements in washing fastness
were observed using direct dyes with cationic cotton,
increasing from 2 to 4-5 for both dyes tested (Hauser
and Tabba 2001). The improvement also occurred for
light fastness in cationic fabric dyed with Direct Red
80 dye. The rubbing fastness, however, did not change
with cationization.

Cationization is also effective for other natural
cellulosic fibers. Tests made by Naikwade et al. (2017)
resulted in improved dye exhaustion and fixation on
ramie fiber, with no loss of fastness. Cationic
treatment improved performance, with 89% and 98%
for exhaustion and fixation, respectively. Besides that,
K/S values were higher for cationic fibers, with good
color uniformity and similar for the untreated fiber.

Printing of cationic fabric

Differently which occur with the cotton cationized
dyeing process, so far only a few research papers have
been published on the printing of cationic textile
substrates. However, the growing use of reactive dyes
in printing cotton process, it makes believe in the
potential of cationization to reduce problems of dye
loss by hydrolysis and to improve its affinity with the
cellulose, and consequently reduction of water for
washing to remove the unfixed dye. The printing
process on textile substrates involves the transfer of a
colored paste to a specific location of the substrate
(Shang 2013). It can be through several techniques, the
most common in use are screen (flatbed and rotary)
and digital (inkjet) printing in Fig. 4 (Juri¢ et al. 2015).

The flatbed screen printing consists of the transfer
of the ink through the mesh apertures of a printing

plate with the aid of the movement of a squeegee. In
rotary printing the screen and the printing plate are
cylindrical, the substrate and the pressure roller move
synchronously, the ink is transferred from the inside of
the printing cylinder to the substrate (Novakovié et al.
2015). Digital printing is different from other meth-
ods, the application is through a spray. The ink jets
spray the drop-shaped ink through a piezoelectric
head. The drop is charged by an electrostatic field,
passes through a deflection field that determines where
the drop falls on the substrate (Soleimani-Gorgani
2015).

Kanik and Hauser (2002) evaluated the properties
of cotton fabrics cationized with EPTAC in the
process of localized printing with reactive dye.
Cationization showed a significant increase in color
yield, especially at medium concentrations of dye, the
vaporization time can be reduced by half and the
washing process has also been significantly reduced.

Kanik and Hauser (2003) investigated the possibil-
ity of improving inkjet printing with reactive dye,
using cotton fabrics cationized with CHPTAC.
Cationization increases the color intensity of samples
printing with reactive dyes, the vaporization time for
untreated cotton was 10 min and 6 min for cationic
cotton. Besides, the washing procedure for cationic
cotton reduced from five to three washes.

Kanik and Hauser (2004) modified the properties of
cotton substrates with cationic agent CHTAC in the
printing process. Printing with direct dye presents
some problems in practice, such as low washing
strength, migration of dye to unprinted areas. The
cationic agent improved these properties of the prints
with direct dyes.

Chen, Zhao and Wang (2004) demonstrated that the
color yield in the digital printing process with reactive
inks on the cotton substrate modified with polycyclo-
hydrin-dimethylamine was higher than the non-ca-
tionic substrate. The reason for this is that the
introduction of positive charges increases the uptake
and fixation of the dye in the cationic substrate.
Besides, the cationic modification with PECH amine
decreases the frictional strength, however, it increases
the washing strength of the treated cotton.

Wang and Zhang (2007) studied the behavior of
localized printing using pigment, on a cotton substrate,
modified with a cationic agent Cibafix Eco. The curing
method (pre-setting) is more suitable for printing
pigments than the vaporization process. The fastness
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properties are acceptable when the printed fabric is
treated with only 4% of the cationic agent. However,
cationic pretreatments exhibit slightly yellowish
phenomena.

Wang, Hu and Yan (2018) studied two applications
in the digital printing process; first they evaluated the
application of a cationic ink with CHPTAC and a
reactive ink stamped simultaneously on the cotton
substrate; then they evaluated the application of the
cationic agent on the cotton substrate by printing with
reactive ink. The reactive dye and the dye with
CHPTAC showed a competitive relationship, both
react with the cotton substrate in the inkjet printing
process. As the reaction progresses between the
reactive dye and cotton cationized with CHPTAC
the zeta potential becomes positive, which in turn
contributes to the adsorption of reactive dyes to the
cotton substrate.

Application of cationic agents in functional fabrics

The application of cationic agents is not restricted to
the interaction with dyes. Cationization can also be
used to increase functional properties of the fabric,
such as antimicrobial activity. Other applications are
related to UV protection, water repellency and
production of conductive fabrics.

Antimicrobial activity

The textile substrates are considered as possible
vectors of transmission of diseases (Pachiayappan
et al. 2020). Cellulosic fibers have a high retain
moisture rate, which creates an environment that
enables microorganism growth onto fabric (Aly et al.
2007). For this reason, antimicrobial behavior can be
an important property desired mainly for textiles
applied in the health area (Kim et al. 2016). Quater-
nary ammonium compounds, often used for cation-
ization, are also widely used in antimicrobial
applications (Liu et al. 2014). In general, they are
bacteriostatic, fungistatic, at very low concentrations
(< 500 ug ml™"), with Gram-positive bacteria being
particularly sensitive (< 10 pg ml™") (McDonnell
2017).

Chitosan has been studied by many researchers as a
natural polymer for antimicrobial treatment of cellu-
lose fibers (Aly et al. 2007; El-Shafei et al. 2008; Kim
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et al. 2016; Rehan et al. 2017; Rahman Bhuiyan et al.
2017). Chitosan is considered a potential antimicrobial
substance and still has very interesting properties such
as good biocompatibility, biodegradability, non-toxi-
city, and availability in abundance (Qin et al. 2020).

Kim et al. (Kim et al. 2016) assessed the antimi-
crobial activity of cotton pretreated with chitosan and
PDDACI by layer-by-layer deposition technique. The
gram-negative bacteria Escherichia coli and gram-
positive bacteria Staphylococcus aureus were tested.
PDDACI on cotton fibers presented an excellent effect
of the inhibition rate of microorganisms growing
(almost 100%) and the inhibition rate of chitosan was
close to 50%. The combination of PDDACI and
chitosan layers presented a synergistic effect and
enhanced antimicrobial activity.

Farrell et al. (2017) compared fabrics treated with
different hydrophobic alkyl quaternary ammonium
compounds, reported in Table 2. All pretreatment
resulted in antimicrobial activity. The control sample,
nontreated cotton, presented an increment in inoculum
concentration after 24 h. All pretreatment resulted in a
99% reduction in inoculum concentration, except for
pretreatment with CHPTAC which obtained 89%
reduction.

Rehan et al. (2017) prepared antimicrobial cotton
gauze by reacting it with CHPTAC and impregnation
of silver nanoparticles. The pretreated samples pre-
sented an inhibition effect above 95%. The results also
indicated that pretreatment with CHPTAC (without
silver nanoparticles) enabled 73% and 67% inhibition
effect on samples, respectively for Escherichia coli
and Staphylococcus aureus. A similar methodology
was proposed by Shateri Khalil-Abad et al. (2009),
who used CHPTAC to enhance the uptake of silver
nanoparticles. It was observed that the silver content
on cationic cotton was up to three times higher than the
conventional cotton.

Other functional properties

Kamal Alebeid and Zhao (2015) used CHPTAC and
TiO, nanoparticles to prepare functional fabrics with
ultraviolet (UV) protection. The CHPTAC can
increase the interaction with TiO,, which has negative
charges. The pretreated fabrics presented enhanced
UV protection. The fabrics were dyed using Reactive
Yellow 176. The K/S of the pretreated and dyed
samples did not change significantly. These results



Cellulose (2020) 27:8527-8550

8545

Table 6 Price of cationic
reagents CHPTAC and
PDDACI, obtained by three
random suppliers

Table 7 List of cationic
cotton suppliers

WIPO and EPO are
international institutions.
WIPO is the World
Intellectual Property
Organization and EPO is
the European Patent Office

Fig. 5 Number of patent
publications per year and
country or international
institution. Related to
cationic cotton and cotton
cationization, indexed by
Espacenet database

Supplier Price range (USD dollars per ton)
CHPTAC, purity: 69% PDDACI, purity: 40%
A $1500.00-$1600.00 $1100.00-$1500.00
B $1200.00-$1300.00 $950.00-$1200.00
C $1300.00-$1600.00 $900.00-$1050.00

Average (solution)
Average (pure reagent)

$1333.33-$1500.00
$1932.36-$2246.38

$983.33-$1250.00
$2458.32-$3125.00

Company Category Country
Bros Eastern Co., Ltd. Fibers and yarns China
Hill Spinning Mill USA
Huafu Fashion Co., Ltd. China
Tintoria Piana U.S., Inc. USA
Colorzen Inc. USA
Jiangyin Hengliang Textile Co., Ltd. Knit China
Sj Textile Limited Vietnam
Textil Oceano Peru
Thai Sin Dee Trading Co., Ltd. Thailand
Rich Dragon Group International Ltd. China
Well Dyeing Factory Ltd. China
G Tech Material Co., Ltd. Thailand
Cone Denim Woven USA
Inman Mills USA
Kipas Mensucat A.S Turkey
Lu Thai Textile Co., Limited China
Nien Hsing Textile Co., Ltd. Taiwan
351
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may be related to the opposite effect of CHPTAC and
TiO,. While CHPTAC increases the charge of the

Korea

fabric, the TiO, nanoparticles tend to decrease due to

the anionic character.
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Sahito et al. (2015) investigated used the cation-
ization as a way to increase the conductivity of
electronic textiles (e-textiles). Bovine serum albumin
(BSA) was used as cationic agent. The cationic cotton
was then treated with graphene oxide to increase
conductivity. The cationization increased 67% of the
graphene oxide uptake in the cotton fabric.

Abd El-Hady et al. (2020) functionalized cotton
fabric for hydrophobic and UV protective properties.
The fabrics were pretreated with a solution containing
20 g L™" of PDDACI, using the pad-dry-cure method.
Then the cationic fabrics were immersed in an anionic
solution containing ZnO/SiO, nanocomposites. The
proposed method successfully increased the UV
protection. Besides, the coated surface became
hydrophobic due to the deposition of ZnO/SiO,
nanocomposites.

In a similar work, Farouk et al. (2013) proposed a
method to prepare multifunctional fabrics. The fabric
was prior treated with cationic agents CHPTAC and
DADMAC. The cationic fabrics were treated with
TiO, and SiO, nanoparticles. The pretreated fabrics
presented antimicrobial activity for gram-negative
(Pseudomonas aeruginosa and Escherichia coli) and
gram-positive bacteria (Staphylococcus aureus and
Bacillus subtilis). The pretreatment with TiO, and
SiO, nanoparticles enhanced the UV protection.
Besides, stearic acid was coated in cotton fabric to
achieve water repellency.

Market

There is a significant demand for cationic agents from
the dyeing industry. This market is mainly controlled
by the use of CHPTAC, thanks to the advances of
researchers over the years to enable the development
of a reliable product in a robust process. This factor
maintained the sales of CHPTAC as a popular cationic
agent in the dyeing industry (Arivithamani and Giri
Dev 2018). The popularity of the cationic agent is
driven by its cost. The purchase cost of the two main
cationic agents, CHPTAC and PDDACI, is shown in
Table 6. The values were obtained from three random
Chinese suppliers on April 3, 2020. The CHPTAC
reagent had the highest average cost per solution.
However, it represents a 22-28% discount when the
percentage of pure CHPTAC is considered.

@ Springer

The market for cationic cotton has seen a resur-
gence in industrial interest because of the rise in the
cost of reactive dyes and the push of more economical
and sustainable cotton coloration processes (Farrell
et al. 2015). Cationic cotton attracts attention in niche
markets because it improves the K/S using the same
amount of dye and produces less effluent (Ariv-
ithamani and Giri Dev 2016; Dong et al. 2020). Cotton
Incorporated surveyed cationic cotton suppliers (Cot-
ton Incorporated 2018). Cotton Incorporated is a not-
for-profit company that provides resources to help
companies develop cotton products. The list is
presented in Table 7. The major players in the market
are in China and the USA.

Driven by competition, industrial protection for
cationization processes has been growing especially in
the last 10 years. In Fig. 5 is shown the number of
patent publications available in Espacenet, searched
with keywords “cationic cotton” or “cotton cation-
ization” and “cotton” in textile classification. Espa-
cenet is a patent database maintained by the European
Patent Office that offers free access to over 110 million
documents (European Patent Office 2020).

The USA has 31 published patents and is the
country with most publications, followed by China
with 17. Both are responsible for 73% of the entire
number of patents. The expressiveness of these
countries can also be seen in the list of suppliers.
According to Table 7, six companies are from China
and five from America, corresponding to 64% of
suppliers.

Challenges of cationization and future perspectives

According to Farrell and Hauser (2013), three main
concerns hinder the expansion of cotton cationization
on an industrial scale: the safety of the predominant
cationization reagent CHPTAC, lack of large scale
cationization demonstrations, and environmental haz-
ards. For Arivithamani and Dev (2017), the major
limitation is because cationization was commonly
applied by batch processes, but most of the industries
adopt the exhaustion method of dyeing. Thus, the
authors propose the application of cationic agents by
exhaustion technique followed by reactive dyeing.
This is more like the usual practices already adopted
by the industry and would enable it to use this process
without modification of the existing setup.
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Increasing concerns have been expressed over how
the industry can adapt to this trend and still achieve
energy savings (Hashem 2006). Cationization requires
an extra pretreatment step which may lead to extra cost
(Aktek and Millat 2017). In this sense, Ma et al. (2017)
proposed a combinative methodology for scouring,
bleaching, and cationization of cotton. All these
processes are all under alkaline conditions. If com-
bined into one, alkali dosage, treatment time, con-
sumed energy and water, and the overall cost will be
greatly reduced. Cationization is shown to be incom-
patible together with scouring and bleaching. How-
ever, the results were satisfactory when scouring and
bleaching were first carried out in one bath, and then
followed by cationization.

A great concern about industrial cationization is the
nuisance odor that remains in the cationic fabric after
treatment. This reduces market acceptance of the
product. According to Farrell et al. (2015), when alkali
and CHPTAC are mixed in solution to form the
reactive EPTAC, trimethyl amine is liberated. It is
presumed that trimethyl amine is already present in the
commercial product and is released upon pH increase
by the addition of alkali. Volatile trimethyl amine can
be easily detected in the processes and is highly
undesirable because of the resemblance to dead fish
odor.

The most common cationic agent faces some safety
criticism, CHPTAC is currently classified as a Car-
cinogen Category 3, while EPTAC is classified as a
Carcinogen Category 2. This classification is given by
IARC (International Agency for Research on Cancer)
that classifies into four groups based on the existing
scientific evidence for carcinogenicity. Category 3
means that there is no evidence at present that it causes
cancer in humans. Category 2 means it is probably or
possibly carcinogenic to humans (International
Agency for Research on Cancer 2015). Besides, in
all CHPTAC use scenarios, the principal concern is the
conversion of CHPTAC to EPTAC. EPTAC is a
known genotoxic carcinogen (Farrell and Hauser
2013). It is important to understand that EPTAC is
an intermediate and unstable product that rapidly
reacts with cotton cellulose (Schemes 1 and 2). The
EPTAC not fixed to cellulose tends to hydrolyze and
converts to a stable form of diol (Scheme 4). EPTAC is
commercially available by the name glycidyl
trimethylammonium chloride, but due to instability
and safety problems, its industrial use is not

recommended. To avoid safety concerns, many
authors have been researched natural inputs as cationic
agents, such as chitosan, ovalbumin, bovine serum
albumin and keratin (Ibrahim et al. 2010; Ariv-
ithamani et al. 2014; Sahito et al. 2015; Chatha et al.
2016; Oliveira et al. 2017; Sadeghi-Kiakhani and
Safapour 2018; Giacomini et al. 2020).

The literature search indicates the existence of
more than 800 papers related to cotton cationization,
published for eight decades. Even so, some gaps
remain. The amount of publications has grown
considerably in the last 10 years, due to the need for
economical and sustainable alternatives for textile
processing processes. The researchers focused mostly
on CHPTAC reagent, but even after years of research,
this reagent has not achieved global recognition in the
textile industry. The cationization process still needs
to be optimized, mainly to be operated at safer levels.

In the coming years, research is expected to focus
on cleaner processes. In this group are included the
research for sustainable cationic agents. Recent
research using PDDACI indicates good process effi-
ciency, coupled with the use of a clean reagent and
large-scale supply availability. Therefore, PDDACI is
considered a cationic agent promising for future
research and the market.
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