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Abstract The linkage between the dye and the cel-
lulose is generally responsible for obtaining good
washing and rubbing fastness properties of dyed
materials. For reactive dyes this linkage is formed
in reaction between reactive group of the dye with
hydroxyl group of the cellulose. This reaction can
go through nucleophilic substitution or an addi-
tion mechanism. Introducing the cationic groups
to the chain of cellulose in the modification process
completely changes the cotton surface charge from
negative to partially or totally positive. Electrostatic
interaction between the cation modifiers and sulfo
group of anionic dye leads to the formation a strong
ionic bond and rapid exhaustion the dye from the
bath without addition of electrolytes. It was found
and experimentally confirmed that when the cotton
was cationised with 3-chloro-2-hydroxypropyltri-
methylammonium chloride ([CHPTA]*Cl™) reac-
tive dye creates a covalent bond with hydroxyl group
located in modification agent instead of with hydroxyl
group in a glucopyranose ring. This reaction can be
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done without salt and alkali and at room tempera-
ture. The analysis using particle optimisation with
MM + molecular mechanics and quantum-chemical
calculations PM3 by the method of all valence orbit-
als confirmed the experimental results of high activ-
ity of the nucleophile being formed on the hydroxyl
group in the chain of modificator.

Keywords Cationised cotton - CHPTAC -
Molecular mechanics MM + - Quantum-chemical
calculations PM3 - Reactive dyes

Abbreviations
Cell-OH Cellulose
[CICh]*CI™ 2-Chloroethyltrimethylam-

monium chloride
Cellulose cationised with
[CICh]*CI~

Cellulose cationised
[CICh]*CI™ on hydroxyl
group in position 2 glu-
copyranose ring
Cellulose cationised
[CICh]*CI™ on hydroxyl
group in position 3 glu-
copyranose ring
Cellulose cationised
[CICh]*CI™ on hydroxyl
group in position 6 glu-
copyranose ring

[Cell-O-Ch]*CI1~

[Cell-O(2)-Ch]*CI~

[Cell-O(3)-Ch]*CI~

[Cell-O(6)-Ch]*CI
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[Cell-O(6)-Ch]*PhSO;"

[CHPTA]*CI~

[Cell-O-HPTA]*CI~

[Cell-O(2)-HPTA]*CI~

[Cell-O(3)-HPTA]*CI~

[Cell-O(6)-HPTA]*CI~

[Cell-O(6)-HPTA]*PhSO;~

DMF
DMSO
[EPTA]*CI-

Glu
Kayacelon React

LR
MCT

owf

PhSO;H
PES-Na
poly-DADMAC
RB 19

RB 160

RR 24:1

RR 221
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Tonic pair [Cell-O(6)-
Ch]*CI™ and benzenesul-
fonic acid
3-Chloro-2-hydroxypro-
pyltrimethylammonium
chloride (CHPTAC)
Cellulose cationised with
[CHPTA]*CI™

Cellulose cationised
[CHPTAJ*CI™ on
hydroxyl group in position
2 glucopyranose ring
Cellulose cationised
[CHPTA]*Cl™ on
hydroxyl group in position
3 glucopyranose ring
Cellulose cationised
[CHPTA]™Cl™ on
hydroxyl group in position
6 glucopyranose ring
Ionic pair [Cell-
O(6)-HPTA]*CI~
and benzenesul-
fonic acid
N,N-Dimethylformamide
Dimethyl sulfoxide
2,3-Epoxypropyltrimethyl-
ammonium chloride
Glucopyranose ring

Brand name of reactive
dyes with nicotinic group
Liquor ratio
Monochlorotriazine type
of reactive dyes

On weight fibre
Benzenesulfonic acid
Polystyrene sulfonic acid
natrium salt
Polydiallyldimethylammo-
nium chloride

Remazol brilliant blue R
(reactive blue 19)
Kalpactive blue HE-BR
(reactive blue 160)
Helaktyn red D-BN (reac-
tive red 24:1)

Papizolon red HT-3BN
(reactive red 221)

RR 274 Eriofast red 2B (reactive
red 274)

rpm Round per minute

VS Vinylosulfone type of

reactive dyes

Introduction

With a total consumption of about 50% of all tex-
tile fibres, cotton is still a dominant one, mainly due
to its unique properties, including hydrophilicity,
biodegradability, and relatively inexpensive. After
scouring and bleaching, cotton is almost pure cel-
lulose (Acharya et al. 2014). Cellulose can be dyed
with many classes of dyes, such as direct, sulphur, vat
and reactive dyes. Among these colorant compounds,
reactive dyes have become the most popular and most
important group of dyes since began to be used in
industry. They offer a wide range of colors and high
resistance to washing fastness. Each year, the textile
industry uses over 400,000 tonnes of the reactive
dyes for dyeing and printing (Liu et al. 2019) and the
greatest amounts of them are used for dyeing from the
bath exhaustion method (Lewis 2014). The applica-
tion of reactive dyes to cellulosic materials requires
the use of very large amounts of salts such as NaCl
and Na,SO,. It is estimated that every year only in
Europe, 200,000-250,000 tonnes of these compounds
are discharged into wastewater (Aktek and Malekul
Millat 2017), causing an increase in the salinity of
water in the environment. This amount is increased
by the salts formed in the dyeing process from the
added alkalis necessary for the covalent bonding of
the dye with the fibre.

Much research has been done to eliminate the
use of such large amounts of salt and alkali. Nippon
Kayaku has developed a range of Kayacelon React
dyes for neutral fixation based on a triazine ring in
which chlorine atom was replaced by nicotinic acid,
achieving the goal of non-alkaline fixation (Lewis
et al. 2008). New solutions in reactive dyes were
investigated by introducing cationic groups into the
chemical structure of the dye (Lewis 2014; Zhang and
Zhang 2015), increasing the sorption on the fibre. A
number of new reactive dyes containing 2, 3 and even
4 reactive groups (the same or different) were devel-
oped. These solutions are still insufficient for end
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users, due to the salt consumption and the washability
of hydrolysed form of the dye.

Chemical modification of cellulose is generally
performed in reaction with the functional hydroxyl
groups present in the fibre (Wang and Lewis 2002;
Montazer et al. 2007). However it leads to the reduc-
tion of the total number of free-hydroxyl groups
mainly on the surface and in amorphic part of the
fibres proportionally to the substitution degree by
modifier agent. Cationisation of cellulose is most
often associated with the introduction of tetraal-
kylammonium (quaternary) groups into its chemical
structure. Such derivatives have a permanent posi-
tive charge with a high electron density regardless of
pH (Heinze et al. 2018). Depending on the degree of
cationisation, cellulose becomes a more or less cati-
onic polymer capable of ionic reactions with anionic
substances. Cellulose, after cationic modification,
can be dyed with all kind of anionic dyes, for exam-
ple with direct, reactive, acid and solubilized sulphur
dyes (Atiq et al. 2019). Depend on the type of the
applied dyes, different kind of linkage between cellu-
lose and the dyes can be create. The energy of ionic
bond energy of the sulfonate group with the cationic
polymer is in the range of 550-1000 kJ/mol (Oakes
et al. 2004). It is much higher than the energy of the
hydrogen bond 21-30 kJ/mol, or the van der Walls
intermolecular bond 2-5.5 kJ/mol (Stiepanow 1980).
The kind of created linkage between cellulose and
the dyes have great influence on the color fastness of
dyeings.

In the past decades, nearly a thousand publications
(Correia et al. 2020) involved with the cationisation
of cotton fibres and conditions their utilising for dye-
ing, printing and other functional applications were
published. There is a commonly known mechanism
of reaction all groups of reactive dyes with cellulose
(Luko$ and Ornaf 1966, Venkataraman 1972, Clark
2011 and Burkinshaw 2016). However there are only
a few speculative reports about the reaction mecha-
nism of reactive dyes with cationised cellulose (Lewis
2014, Aktek and Malekull Millat 2017, Arivithamani
and Dev 2017, Niu et al. 2020). None of these reports
present how covalent bond were formed, their fast-
ness for hydrolysis and other technical parameters.

The basic aim of the experiments carried out was
to establish in which way the reactive dyes react with
cationised cellulose. For this purpose, two modifiers
with similar chemical structures and with the same

cationic group capable to reaction with cellulose were
selected. However only one modifier had possibil-
ity to introduce an additional hydroxyl group in the
cationisation process. After cationisation this group
was in close proximity to the cationic group but out
of the glucopyranose ring of cellulose. Five reactive
dyes with different reactive groups were chosen for
the experimental studies. The most environmentally
friendly conditions for dyeing cationised cellulose,
i.e. room temperature and the bath without electro-
lytes and alkalis were used. It was assumed that Cou-
lomb interactions between the positive ammonium
group of modified cellulose and the negative sulfo
groups of reactive dyes would cause chemical adsorp-
tion to form a very strong ionic bonds leading to com-
plete exhaustion of the dyes from the bath. Chemi-
cal adsorption under these conditions eliminates the
need to use electrolytes and elevated temperature. It
was also assumed that during dyeing without alkali
in room temperature no cellulosan anions would be
form on the hydroxyl groups in the glucopyranose
ring of cellulose. As a result, the bond between the
reactive dye and the dissociated hydroxyl group in the
modifier will be formed. After dyeing, a water rinsing
instead of the alkali washing was applied.

To confirm creation of the covalent bond of the
reactive dye with the hydroxyl group of the modi-
fier, the methods of testing the resistance of the bond
to acid and alkali hydrolysis, extraction chemically
unbounded dye with DMF and electron density analy-
sis were used.

Experimental
Materials

The cotton plain fabric after classical alkali scouring
and bleaching with a surface weight of 180 g/m? (16
warps and 22 wefts) was used. Cationising agents:
3-chloro-2-hydroxypropyltrimethylammonium chlo-
ride and 2-chloroethyl-trimethylammonium chloride
were purchased from Sigma Aldrich and ADAMA
Poland, respectively. Reactive dyes: RR 24:1 from
Boruta-Zachem Poland, RR 274 from Swisscolor
Poland, RB 19 from Biliriski Factory Poland, RB
160 from Kalpactive India and RR 221 from Kisco
South Korea were purchased respectively. All dyes
were applied without further purification. Ready for
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use polyelectrolyte standard solutions, PES-Na (MW
21.800 g/mol) and poly-DADMAC (MW 107.000 g/
mol) were purchased from BTG Instruments AB
Sweden. Tanaterge Advance (non-ionic detergent)
was purchased from Tanachem Poland. Other chem-
icals and solvents were used as laboratory grade
purity. Chemical structures and data of cationising
agents and dyes are shown in Tables 1 and 2.

Methods
Cationisation of cellulose

Ugolini Redkrome—model RED P (Italy) laboratory
dyeing machine, heated by infrared ray radiators,
equipped with 150/400 ml cups was used for cationis-
ing cotton fabric samples.

Cationisation with [CICh]*ClI

Cotton fabric samples of 15 g were introduced into
400 ml Ugolini cups to 60 mL [CICh]*CI~ 66.5%
(0.28 mol), and then 24 g of NaOH (0.6 mol) dis-
solved in 150 ml distilled water was added. Then the
bath was heated to 97.5+1 °C.

(2 °C/min, rotation right/left 40 rpm), for five
hours. Next, the bath was cooled to 50 °C and the
cationised cotton material was washed with cold tap
water, neutralised with 0.5% acetic acid, again rinsed
to a neutral pH and dried at room temperature. Reac-
tion of cellulose cationisation with [CICh]*Cl~ was
shown on Fig. 1.

Cationisation with [CHPTA]*Cl

Cotton fabric samples of 15 g were introduced
into 400 mL Ugolini cups contained 285 mL bath
with 4.86 g NaOH (0.12 mol) and 1 g/l Tanaterge
Advance, and then five min wetted. Next, 15 mL
[CHPTAJ*CI™ 60% (0.055 mol) was added, and the
bath was heated to 70 °C (2 °C/min with rotation
right/left 40 rpm) and continued at that temperature
for 90 min. After that, the bath was cooled to 50 °C
and cationised samples were rinsed and washed with
warm and cold tap water, neutralised with 0.5% acetic
acid and again rinsed to reach a neutral pH. Cation-
ised samples were dried at room temperature. Reac-
tion of cellulose cationisation with [CHPTA]*CIl~ was
shown on Fig. 2.

Nitrogen content

The Nitrogen content before and after modification the
cotton samples by the classical Kjeldahl method in the
Institute of Technical Biochemistry, Faculty of Bio-
technology and Food Sciences, Technical University
of Lodz (Poland) was determined (Prus et al. 2019 and
2021). Specimens ca. 1.5 g cotton samples were miner-
alised in concentrated sulphuric acid with the addition
of a selenium mixture in a Biichi K-424/435 appara-
tus. Then solution were alkalinised with a concentrated
sodium hydroxide. The ammonia formed was saturated
in a boric acid solution in the Biichi K-314 apparatus.
The distillate was titrated with an hydrochloric acid
solution against a Tashiro indicator using a Schott Ger-
acle Titronic digital burette to change the colour from

Table 1 Information data

. X Modification agent
of the modification agents

Chemical formula

selected for experiments [CICh]*CI-

2-chloroethyltrimethylammonium chloride (chlorocho-

; : CH, _

line chlorid) |, ¢c
CAS: 999-81-5 Cl-CH,-CH,;-N—CH,
Molecular weight: 158.07 g/mol (‘:Hs

[CHPTA]*CI~  3-chloro-2-hydroxypropyl-trimethylammonium chlo- CH

ride (CHPTAC) [+
CAS: 3327-22-8 CI-CH,-CH-CH,-N—CH,
Molecular weight 188.10 g/mol OH CH

3
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Table 2 Information data of the reactive dyes selected for experiments

Dyestuff Chemical data Chemical formula
RR 24:1 Helaktyn red D-BN  MCT c
Reactive red 24:1 Molecular formula SONa N)%N
C.IL 18,208:1 C,H,oCIN,O,S5Nas @[ W @
CAS: 72829-25-5 Molecular weight:802.10 N NN E |
N:\ i i 25
NaO,s ! ‘ SONa
RB 160 Kalpactive blue bis-MCT Naos y
HE-BR formazan class i o sona
Reactive Blue 160 Molecular formula " )N\\/ h I \N \©/ ’
ClL- C;3Hy;CLN,,0,S5Cu-Nag o NN Y
CAS: 71872-76-9  Molecular weight:1309.9 Naoss o/ H “
r{cu“h‘l SONa
Ngg
RR 221 Papizolon red HT- bis-mononicotinotriazine
3BN dyes NaO. SQ
Reactive red 221 Molecular formula ’ Ny
ClL - Cs7H;35N 160,486 Nag /COO o M__sopa
CAS: 96726-27-1 Molecular weight:1699.34 N i
[e]e]e? X N N\ N
chasas
Z N N
N)N\N KH SO Na
e
(P\N/H o My \N)\'T‘
NaO,; Ny H
NaO,S ‘O SO Na
RR 274 Eriofast red 2B* MCT-VS NH, CH=CcH,
Reactive red 274 (heterobifunctional) NaO,S, 05
ClL- Molecular formula O Ny M °©
CAS: - Cy7H,oNgO4S;Cl-Na, O on N}
Molecular weight:777.5 N N\%N
NaO,S %N Y
cl
RB 19 Remazol brilliant VS 0 NH,
blue R Molecular formula SONa
Reactive blue 19 CyH(N,0,,S;5-Na, O‘
C.I. 61,200 Molecular weight:626.5 o, o. 0
CAS: 2580-78-1 o N S S
H o ©
4Chemical formula known from (Kucharska et al. 2009)
Fig. 1 Reaction of cel- + +

lulose cationisation with
[CICh]*CI™

[CICh]"CI”

— NaOH —
Cell-OH + CICH,CH,N(CH,),CI — Cell-0-CH,-CH,-N(CH,),Cl  + NaCl + HOH

[Cell-O-Ch]"CI
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Fig. 2 Two steps reaction Cl™ CH,
of cellulose cationisation
with [CHPTA]*Cl™

o CI™ CH,

.
/N SN"—CH, +NaCl + HOH

+
ol N\\— CH; + NaOH ——
H CH, \CH3

[CHPTA]'CI” [EPTA]'CI”
cl cl-
o .+ CH + CH,
Cell-oH + £ 'N—CH, — ceu_o/\ﬁN_\'—CH3
CH, OH .\‘CH3
[EPTA]'CI” [Cell-O-HPTA]'CI”

green to violet. The Nitrogen content was calculated
according to Eq. (1):

vXc
N =

. (1)
where v— mL of hydrochloric acid used for titration
distillate, c—concentration of hydrochloric acid 0.1 M
[mol/L], m—weight of the sample for analysis [g].

Specific charge measurement

Muetek PCD 03 pH Particle Charge Detector (Muetek
GmbH Germany) for measurement of the potential on
the surface of cotton samples was used according to
the previously developed recipe (Prus et al. 2019 and
2021). The values of surface charges were calculated by
Eq. 2):

Q-; rf= (o ;‘»1 Jeve 2)
where vi—mL of polyelectrolyte PES-Na for titration
of 10 mL polyelectrolyte poly- DADMAC (blind
test), vi— mL of polyelectrolyte PES-Na for titration
of 10 mL of filtrate after treatment, c—polyelectrolyte
concentration of poly-DADMAC, v,— mL of polye-
lectrolyte poly-DADMAC used for treatment, v,— mL
of filtrate used for titration, m—test sample weight [g].

@ Springer

Dyeing of cellulose

Ugolini Redkrome—model RED P (Italy) laboratory
dyeing machine, heated by infrared ray radiators,
equipped with 150/400 mL cups and simply 2- roll
padder with 100% pick-up for dyeing in exhaustion
method and cold pad batch (CPB) method were used
respectively.

Conventional dyeing

For uncationised cotton samples, conventional meth-
ods of dyeing were used. Selected dyes were applied
using methods and recipes recommended by their
producers (Table 3).

All samples after conventional dyeing process
were washed with 1 g/L Na,CO; and 1 g/L Tanaterge
Advance at 90 °C for 15 min and next rinsed with
warm and cold tap water for removing unfixed dye.
Dyed samples were dried at room temperature.

Eco-friendly dyeing

Cationised cotton samples in eco-friendly dyeing
conditions (LR =1:20, temp. 25 + 1 °C, rotation right/
left 40 rpm, distilled water, pH neutral, without salt
and alkalis) were dyed for 30 min with 1% owf (RR
221 or RB 160) and 0.9% owf (RR 24:1 or RR 274 or
RB 19) respectively. After eco-friendly dyeing sam-
ples were rinsed with cold distilled water to remove
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Table 3 Conventional dyeing data for selected reactive dyes

Dye Method of dyeing Dyeing conditions

RR 24:1 Cold pad batch

Cotton samples were twice padded/nipped with 100% pick-up in a bath containing 30 g/L dye, 40 g/L

urea and 15 g/L. NaOH solution, then wrapped in PE foil for 24 h and rinsed with cold and warm

water
RB 19  Exhaustion

Cotton samples were added to the bath (LR = 1:20) with 2% owf dye. Than 80 g/L Na,SO, was added,
the bath was heated to 50 °C and in two portions (with break 10 min) 1 g/L NaOH and 5 g/L Na,CO,

was added. The bath was heated to 60 °C and kepped 60 min. Next the bath was drop-up and dyed

Cotton samples were added to the bath (LR = 1:20) with 2% owf dye. Than 60 g/L Na,SO, was added,

the bath was heated to 70 °C and 20 g/L Na,COj in two portion (with break 10 min) was added and
kepped by next 60 min at 75-80 °C. The bath was drop-up and dyed cotton samples were rinsed with

RR 274

cotton samples were rinsed with cold and warm water
RB 160

cold and warm water
RR 221

Cotton samples were added to the bath (LR = 1:20), with 2% owf dye, 70 g/L Na,SO, and 1 g/L buffer

pH="7. The bath was heated to boiling and kepped 60 min. Then the bath was cooled to 70 °C, next
drop-up and dyed cotton samples were rinsed with cold and warm water

not fixed dye and dried at room temperature. For
comparison, noncationised cotton samples were dyed
under the same conditions and with the same amounts
of dyes.

Estimation of the type of bond between dye
and cellulose

Hydrolysis of covalent bond between dye and
cationised cellulose

In order to confirm the place of the covalent bond
formed between the [Cell-O-HPTA]TCl™ and reactive
dye in eco-friendly conditions the dyed material was
hydrolysed under acid or alkali conditions. Two dyes
were selected for these experiments: RR 24:1 (mono-
chlorotriazine type) and RB 19 (vinylsulfone type) for
acid and alkali hydrolysis respectively.

Acid hydrolysis

Four pieces of approx. 2 g of samples [Cell-O-
HPTA]*CI™ dyed with 2% owf RR 24:1 were intro-
duced into the bath (LR=1:30) containing 1 mL/L
H,SO, 96% and 2 g/L Na,SO, at room temperature,
then heated to boil, boiled for 6 h, then cooled to
room temperature. The hydrolysis process was then
repeated in a fresh bath for the same samples for next
three hours. The samples after hydrolysis, were rinsed
to neutral pH and dried at room temperature.

Alkali hydrolysis

Four pieces of approx. 2 g of samples [Cell-O-
HPTAJ*CI~ dyed with 2% owf RB 19 were intro-
duced into the bath (LR =1:30) with 20 g/L. Na,CO,
at room temperature then heated to boil, boiled for
1.5 h, next cooled to room temperature. The hydrol-
ysis process was then repeated in a fresh bath with
the same samples for next 1.5 h. The samples after
hydrolysis, were rinsed to neutral pH and dried at
room temperature.

Two pieces the samples after acid or alkali hydrol-
ysis were re-dyed respectively with the same dye and
at the same eco-friendly dyeing conditions, rinsed in
water and dried at room temperature.

Resistance of dyed cotton to DMF extraction

Cotton samples after dyeing, re-dyeing and hydroly-
sis treatment were extracted with DMF (LR =1:40)
for 15 min at boiling temperature, then cooled down
to 70 °C, rinsed in warm and cold distilled water and
dried at room temperature.

Resistance of dyed cotton samples to DMF
extraction was estimated based on the K/S meas-
urement. The color strength of noncationised and
cationised cotton samples before and after DMF
extraction as well as before and after hydrolysis of
the bonds was measured based on the evaluation of
colorimetric measurements using a Datacolor 850
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spectrophotometer (Datacolor, USA). K/S values
were calculated in accordance with Eq. (3):

T 2R 2R,

vl X

where K-light absorption coefficient, S—light scatter-
ing coefficient, R—decimal fraction of the reflectance
of dyed fabric, R,~decimal fraction of the reflectance
undyed fabric.

Resistance to DMF extraction was calculated
according to Eq. (4):

(5),

Rpyr = 7——100(%) “

(5),

Table 4 Summary of Nitrogen and Q:ru o values for noncation-
ised and cationised cotton samples

Cotton sample Nitrogen :wf

Content AN  Calculated AQT

surf

(10 eqlg) (107 eq/g)
Cell-OH 25 - +0.44 —
[Cell-O-Ch]*CI~ 30 5 +4.70 +4.26
[Cell-O-HPTA]TCI= 136 111 +19.46 +19.02

Where AN—difference of Nitrogen content between cationised
and noncationised samples, Aqurf—difference of specific sur-
face charge between cationised and noncationised samples

where:<§> - value measured for dyed samples before
DMF extraction,(%) - value measured for dyed sam-
1

ples after DMF extraction.

Result and discussion

The research was aimed at confirming the hypoth-
esis that reactive dyes in eco-friendly conditions can
form a covalent bond with the hydroxyl group of the
cationic modifier instead of the hydroxyl group of
the glucopyranose ring. Two cationic modifiers and
five reactive dyes with different reactive systems
were examined. The concentration of dyes was used
at such a level that it was possible to conduct a wide
analysis of the test results. All obtained experimen-
tal data are presented in Tables 4, 5 and 6. The tables
contain average data for four series of experiments.
Percentage deviations were +0.5%, +1.5% and +2%
for the measurements of nitrogen content, the amount
of charge on the fibre surface, and the measurements
of color strenght and resistance to DMF extraction,
respectively.

Cationisation of cellulose

The results of the cationisation cellulose experiments
with selected modification agents in comparing to the
starting material are presented in Table 4.
Cationisation cellulose with [CICh]TCI™ create the
product with a small degree of introduced quaternary
groups, all of which were found on the cotton sur-
face (Table 4). This is confirmed by the value of AN
(5% 107 eqg/g) introduced by cationisation, which is
almost consistent with the increase in the value of the
positive surface charge (=4.26x 107 eq/g).
Cationisation cellulose with [CHPTA]*CI™ create
the product with a much higher degree of introduced
Nitrogen (AN=111x10"° eqg/g) in the form of

Table 5 Resistance to 2z
DMEF extraction of dyed max
in different conditions

noncationised and

cationised cotton samples

Dye [nm] Rpme [%]
Conventional dye- Eco-friendly dyeing conditions
ing method
Cell-OH Cell-OH [Cell-O-Ch]*CI~ [Cell-O-
HPTA]*CI~
RR 24:1 530 83.00 8.10 11.48 80.40
RB 160 630 95.15 21.11 19.61 90.53
RR 221 530 95.00 33.90 50.00 107.66
RR 274 530 101.30 8.80 12.45 141.87
RB 19 610 99.40 6.85 12.95 66.42

@ Springer
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Table 6 K/S data for samples dyed, extracted with DMF, after
hydrolysis, re-dyed and re-dyed extracted in DMF (dyeing and
re-dyeing in eco-friendly conditions)

Samples K/S values
RR24:1 RB19
Dyed samples 27.26 25.46
Dyed samples after extraction in DMF 26.48 22.82
Dyed samples after acid hydrolysis: 15.25 -
Dyed samples after alkali hydrolysis - 2.15
Re-dyed samples 28.08 22.27
Re-dyed samples after extraction in DMF  25.33 14.78

Table 7 Electron density data for analysed oxygen atoms, as
calculated by PM3 MO method

Compound Electron density on an oxygen atoms
o 0@ 03  OoP
Cell=(Glu), -0.341 -0287 -0.291 -

[Cell-O(6)-Ch]*C1~ -0.249 -0300 -0.323 -
[Cell-O(2)-Ch]*CI~ -0320 -0272 -0.354 -
[Cell-O(3)-Ch]*Cl~ -0.306 -0299 -0.256 -
[Cell-O(6)-HPTA]*ClI- -0.266 —0.281 —0315 -0.319
[Cell-O(2)-HPTA]*ClI™ -0.340 —0.228 -0.296 -0.328

[Cell-O(3)-HPTA]*CI~ —0.327 -0.284 —-0.232 -0.333

quaternary groups, but only ca. 20% of this value was
found in  positive surface charge form
(AQ;rmf:19.O2><10‘6 €q/g). The rest of the intro-
duced ammonium groups calculated by Nitrogen with
the Kjeldahl method analysis were not available for

titrating with PES-Na anionic polyelectrolyte, which
is typical for measuring the charge on the cotton
surface.

The most important for dyeing are the positively
charged ammonium groups on the surface of the
fibre. They form strong ionic bonds with the sulfo
groups of the anionic dyes. Although cationisation
of cellulose with [CICh]*Cl~ was less effective than
with [CHPTA]*CI, it was enough, however, to con-
duct comparative tests to determine the binding site
of the reactive dye with cationised cellulose.

Dyeing of cationised cellulose in an eco-friendly
conditions

To confirm the hypothesis that reactive dyes under
eco-friendly conditions can form a covalent bond
with the hydroxyl group of the cationic modifier,
comparative tests of dyeing non-cationised cellulose
were performed in the same conditions and also in
the conventional dyeing method. The reaction mecha-
nisms have been proposed for selected reactive dyes
with cationised cellulose (Figs. 3,4, 5, 6 and 7).

[Cell-O-Ch]*Cl™ dyeing

In the case of [Cell-O-Ch]+ CI™ the amount of
introduced dye mainly corresponds to the cati-
onic group’s presence. Formation of the linkage
with reactive dyes and cellulose cationised with
[CICh] + CI™ was showed in Fig. 3.

Table 8 Electron density
data for oxygen atoms and
ammonium groups

Compound

Electron density on oxygen atoms and the ammonium
group

Fig. 3 The ionic bond CH

02) 0®3) o) N(CH;);*
[Cell-O(6)-Ch]*ClI~ —-0.300 -0.323 - 0.633
[Cell-O(6)-Ch]*+--PhSO;~ —-0.300 —-0.324 - 0.683
[Cell-O(6)-HPTA]*CI~ —-0.281 —-0.315 -0.319 0.638
[Cell-O(6)-HPTA]**--PhSO;~ —-0.290 —-0.320 -0.309 0.718
3 CH,

between [Cell-O-
Ch]*CI™ and reactive dyes
(Dye=RR 24:1, RB 160,

N
RR 221, RR 274, RB 19) H.C CH

3

+
Cell-0-CH,CH,N €l + Na0.S-Dye
/

— NaCl _
— > Cell-O-CH,-CH,-N+70,S-Dye
[N\

H,C CH,
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Fig. 4 Proposed mechanism of the first step of dyeing [Cell- cationised cotton +reactive dye on the fibre) where R—differ-
O-HPTA]*CI™ with triazine dyes: (I—ionic formation bonds ent chemical substituents in the chemical structure of RR 24:1,
on the fibre; [I—dissociation of a hydroxyl group in ionic pair: RB 160, RR 221 and RR 274, X- halogen, nicotinic acid
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Fig. 5 Proposed mechanism of second step of dyeing [Cell-O- chemical substituents in the chemical structure of RR 24:1, RB
HPTAJ*CI™ with triazine dyes: a reaction substitution in one 160, RR 221 and RR 274, X- halogen, nicotinic acid
molecule and b between two molecules, where R- different
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Fig. 6 Proposed mechanism of dyeing [Cell-O-HPTA]*Cl~ with RB 19 (mono-VS reactive dye)
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Fig. 7 Proposed mechanism of dyeing [Cell-O-HPTA]*CI~ with RR 274

[Cell-O-HPTA]*Cl™ dyeing

[Cell-O-HPTA]*Cl™ in eco-friendly dyeing condi-
tions with reactive dyes firstly form strong ionic

bonds with positive quaternary ammonium group and
next covalent bonds with the dissociated hydroxyl
group being in adjacent P-position. The occurring
possible reactions were showed in Figs. 4, 5, 6 and 7.
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where R—different chemical substituents in the
chemical structure of RR 24:1, RB 160, RR 221 and
RR 274, X- halogen, nicotinic acid.

where R—different chemical substituents in the
chemical structure of RR 24:1, RB 160, RR 221 and
RR 274, X- halogen, nicotinic acid.

Cell-OH dyeing

In the case of Cell-OH dyed at the same eco-friendly
conditions. the amount of introduced dye to the fibre
correspond to its substantivity and the durability to
the formation of physicochemical bonds such as Van
der Waals forces, hydrogen bridges, etc.

Conventional dyeing of Cell-OH

Reactive dyes in the conventional dyeing process
were bonded covalently on substitution or addi-
tion mechanism with hydroxyl groups belonging to
the cellulose polymer in an alkaline medium. Only
RR 221 (dinicotinic-triazine form reactive dye) was
applied on cotton from the buffered bath at neutral
pH with 1 g/ recommended buffer prepared from
Na,HPO, and KH,PO,. The obtained DMF resistance
values (Table 5) are generally in line expected for
dyeing’s after the final washing treatment. Some dif-
ferences may be the result of the apparatus used and
the application conditions.

Estimation of the type of bond between dye
and cellulose

Covalent bonds of cellulose with reactive dyes show
the expected high resistance to DMF solvent (Ven-
kataraman 1972). Non-covalently bound particles of
reactive dyes with cellulose fibres (including hydro-
lysed forms of dyes) are easily removed by extraction
with this solvent. The higher the resistance to DMF
extraction, the smaller the K/S change in color.

Resistance of dyed cellulose to DMF extraction
The Rpyp [%] parameter as resistance to DMF extrac-
tion was used to estimate the type/kind of reactive

dye binding with dyed cellulose. Summary val-
ues of Rpyr [%] for noncationised and cationised

@ Springer

cotton samples dyed in different conditions presented
Table 5.

Cell-OH and [Cell-O-Ch]*CI~ dyeings

It can be seen from Table 5 that Cell-OH and [Cell-
O-Ch]™Cl™ do not form the covalent bond with
the dye in the dyeing process in environmentally
friendly conditions. After DMF extraction only
below 10% (RR 24:1, RB 19 and RR 274) and below
35% (RB 160 and RR 221) of the dyes remained on
noncationised cotton samples. The resistances to
DMF extraction of the dyeing’s on cationised with
[CICh]*CI™ cellulose ranged from 11.48 to 50% and
were slightly higher than on noncationised cellulose.
These differences are due to the different chemical
structures of the reactive dyes used and their substan-
tivity to cellulose. Under ecological dyeing condi-
tions, the hydroxyl groups in the glucopyranose chain
do not dissociate to the extent that would allow the
formation of an active nucleophile for a chemical
reaction with reactive dye. The greater amount of RR
221 remaining on the cationised and noncationised
cellulose after DMF extraction compared to other
dyes was related probably with the chemical bonding
of the absorbed dye to the cellulose hydroxyl groups
during extraction. This assumption was confirmed in
a special experiment. Noncationised cotton sample
was padded in the bath contained 30 g/l RR 221 at
50 °C (this temperature was used for better solubility
of the dye) then squeezed to ca. 100%, dried at room
temperature and divided into three parts. One part
was extracted in the boiling and the second in cold
DMF, respectively, until the next portions of DMF
were colorless. Then the samples were rinsed with
cold tap water and dried at room temperature.

The measured K/S (Fig. 8) for all three parts con-
firmed the speculative explanation that the RR 221
dye (Kayacelon type dye), under boiling extraction
conditions can form a chemical bond with the cellu-
lose hydroxyl group.

[Cell-O-HPTA]*CI™ dyeings

The bonding degree of reactive dyes applied in the
eco-friendly conditions on [Cell-O-HPTA]*CIl~ was
similar to the bonding degree of the dyes with cellu-
lose in the conventional method. This was confirmed
by similar values of resistance to DMF extraction
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Fig. 8 K/S values for cotton samples dyed with RR 221 non-
extracted and extracted (with boiled and cold DMF)

(Table 5). It confirmed that the reactive dyes are cova-
lently bonded with the modified cellulose. The differ-
ence is only in the place of bonding. The hydroxyl
group in the modificator chain of cationised cellulose
can probably easily dissociate in water at neutral pH,
forms a typical nucleophile anion ready for the substi-
tution or addition reaction with a reactive part of the
dye molecule. To confirm that the dissociated form of
the hydroxyl group in the modifier chain is necessary
for the chemical reaction between the reactive dye
and [Cell-O-HPTA]*Cl in eco-friendly conditions the
dyeing in aprotic solvents was done. When aprotic
solvents (DMF, DMSO) were used as a dyeing bath
instead of water with the same dyes, the dyeing/fixa-
tion process was not observed. There was no disso-
ciation of the hydroxyl groups in the aliphatic chain
of the cationised cellulose, hence the reactive dyes
do not bond covalently. When such solvent bath was
diluted with water to 1:1, the dyeing process started
immediately, and an increase in the color shade was
observed. After 30 min of dyeing the final effect was
comparable with samples dyed only in water bath and
also with similar fastness for extraction with boiling
DMF.

Table 5 presented some unexpected Rpyp [%]
values for the samples of [Cell-O-HPTA]*Cl~ dyed
with dyes RB 19 and RR 274. It is likely that in the
case of RB 19 in eco-friendly conditions, a strong
ionic bond could be formed between an ammonium
group of cationic cellulose and both anionic groups
of the dye (p-sulfatoethylsulfonyl group or/and sulfo
group). As a result of the ionic bond formation
through f-sulfatoethylsulfonyl group, in eco-friendly
condition, the dye probably cannot covalently bond
with hydroxyl group of cationic cellulose modifier.

Additionally, such a linkage is not resistant to DMF
extraction.

In the case of the RR 274, the situation is more
complicated. RR 274 is a heterobifunctional dye
which in eco-friendly conditions may react in differ-
ent ways even with cross-linking. Dyeing of cation-
ised cotton in these conditions favours aggregation of
a dye molecules mainly on its surface and the result-
ing that dyeing’s are therefore somewhat cloudy. Dye
aggregates on surface of cationic cellulose fibres can
be broken during DMF extraction leads to an increase
of color strength and increase of degree of bonding up
to 100%. Those phenomena require further research.

Hydrolysis of reactive bond reactive dye with
cationised cellulose

The linkages formed between reactive dye molecules
and those of the fibre should be stable under all or
most of the conditions to which the dyeing is likely to
be subjected during normal use (Beech 1970). Ether
and pseudoester bonds formed between reactive dyes
and cellulose are rather fast for acid and alkali hydrol-
ysis. This fastness mainly depends on the chemical
construction of the used dyes. Hydrolysis reactions of
dye-fiber bonds on a cationised fabric have not been
described so far. It was assumed that during such
hydrolysis the dye-modificator bond would be broken
without breaking the cellulose-(modificator+ dye)
bond. In such a case, it would be possible to re-dyeing
the cationised cellulose under eco-friendly condi-
tions with reactive dye in reaction with the restored
hydroxyl group of the modificator.

The obtained results (Table 6) fully confirmed that
dye molecules were bonded with a hydroxyl group
belonging to the modification agent and that the
hydrolysis reaction (bond cleavage) for ether/pseu-
doester bonds takes at the same place. It is clear that
if the cleavage of the ether bond occurred between the
modifying agent and the cellulose, the re-dye of the
noncationised cotton under eco-friendly conditions
would be impossible.

Density electron calculations
0(6), O(2) and O(3) are the reactive oxygen atoms

in the cellulose molecule. The quantum-chemical
PM3 MO method was used to calculate the electron
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Fig. 9 Chemical structure compound models for density electron analysis (ether bond formed with —OH group at C(6) carbon atom)

densities on these atoms, which will allow us to pre-
dict the direction of the cellulose etherification and
modification reaction with the use of the quaternary
ammonium salts of [CICh]TCl~, [CHPTA]*Cl™, and
also in the final the stage where the chemical bond
with the reactive dye is formed. A fragment of the
cellulose molecule Cell=(Glu);, consisting of three
glucopyranose molecules linked by glycoside bonds,
was used as a model compound for the calculations.

The structures of the analysed molecules in the
ground state was optimised with the use of molecu-
lar mechanics MM + (option with charge analysis)
applying Hyperchem v.8.06 programme (Hypercube,
Inc. Gainesville, Florida, US) and next with the semi-
empirical method of quantum-chemical calculations
PM3 (Stewart 1989), taking into account the length
of all bonds, angles between them and torsion angles
from following the eigenvector procedure (conver-
gence criterion 0.02 kcal/mol).

The electron densities for all oxygen atoms were
calculated, assuming that the etherification reaction
could take place on each of the -OH groups of the
glucopyranose ring.

The calculations showed that the most probable
derivatives (Table 7) are ether bonds with the tested
modifiers formed with the hydroxyl group on the C(6)
carbon (Fig. 9). Such derivatives were accepted for
further analysis.

As a result of the formation of these bonds, the
electron densities on the remaining O(2) and O(3)
oxygen atoms in the glucopyranose ring change, and
these changes are so large that in some cases, their
reactivity is even greater than in the unsubstituted
Cell =(Glu); molecule. The oxygen with the highest
electron density as a nucleophile should react to form

@ Springer

a chemical bond in the Sy, reaction with a dye con-
taining, e.g., cyanuric chloride as a reactive group.
Then, in the case of [Cell-O(6)-Ch]*Cl™ derivatives,
the reaction should take place on the O(3) oxygen
atom:

0(3) (=0.323) > 0(2) (=0.300)

and for the [Cell-O(6)-HPTA]*Cl™ derivatives on
the oxygen atom O(f):

0(8) (=0.319) > 0(3)(=0.315) > O(2) (—0.281).

However, it is known that oxygen atoms in hydroxyl
groups in positions 2 and 3 in cellulose are very
strongly involved in intermolecular hydrogen bonds
(not included in quantum calculations), which sig-
nificantly reduces their ability to perform chemical
reactions, especially in neutral conditions. According
to Nishiyama, Langan and Chanzy (2002) hydrogen
bonds for cellulose I include two intramolecular bond-
ing, namely, O(2)H--‘O(6) bonding and O(3)H:--O(5)
bonding and one intermolecular bonding, O(6)H "O(3).

A completely different situation was found in the
hydroxyl group with the O(p) oxygen atom in the
[Cell-O(6)-HPTA]*Cl™ derivative, which does not
participate in intramolecular hydrogen bonds and can
easily undergo a dissociation reaction with the forma-
tion of a nucleophile and react with the reactive sys-
tem of the dyes to form a strong covalent bond.

Additional calculations were performed using ben-
zenesulfonic acid (PhSO;H) as an acid dye model
containing a sulfo group capable of ion-pairing with a
cellulose fragment, containing the introduced cationi-
sation modifier. These derivatives (Fig. 10) showed
further changes in the electron density at the oxygen
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Fig. 10 Chemical structure ionic pair cationised cellulose with benzenesulfonic acid for density electron analysis

atoms, but also marked changes on the quaternary
group (Table 8).

The formation of an ionic bond between [Cell-
0O(6)-Ch]*Cl~ and benzenesulfonic acid causes only
changes in the value of the positive charge on the qua-
ternary group without changes on the cellulose oxy-
gen atoms in the glucopyranose ring.

(Table 8). In the case of a similar reaction of [Cell-
O(6)-HPTA]*Cl~ with benzenesulfonic acid, apart
from a marked increase in the positive charge on the
quaternary group, a significant change in the negative
charge on the oxygen atoms is also observed. Lower-
ing the electron density at the O(f}) oxygen causes an
increase in dissociation of that hydroxyl group.

The presented results of electron density cal-
culations confirmed the results of experimental
studies obtained in the process of dyeing [Cell-O-
HPTA]*CI~ with reactive dyes in an aqueous bath,
at ambient temperature without the addition of elec-
trolytes and alkali. The dye is covalently bound to
the hydroxyl group in the modifier. Cationic modi-
fication of cellulose with [CICh]*Cl™ allows it to be
dyed with reactive dyes under the same conditions,
only with the formation of ionic bonds as for acid
dyes. As already mentioned in the experimental sec-
tion, the extraction treatment with DMF allows dis-
tinguishing between these bonds.

Conclusion

Existing reactive systems depend on two basic ele-
ments: an electron-deficient “reactive” carbon centre

in the dye and an electron-rich “nucleophile centre”
in the fibre (Niu et al. 2020). Studying the processes
of dyeing modified cellulose by cationisation with
[CHPTA]'CI™, it was found that in a water bath with-
out the addition of electrolytes and alkali at room
temperature, reactive dyes of various classes formed
covalent bonds according to the substitution/addition
mechanism with nucleophile hydroxyl group located
in the modifier chain. These stable bonds of the reac-
tive dyes were confirmed by extraction treatment in
boiling DMF, acid/alkali hydrolysis of the formed
ether/pseudoester linkage and effective re-dyeing
under the same conditions as the basic process. The
results of dyeing on noncationised and cationised cel-
lulose with [CICh]*Cl~ (it does not contain hydroxyl
groups in its structure) were compared. The analysis
using particle optimisation with MM + molecular
mechanics and quantum-chemical calculations by the
method of all valence orbitals confirmed the experi-
mental results of high activity of the nucleophile being
formed on the hydroxyl group in the modifier chain.
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