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Abstract Cationisation of cellulose fibres has been 
studied extensively as an alternative to permit salt 
free reactive dyeing, however chemical balances of 
the cationisation reaction often are not taken into 
account. The chemical consumption of cationisation 
processes described in the literature is substantial 
and often over-compensates savings in salt in a con-
ventional reactive dyeing. Besides very high con-
sumption of chemicals the high level of cationisation 

generates problems of uneven dyeings and shade 
variations. In a new approach low concentrations of 
3-chloro-2-hydroxypropyl-N,N,N-trimethylammo-
nium chloride (CHPTAC) were applied in a pad batch 
cationisation process for cotton fabric to achieve a 
low level cationisation. The cationic group content of 
the processed fibres ranged from 5 to 79 mmol  kg−1. 
Exhaust dyeing experiments with Reactive Blue 19 
demonstrated that a salt free reactive dyeing is pos-
sible with low cationic group content 14 mmol  kg−1. 
The optimised low-level cationisation reduces the 
overall chemical consumption of the reactive dyeing, 
and thus represents a cleaner alternative to present 
reactive dyeing operations which are based on addi-
tion of high amounts of salt.

Keywords Cotton · Reactive dyeing · 
Cationisation · Salt free · Exhaust dyeing · CHPTAC 

Introduction

With an annual production of 23×106 metric tons cot-
ton fibres are the most important representative for 
cellulose based textile fibres. In almost 60% of the 
cases reactive dyes are used for coloration of these 
fibres, which then sums up to an annual production 
of 270,000 metric tons of reactive dyes (Burkinshaw 
et al. 2019).

During dye fixation a covalent bond between the 
reactive dyes and the cellulose fibre is formed. The 
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competitive hydrolysis of the anchor group in the 
alkaline dyebath leads to substantial losses in dye 
utilisation. Thus in exhaust dyeing dye fixation rates 
between 60 and 80% of the total added reactive dye 
are realistic values. High concentrations of salt 
(NaCl,  Na2SO4) up to 50 g   L−1 are used to increase 
dye exhaustion and fixation. As an example, when 
50 g   L−1 NaCl is used in reactive dyeing of 1 kg of 
cotton at a mass to liquor ratio of 1:10, an amount of 
0.5 kg salt is released with the spent dyebath (Bech-
told and Pham 2019). As a result of the limited dye 
fixation and the high salt concentration highly col-
oured waste water is released from reactive dyeing, 
which in addition contains substantial amounts of salt 
(Turcanu and Bechtold 2017).

Several strategies to improve the dye fixation in 
reactive dyeing have been proposed in the literature 
and a few also have been installed in technical scale.

The use of double anchor reactive dyes led to a 
substantial improvement in dye fixation, however still 
addition of salt is required and limited dye fixation 
lead to release of intensively coloured waste water 
(Haque et al. 2015).

A reduction of the dyebath volume reduces the 
homogeneous hydrolysis reaction in the dyebath 
accordingly. This approach has been realised in the 
so-called airflow® dyeing machine where a mixture 
of air and liquid dyebath used to transport the goods 
in a jet-type dyeing machine (Abate and Tadesse 
2021). Considerable abrasive load for the goods and 
limited dyestuff solubility in the low dyebath volume 
restricted a wider use of this machine. Also addition 
of silicone oil or plant oil based liquids to the dye-
bath has been proposed to reduce the total volume of 
aqueous dyebaths (Seemork et  al. 2020, 2021). The 
removal of these additives both from the dyed goods 
and from the spent dyebath require additional pro-
cessing to prevent release of the oily phases into the 
waste water (Haque et al. 2015).

Another approach to increase dye fixation uti-
lises the chemical modification of the cellulose fibre 
by cationisation (Zhang et  al. 2021; Li et  al. 2022). 
A wide range of chemicals have been studied for the 
cationisation of cotton fibres through incorporation of 
quaternary ammonium groups (Pruś et al. 2022; Cor-
reia et  al. 2020). As representative examples N-oxi-
ranylmethyl-N-methylmorpholinium chloride and 
2-oxiranylpyridine have been investigated as etherifi-
cation agents to introduce cationic groups in cellulose 

(Hsani et  al. 2009). The most important representa-
tive for cationic modification of cotton is 3-chloro-
2-hydroxypropyl-N,N,N-trimethylammonium chlo-
ride (CHPTAC), which also is used in technical 
scale operations. The degree of cationisation then 
is assessed through dye sorption experiments, how-
ever quantification of the cationic sites e.g. through 
N-analysis is performed rarely. Representative levels 
of N-content in cationised fibres are between 0.1 and 
0.3%wt nitrogen (Correia et al. 2020).

For continuous treatment combination of cationi-
sation with plasma pretreatment to replace bleach and 
scouring processes and combination of cationisation 
with pad-steam dyeing have been investigated (Cor-
reia et al. 2021; Wang et al. 2022). Two major prob-
lems of the current methodology however lower their 
potential for wider use to achieve sustainable and low 
polluting reactive dyeing:

• The presence of quaternary ammonium groups in 
the cellulose fibre leads to rapid dye sorption most 
probably via an ion-exchange mechanism followed 
by the dye fixation close to the site of initial cati-
onic binding (Pruś et al. 2022). The high amount 
of cationic groups leads to very rapid dye sorp-
tion, strong binding of the dye and complete bath 
exhaustion. As an example almost complete dye 
exhaustion was observed on cationised microcrys-
talline cellulose with in less than 5 min (Hashem 
and El-Shishtawy 2001). As a consequence of 
the strong binding forces the tendency for level-
ling out uneven distributed dye is low, in particu-
lar when competitive sorption in dye mixtures 
occurs (Farrell et al. 2014). Such dyeing processes 
thus are difficult to operate and dyeing of light to 
medium shades is very challenging or impossible.

• In addition the chemical efficiency of the pre-
ceding cationisation processes is low and only a 
minor share of the total amount of cationisation 
agent is utilised through fixation on the cellulose 
(Nallathambi and Venkateshwarapuram Rengas-
wami 2016). An unacceptably high amount of 
chemicals is spent during the fibre cationisation, 
which lowers the ecological profile of the over-
all dyeing process substantially (Correia et  al. 
2020; Kanik and Hauser 2002). Representative 
values for the specific consumption of CHPTAC 
are at 100  g technical product per 1  kg of cot-
ton fibres in pad-batch techniques, for exhaust 
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processes even higher amounts e.g. 30%wt of 
CHPTAC related to the mass of fibre are spent 
(Hashem 2006; Correia et al. 2021; Zhang et al. 
2018).

In this work we follow the hypothesis that use 
of a very low level of cationisation could support 
the initial sorption of the reactive dye to an extent 
which will allow reduction of the salt load used in 
conventional dyeing. The compensation of the neg-
ative charges from dissociated carboxylic groups by 
cationic groups should reduce the charge repulsion 
between the anionic reactive dye and the cellulose 
surface. As a result sorption of the reactive dye 
on the cellulose should increase. The sorption of 
the dyes however still should permit sufficient dye 
mobility which is a condition for dye levelling and 
uniform dyeing. Low level cationisation of cotton 
could reduce the chemical consumption reported in 
the literature substantially and thus make reactive 
dyeing of cationised cellulose fibres become a real 
ecological alternative to a conventional reactive 
dyeing with high salt consumption or cationisation 
processes described in the literature.

Cotton fibres were cationised with 3-chloro-
2-hydrodxypropyl-N,N,N-tr imethylammonium 
chloride in a pad-batch process. Fibres with differ-
ent levels of cationisation were prepared and char-
acterised by ζ-potential measurement, FTIR and 
N-content. Sorption experiments with C.I. Reactive 
Blue 19 were performed without salt to analyse the 
sorption behaviour as function of cationisation. 
A mono-functional reactive dye with chemically 
resistant anthraquinoid chromophore was chosen as 
model. Technically the bi-functional reactive dye 
C.I. Reactive Black 5 would be more relevant how-
ever the two anchor groups and the rather sensitive 
double-azo-chromophore would make the investi-
gations and model formulation more complex. Dye 
extraction was used to study the binding of the dye 
on the fibres and to distinguish between dye sorp-
tion and dye fixation. Salt free dyeing experiments 
then were used to demonstrate the effect of the low 
level cationisation on the process efficiency.

Model calculations to compare the new process 
to reference processes with use of salt to increase 
dye fixation are given and discussed.

Experimental

Materials and chemicals

Bleached cotton fabric (plain weave, mass per area 
108 g  m−2, warp 61.5 ± 0.7 yarns  cm−1, weft 35 ± 0.5 
yarns  cm−1) was used for the cationisation experi-
ments. 3-chloro-2-hydroxypropyl-N,N,N-trimeth-
ylammonium chloride, (60%wt aqueous solution, 
Sigma-Aldrich) was used as cationisation agent. C.I. 
Reactive Blue 19 (RB19, MW=626.5 g  mol−1, Rema-
zol Brillant Blue R, dye content=50%wt, DyStar, 
Frankfurt, Germany), a mono-functional vinylsul-
phone type reactive dye was used (Fig. 1).

All other chemicals used (NaOH, NaCl, KCl, 
KOH,  Na2CO3, DMF, HCl, NaOAc, sodium silicate) 
were reagent grade chemicals.

Cationisation

In a first series the fabric samples were treated with 
the cationisation agent without further pretreatment 
(Table 1, solution 1–4). In a second series (Table 1, 
solution 5–8) an acid pretreatment (0.5%wt HCl, 
0.14 M, liquor ratio (M:L) of 1 g: 35 mL, 1 h, 40 °C) 
was introduced to remove any acid soluble N-con-
taining substances and thus increase sensitivity of 
the N-analysis for lower N-content. The samples then 
were rinsed in deionised water for 1 h and neutralised 
by means of an aqueous solution of NaOAc (1 g  L−1, 
12 mM, M:L 1 g: 35 mL, 30 min), followed by a final 
rinse with deionised water and air drying at ambient 
temperature.

For cationisation three fabric samples with a total 
mass of 20.4  g were immersed into 250  mL of the 
respective solution (Table  1), then excess of liquid 
was squeezed of by means of a padder to a pick-up 
of 82%. 1 g  L−1 wetting agent (Collasol CDA, CHT, 
Tuebingen, Germany) was added to each solution. 

Fig. 1  Structure of C.I. Reactive Blue 19 (RB19)
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The wet samples were rolled around glass rods, envel-
oped in plastic film, and turned on a laboratory roller 
shaker for 24  h. Then the samples were rinsed with 
soft water and air dried at ambient temperature. The 
cationisation was performed in three repetitions each 
recipe given in Table 1.

Nitrogen analysis

To evaluate the degree of cationisation a nitrogen 
analysis was carried out (Nitrogen Analyser rap-
idN III, Elementar Analysensysteme GmbH, Lan-
genselbold, Germany). In bleached cotton fabric only 
presence of bound CHPTAC will lead to substantial 
nitrogen content. Therefore the reaction efficiency 
of cationisation and quantification of the cationic 
groups present in the modified cellulose can be cal-
culated from the nitrogen content of the modified 
samples. For analysis an accurately weighted mass of 
200–250 mg fabric was folded and placed in a tin foil. 
The tin foil was pressed to the form of a tablet with 
use of a hand press cell. The tablet then was burned in 
the nitrogen analyser, which used the Dumas method 
for nitrogen determination.

Sorption experiments

C.I. Reactive Blue 19 (RB19) was used as representa-
tive reactive dye. To avoid any dye fixation through 
reaction with the cellulose fibres, the pH of the 

solutions was held at pH 6–8 and no salt was added to 
the exhaustion baths.

Evaluation dye uptake versus time

A high mass to liquor ratio of M:L 1:400 was used 
in the experiments to monitor the dye uptake with 
time. A mass of 0.5 g of cationised fabric was placed 
on a cylindrical plastic holder in 200 mL 0.05 g  L−1 
(0.04 mM) RB19 solution to achieve uniform acces-
sibility of RB19 to the whole fabric. The dyebath was 
pre-heated to 30  °C, then the fabric was immersed 
into the bath (t = 0  min) and a volume of 0.9  mL 
dyebath was analysed for the dye content in regular 
intervals (2, 5, 10, 20, 30, 40, 50, 60, 90, 120, 180, 
240 min, 24 h). Changes in the absolute dye content 
due to sampling were considered in the calculations. 
The dye concentration in the dyebath was deter-
mined by photometry at the wavelength of maximum 
absorption (695  nm) (Photometer ZEISS MCS 600 
equipped with MCS601 UV-NIR C Spectrometer and 
CLH600 lamp 360–1015 nm). The dye content of the 
fibres then was calculated from the decrease in dye 
concentration in the dyebath.

Equilibrium sorption: determination of sorption 
isotherms

A mass of 0.2 g fabric was treated in 80 mL of dye 
solution (concentration of 0.01, 0.02, 0.04, 0.08, 0.12, 
0.15, 0.2  g L.−1; 0.008, 0.016, 0.032, 0.064, 0.096, 

Table 1  Cationisation. Composition of solutions, CHPTAC 
add on, molar ratio NaOH: CHPTAC, theoretical N content 
(calc.), analytically determined N-content (exp.) and reaction 

efficiency η related to composition of pad liquor (Nitrogen val-
ues were corrected from the background of an untreated fabric)

*Additional 80 g  L−1 sodium silicate

Solution Composition Add-on NaOH: N-content

Number CHPTAC NaOH CHPTAC NaOH CHPTAC NaOH CHPTAC (calc.) (exp.) (exp.) η

g  L−1 g  L−1 M M mol  kg−1 mol  kg−1 mol  mol−1 % % mmol  kg−1 %

1 50 80 0.27 2.00 0.21 1.54 7.5 0.32 0.0155 10.4 4.5
2 100 80 0.53 2.00 0.41 1.56 3.8 0.59 0.027 19.4 4.6
3 200 80 1.06 2.00 0.84 1.58 1.9 1.20 0.111 79.4 9.2
4 100 20* 0.53 0.50 0.40 0.38 0.9 0.55 0.036 25.4 6.4
5 6 22 0.03 0.55 0.03 0.44 17.2 0.04 0.008 5.5 20.9
6 12 22 0.06 0.55 0.05 0.44 8.6 0.07 0.020 14.3 27.9
7 18 22 0.10 0.55 0.08 0.44 5.7 0.11 0.033 23.3 29.9
8 24 22 0.13 0.55 0.10 0.43 4.3 0.14 0.040 28.6 28.1
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0.120, 0.160 mM) at M:L of 1:400 for 24 h at a tem-
perature of 30 °C. After 24 h the equilibrium concen-
tration of RB19 in the exhausted dye bath was deter-
mined by photometry. The obtained isotherms were 
fitted to the Langmuir and Freundlich isotherms (no 
weighting of data).

where q (mmol  kg−1) is the amount of adsorbed dye 
after 24 h sorption, Ceq the equilibrium dye concen-
tration in the dyebath (mM), KF the Freundlich coef-
ficient, n the Freundlich, exponent, M (mmol   kg−1) 
the fibre saturation value, KL the Langmuir coefficient 
(L  mmol−1).

Zeta potential measurement

For zeta potential measurements 0.5  g of dry fabric 
was cut in small pieces and placed in the measuring 
cell of the zeta potential analyser (SurPASS 3, Anton 
PaaR GmbH, Graz, Austria). A solution containing 
1  mM KCl and 1  mM KOH was used as streaming 
solution. The measurement thus was started at an 
alkaline pH and a zeta potential vs. pH curve titration 
then was carried out with addition of 0.05  M HCl. 
The step size was adjusted to achieve a pH change of 
0.25 to 0.3 units per titration step. For zeta-potential 
measurements the packing density of the sample is 
very important, thus always the same packing density 
was applied. This was controlled with determination 
of the device intern permeability index.

Dye fixation and extraction

Dyeing‑fixation experiments

To assess the performance of a cationised fabric in 
reactive dyeing a technical reactive dyeing process 
was simulated. Six samples were selected for this 
experiment (Table  6). Colour fixation on four dif-
ferent cationised fabrics was compared to dyeings 
with untreated fabric in presence and without addi-
tion of salt (50  g   L−1 NaCl). A mass of 1  g fabric 
was treated with 0.01  g  L−1 (0.008  M) RB19 dye 
solution in deionised water at a M:L of 1:400 (Fig. 

(1)q = KF ⋅ Cn
eq

(2)q = M ⋅

KL ⋅ Ceq

1 + KL ⋅ Ceq

S1: Temperature–time diagram of the process). The 
dyebath was pre-heated to 50  °C, for sample 2 the 
required amount for 50 g  L−1 salt was added, and then 
the fabric was added. After 10  min of pre-soaking 
4 mL of RB19 stock solution (10 g  L−1, 8 mM) was 
added. The process then was continued for 60  min 
to achieve uniform dye sorption. The dye fixation 
then was initiated by stepwise addition of alkali. At 
first 30 mL  Na2CO3 solution (4 g   L−1, 38 mM) was 
added, after 15 min a volume of 16 mL NaOH solu-
tion (69  g   L−1, 1.73  M) was added and the process 
was continued for 1 h to complete dye fixation. The 
dyed samples then were rinsed at 60 °C with deion-
ised water until washing solutions were colourless. 
The absorbance of the exhausted dyebath was meas-
ured by spectrophotometry and the K/S values of 
dyed fabric were determined by colour measurement 
(400–700  nm, specular component excluded, d/8 
spectrophotometer equipped with pulsed xenon lamps 
as light source, Model CM 3610d, Konica Minolta, 
Japan). The diameter of the measurement area was 
8 mm. The reflectance data were transformed to L*, 
a*, and b* coordinates of the CIE colour space (D65 
illuminant, 10° observer) with the onboard soft-
ware. The colour depth (K/S) was estimated with 
the Kubelka–Munk function (K/S = [(1  −  R)2/2R]), 
where R is the fractional reflectance at the reflectance 
maximum (600 nm).

Extraction experiments

Unbound or adsorbed hydrolysed RB19 was extracted 
from the fibres with a solution containing 50%vol 
DMF in an aqueous NaCl solution (5  g   L−1 NaCl). 
Extractions were performed with 0.05 g dyed fabric 
in 10 mL of the extract solution for 30 min at 100 °C. 
The extraction was repeated until the extraction 
solution was colourless. In case no dye fixation had 
occurred the specimen appeared colourless.

ATR-FTIR spectroscopy

For the ATR-FTIR spectroscopy of the fabrics three 
random spots from the fabric were selected to take 
some inhomogeneity in cationisation into account. 
The FTIR-spectra are presented as averaged spectra 
from the three single measurements (Bruker Invenio 
FTIR spectrometer equipped with an ATR-unit, Bill-
erica, Massachusetts, U.S.).
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Results and discussion

Cationisation

A general reaction scheme of the cationisation reaction 
is given in Fig. 2a. In Fig. 2b the dye sorption and fixa-
tion reaction of RB19 are shown. The formation of an 
epoxide intermediate generally is accepted as first reac-
tion step in the aqueous alkaline solution (Goclik et al. 
2004). The epoxide then reacts in a heterogeneous reac-
tion with the hydroxyl groups of the cellulose and as a 
result a cationic group is linked covalently to the cellu-
lose. The homogeneous hydrolysis of the epoxide low-
ers the reaction efficiency of the cationisation reaction 
as an unwanted side reaction. In the bleached cellulose 
fibres only very low nitrogen content are present, thus 
the fibre cationisation can be quantified through analyti-
cal determination of the nitrogen content. The cationic 
sites are formed by quaternary ammonium groups thus 
the molar content of nitrogen also corresponds to the 

amount of cationic groups. In Table 1 the composition 
of cationisation solutions is given and from the liquor 
pick-up in padding the theoretically added amount of 
cationisation agent in terms of N-content is given. By 
comparison of the analytically determined nitrogen 
content with theoretical maximum reaction efficiency 
for the cationisation can be calculated. A molar ratio 
of NaOH: CHPTAC of 2: 1 was chosen for the highest 
concentration of CHPTAC (expt. 3) (Farrell et al. 2014; 
Hashem et  al. 2003; Correia et  al. 2020). The same 
alkali concentration then was used for experiments 1 
and 2 to maintain cellulose fibre swelling at the same 
level. In the first set of experiments (expt. 1–4) rather 
high concentrations of chemicals were used, however 
the reaction efficiency was low with values between 
4.5 and 9.2% nitrogen content. For recipe 4 a combina-
tion of NaOH and sodium silicate was used, to simu-
late alkali conditions applied in cold pad batch reactive 
dyeing and thus increase reaction efficiency of the cati-
onisation. Reaction efficiency however still remained 
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at a low level of 6.4%. As a result of the high concen-
tration of chemicals used in expts. 1–4 the content of 
cationic groups in the fibre reached values between 
10.4 and 79.4  mmol   kg−1. This level of cationisation 
already exceeds the concentration of carboxylic groups 
in bleached cotton fibres, which is in the dimension of 
20  mmol   kg−1 (Hirosawa et  al. 2001). In the second 
series of experiments (expt. 5–8) lower concentrations 
of CHPTAC and NaOH were used. Remarkably the 
efficiency of the cationisation process increased to val-
ues between 20.9 and 29.9%. The molar ratio of NaOH 
to CHPTAC was comparable for both series of experi-
ments. The increase in reaction efficiency most proba-
bly is due to the reduction in alkali concentration, which 
affects the undesirable hydrolysis of CHPTAC (Eq. 3) 
to a higher extent than the rate of the covalent bind-
ing to the cellulose fibre (Eq. 2) (Hashem et al. 2003). 
When hydroxyl ions are involved in the hydrolysis 
reaction of the intermediately formed epoxide a reduc-
tion of the alkali concentration will directly reduce the 
reaction rate of this process. Thus an increase in reac-
tion efficiency up to 29.9% was observed, which is in 
agreement to literature data presented by (Hashem et al. 
2003).

(3)
CHPTAC elimination to epoxide

RG = k (CHPTAC) (OH−)

The cationised samples then were analysed by 
FTIR spectroscopy using an ATR unit. Spectra of 
untreated cotton and two representative samples with 
highest degree of cationisation (sample 3 and 8) are 
shown in Fig. 3.

The FTIR spectrum of the untreated fibres repre-
sents a typical absorbance pattern for cellulose. The 
absorbance between 3500 and 3000   cm−1 is charac-
teristic for the stretching vibration of the O–H groups 
and the absorbance near 2900   cm−1 results from the 
C–H stretching vibration. C–H and  CH2 bending 
vibrations lead to absorbances between 1500 and 
1100   cm−1, the C–O stretching vibration leads to 
an absorbance near 1100   cm−1 (Široký et  al. 2010). 
The vibrational pattern of the cationic groups is very 
similar to the FTIR absorbances of cellulose. The 
covalently bound 3-trimethyl-ammonium-2-hydroxy-
propyl ether will exhibit absorbances for O–H groups, 
C–H and  CH2 groups, and C–O bonds. Thus no vis-
ible changes in the FTIR spectra of the cationised fab-
rics are expected at the rather low content of cationic 
groups in the modified fibres.

(4)

Epoxide plus cellulose heterogeneous cationised fibre

RG = k (CHPTAC − epoxide) (surface of cellulose)

(5)
Hydrolysis epoxide

RG = k (CHPTAC − epoxide) (OH−)
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Fig. 3  FTIR-ATR spectra of cationised samples 3 (79.4 mmol  kg−1 N) and 8 (28.6 mmol  kg−1 N); a in the wavenumber region from 
4000 to 500  cm−1; b enlarged section between 1500 and 800  cm−1
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Rate of dye sorption and sorption equilibrium

The rate of dye exhaustion onto the cationised fibre 
and sorption isotherms was determined to evalu-
ate the effect of the cationisation on the dye sorp-
tion. In a first series of experiments the sorption 
of the RB19 on cationised fibres was studied at a 
temperature of 30 °C as function of time of immer-
sion. A 0.04 mM dye solution was used at a liquor 
ratio M:L of 1:400. Thus for 1 kg of material a total 
amount of 16  mM of dye were available for sorp-
tion. In Fig.  4 the time dependent uptake of RB19 
into different cationised samples is shown. The time 
needed to reach a plateau in exhaustion increased 
with level of cationisation. Under the chosen exper-
imental conditions the untreated fibre did not show 
any significant dye sorption. The line at dye uptake 
of 16  mmol   kg−1 indicates complete dye exhaus-
tion. Remarkably only sample 3 with a cationic 
group content of 79  mmol   kg−1 reached this limit 
of full dye exhaustion after 24 h of immersion. For 
the other cationised fibre samples the dye sorption 
stagnates at approximately 50% of the theoretical 
capacity given by the analytically determined cati-
onic group content. As long as RB19 does not enter 
in dye fixation reaction, the dye bears two nega-
tively charged groups, a sulphonate group and the 
sulphate group. The results indicate an involvement 
of both anionic groups present in the dye molecule 
into the sorption process, thus two cationic sites 
will be occupied by one dye molecule (Fig. 2b).

A comparison between the content of cationic 
groups and the dye sorption after 24  h is given in 
Table 2.

For a more detailed analysis of the dye sorption 
under equilibrium conditions sorption isotherms were 
recorded (Fig.  5). The sorption behaviour is charac-
teristic for a Langmuir type sorption. At low concen-
trations intensive dye sorption occurs, which rapidly 
stabilises when fibre saturation is reached.

Results of the maximum dye uptake after 24 h of 
sorption and fitting of the isotherm to a Langmuir iso-
therm as function of fibre cationisation are given in 
Table 3.

In Fig. 6a the direct relationship between the sat-
uration value M and the degree of cationisation is 
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Table 2  Dye sorption after 24 h in g  kg−1 and mmol  kg−1 for 
fibres with different degree of cationisation (sorption results 
given as mean and standard deviation)

Cationisation Dye sorption Dye sorption

mmol  kg−1 g  kg−1 ± g  kg−1 mmol  kg−1 ± mmol  kg−1

5 0.61 1.52 0.49 1.22
10 5.37 1.19 4.30 0.95
14 6.54 1.15 5.23 0.92
19 8.69 0.94 6.95 0.75
23 11.03 0.71 8.82 0.57
29 15.64 1.45 12.51 1.16
79 21.54 0.44 17.23 0.35
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RB19, LR 1:400, 30 °C, 24 h)
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observed. Up to a cationisation of 30 mmol  kg−1 the 
slope of the graph is 0.5, which confirms the assump-
tion that un-hydrolysed RB19 occupies two positively 
charged sites on the fibre. No dye fixation occurred 
during the sorption experiments. The sorbed dye 
could be removed completely by extraction with an 
aqueous DMF solution containing 2.5  g   L−1 NaCl. 
Photographs of samples after dye sorption and also 
after dye extraction are shown in Fig. 9.

For the application in dyeing processes the increase 
in dye uptake should also lead to darker colour. The 
colour depth can be measured by determination meas-
urement of the diffuse reflectance of the dyed sam-
ples and the calculation of the Kubelka–Munk value 
K/S. In Fig. 6b the linear relation between photomet-
rically determined dye uptake and K/S value of the 

respective sample and the nitrogen content are shown. 
Therefore in this study K/S values also serve as meas-
ure for the dye content of a sample.

Zeta potential measurements

Zeta potential measurements give an indication 
of the surface charge of a fibre. Unmodified cellu-
lose fibres exhibit negative zeta potential in the pH 
range between 3 and 10. The dissociation of car-
boxylic groups increases the negative charge of the 
fibre surface and thus leads to more negative zeta 
potential. Functionalisation of the cellulose with 
cationic groups partially compensates the negative 
charge of the anionic groups however the increase 
in zeta potential is not sufficient to obtain positive 

Table 3  Maximum dye sorption after 24 h immersion into a solution containing 0.16 mM RB19 as function of degree of cationisa-
tion (sorption results given a mean and standard deviation) and results for M and K from fitting to Langmuir isotherm

Cationisation Dye sorption M K

mmol  kg−1 g  kg−1 ± g  kg−1 mmol  kg−1 ± mmol  kg−1 g  kg−1 ± g  kg−1 mmol  kg−1 ± mmol  kg−1 L  kg−1 ± L  kg−1

5 − 0.4 1.3 − 0.32 1.04 1.1 0.4 0.85 0.28 42 53
10 4.1 1.5 3.28 1.20 4.3 0.2 3.46 0.14 397 137
14 6.3 3.8 5.04 3.04 6.5 0.3 5.18 0.20 843 297
19 7.8 1.3 6.24 1.04 8.6 0.4 6.86 0.28 743 255
23 11.4 3.2 9.12 2.56 11.7 0.3 9.32 0.24 500 85
29 15.7 1 12.56 0.80 17.3 1.1 13.86 0.91 297 103
79 31 0.6 24.8 0.48 32.8 1.7 26.24 1.35 514 129

a b

0 10 20 30 40 50 60 70 80
0

5

10

15

20

25

30

La
ng

m
ui

r s
at

ur
at

io
n 

M
 / 

m
m

ol
 k

g-1

cationisation / mmol kg-1

 langm. M mmol/kg

-5 0 5 10 15 20 25 30 35
0

5

10

K/
S 

(6
00

 n
m

)

Treatment solution
 1
 2
 3
 5
 6
 7
 8
 linear fit
 Nitrogen content

Equation y = a + b*x

Plot Concatenated Data

Weight No Weighting

Intercept 0.37214 ± 0.04009

Slope 0.28308 ± 0.0033

Residual Sum of Squares 13.58228

Pearson's r 0.99077

R-Square (COD) 0.98162

Adj. R-Square 0.98149

0

20

40

60

80

N
 / 

m
m

ol
 k

g-1

dye uptake / g kg-1

Fig. 6  a Langmuir saturation M as function of cationisation, b dye uptake as function of K/S value at 600 nm



4706 Cellulose (2023) 30:4697–4711

1 3
Vol:. (1234567890)

zeta potential values (Fig. 7). The high dye sorption 
observed with the cationised samples thus cannot be 
explained only on the basis of a substantially lowered 
repulsion of negatively charged dye molecules from 
the fibre surface.

The cationisation leads to distinct changes in the 
value for the isoelectric pH (IEP) (Fig. 8a). The cor-
relation between dye uptake and IEP is shown in 
Fig.  8b. However low differences in zeta potential 
were measured at pH 6–8 which was applied in the 

dye sorption experiments. This is an indication that 
the sorption via ion-exchange mechanism is of higher 
impact for dye sorption than the change in fibre sur-
face charge.

Dye fixation and dyeing experiments

The aim of these experiments was to investigate if 
low level cationisation would allow salt free reactive 
dyeing compared to reference processes with use of 
50 g  L−1 NaCl (Kunze and Karagiozidis 1999).

The results of the sorption experiments without 
dye fixation demonstrated the positive correlation 
between cationisation and dye sorption. A strong 
binding of the negatively charged dye to the cationic 
sites however could lead to low dye mobility and thus 
prevent a successful dye fixation. As a consequence 
the anchor group would hydrolyse only and the dye 
would be bound on the fibre via an ion-exchange 
mechanism. Constant bleeding of the hydrolysed dye 
during wash operations and low water fastness would 
be the consequence.

A set of samples thus was dyed according to stand-
ard recipe with use of NaCl (Kunze and Karagiozidis 
1999) and compared to representative cationised sam-
ples (Table 6). For comparison also the colour depth 
of the respective specimen obtained from the sorption 
experiments without fixation are given. Only a very 
light dyeing was obtained in the standard procedure 

Fig. 7  Zeta potential curves of samples with different level of 
cationisation

Fig. 8  Isoelectric pH (IEP) of fabric samples as function of cationisation in mmol  kg−1 nitrogen, b dye uptake as function of IEP
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without use of NaCl. With addition of 50 g  L−1 NaCl 
to the dyebath a K/S value of 2.33 is obtained, which 
reduces after removal of the hydrolysate to K/S 
2.18. Cationisation leads to substantially higher bath 
exhaustion and successful dye fixation. Thus already 
at a cationic group content of 19 mmol  kg−1 a higher 
K/S value of 2.72 was obtained, which reduces to K/S 
2.44 after extractive removal of the hydrolysate.

Due to the high M:L ratio the colour depth of 
the reference dyeings with salt and the dyeing on 
19 mmol  kg−1 cationised fabric are both at the level of 
a 1% dyeing (K/S 2.74) presented in the colour chart 
of the dye manufacturer (Kunze and Karagiozidis 
1999). Higher degree of cationisation to 79 mmol kg 
increases dye sorption to K/S 9.13 which is even at 
the level of the 4% dyeing of the colour chart (K/S 
9.8) despite the long M:L ratio of 1:400 used. The 
high content of cationic groups however then leads to 
the known problems of extremely high sorption rate 
and uneven dyeing, which prevent successful imple-
mentation into robust technical scale processes.

In Fig. 9 photographs of the dyed samples and of 
samples after extraction of unfixed dye are shown. 
For the dyed samples the removal of hydrolysed dye 
does not lead to a substantial loss in colour depth. 
Specimen from sorption experiments contain only 

sorbed reactive dyes, which can be removed com-
pletely by DMF/water extraction.

Process balances and savings for salt free dyeing of 
cationised fibres

For a comparative assessment of the new dyeing pro-
cess a comparison to the state of the art techniques 
of reactive dyeing is required. The major difference 
in both processes will arise from their respective con-
sumption of chemicals and water. As already shown 
in Fig. 9 and Table 4 comparable colour depths were 
obtained both for a standard reactive dyeing with salt 
and salt free dyeing of fibres with a cationic group 
content between 10 and 19 mmol  kg−1. Cationisation 
to a level of 14  mmol   kg−1 N was chosen for com-
parison of chemical consumption and dyeing results 
to a state of the art reactive dyeing with use of salt. 
In Table 5 a schematic presentation of both processes 
and the respective consumption of chemicals and 
water are presented. A continuous process has been 
considered for cationisation, followed by an exhaust 
dyeing process. In addition the chemical consumption 
of a recently published scientific study for cationisa-
tion/dyeing are given for comparison.

A No salt B 50 g L-1 NaCl C 79 mmol kg-1 D 19 mmol kg-1

10 mmol kg-1

F 5 mmol kg-1

5 mmol kg-1 N

E 10 mmol kg-1

19 mmol kg-1 23 mmol kg-1 29 mmol kg-1 79 mmol kg-114 mmol kg-1

Isotherms

Dye fixa�on

Exhaust 
dyeing 

Reference 
Dyeing

Colour depth 0.25 %wt 1 %wt 4 %wt

Before extrac�on  

A�er extrac�on

Fig. 9  Photographs of samples from dyeing experiments A–F, 
and sorption experiments (5–79  mmol   kg−1 N) before (large 
sample) and after dye extraction (small sample), and represent-
ative examples of standard dyeings from the colour chart of the 

dye manufacturer (bleached cotton tricot, automet process with 
progressive dosage of alkali, M:L 1:10) (Kunze and Karagioz-
idis 1999)
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The comparison between the standard reactive 
dyeing (Table  5, process B) and the low level cati-
onisation process investigated in this work (Table 5, 
process A) clearly demonstrates the importance to 
limit the chemical consumption during cationisation. 
Based on the results presented in this study the cati-
onisation of 100 kg cotton fabric will require 0.58 kg 
CHPTAC, 1.76  kg NaOH and 1080  L water. The 
same dyestuff and alkali consumption was consid-
ered for the dyeing, however addition of 50 kg NaCl 
is required for the conventional dyeing. The reaction 
efficiency of the CHPTAC treatment was determined 
with 21–30%, thus substantial reduction of the CHP-
TAC consumption can be expected from an optimisa-
tion of this step.

The advantages of the low-level cationisation 
for the overall balance in the chemical consumption 
also can be demonstrated by comparison to recently 
published data (Table 5, process C and D). The cati-
onisation of 100  kg cotton fabric therein consumed 
13–65 kg CHPTAC, 5.5–27.6 kg NaOH and 4000 L 
water. The salt free reactive dyeing saves 140–200 kg 
of  Na2SO4 (Zhang et  al. 2021), however a consider-
able amount of chemicals 0.19–0.93 kg of chemicals 
are spent for cationisation of 1 kg goods. As a conse-
quence of a high level of cationisation, a positive zeta 
potential is measured. The high number of cationic 
sites leads to rapid dye sorption and a low tendency 
of bound dye to migrate and level out concentration 
differences. Ring dyeings form as the complete dye 
already occurs in the outer layer of the yarn (Zhang 
et al. 2021). The rapid dye sorption and the low abil-
ity of a cationised fabric to permit dye levelling lead 
to substantial difficulties in technical scale dyeing.

Besides the positive chemical balances, the appli-
cation of CHPTAC in a separate treatment step will 
also contribute significantly to the overall process 
costs. While savings in dye consumption have been 
cited as economic advantage, there remains space for 
future optimisation of the presented concept of low 
level cationisation by use of other cationisation agents 
e.g. polycations (Farrell et  al. 2014; Correia et  al. 
2020).

Conclusions

Reaction of CHPTAC with cotton fibres leads to 
introduction of cationic groups into the carbohydrate Ta
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structure. Application of low concentrations of CHP-
TAC in an efficient pad-batch fixation process leads 
to a low cationic group content in the dimension of 
20–30 mmol   kg−1. Zeta potential measurement indi-
cated a shift of the isoelectric pH with N-content, 
however at neutral pH all cationised cellulose fibres 
still exhibited a negative zeta potential.

Sorption and dye fixation experiments with C.I. 
Reactive Blue 19 indicated that rapid and high sorp-
tion of the dye to the fibre occurs. The sorption iso-
therms follow a Langmuir isotherm. This equilibrium 
is a condition to achieve levelling out of uneven dye 
distribution before dye fixation is initiated by addi-
tion of alkali. The fibre saturation value indicates that 
both negatively charged groups in the RB19 molecule 
contribute to the sorption process. Therefore one dye 
molecule occupies two cationic sites on the fibre.

Model dyeings in absence of salt demonstrate that 
the increased dye concentration at the fibre surface 
results in high dye fixation rates.

Calculations of chemical balances and water con-
sumption indicate the potential of the technique. 

The new process requires as chemicals only 0.58 kg 
CHPTAC and 1.76  kg NaOH for processing of 
100  kg cotton fabric, compared to a consumption 
of 50 kg NaCl in a standard reactive dyeing. In the 
literature a representative process for cationisation 
of cotton requires 13–65 kg CHPTAC, 5.5–27.6 kg 
NaOH for 100  kg fabric (Zhang et  al. 2021). This 
corresponds to a 90% reduction in chemical con-
sumption. Low-level cationisation thus represents 
a clean approach to reduce the salt load in reactive 
dyeing, without the negative ecological impact of a 
high chemical consumption in the preceding cati-
onisation step. Improvement of the cationisation 
reaction and adaptation of the dyeing process will 
improve the ecological profile of the process fur-
ther. Ongoing research addresses process optimisa-
tion and scale up of the process. These studies also 
should address release of cationic substances into 
the dyebath and possible dye precipitation as well 
as adverse effects of the treatment on final physical 
properties of the product e.g. handle and drape.

Table 5  Mass balances of salt free dyeing and conventional reactive dyeing

Conditions: Mass of goods: 100 kg, M:L ratio 1:10, wet pick-up 80%, 12 g  L−1 CHPTAC 60%wt, 22 g  L−1 NaOH; reactive dyeing: 
4 g  L−1  Na2CO3, 1.8 mL  L−1 NaOH 50%wt

Process step Process A B C D
Salt free dyeing Reactive dyeing Salt free dyeing (Zhang 

et al. 2021)
Reactive dyeing 
(Zhang et al. 
2021)

Cationisation
CHPTAC/kg 0.58 – 13–65 –
NaOH /kg 1.76 – 5.5–27.6 –
Water/L 80 – 2000 –

Rinse
Water/L 1000 – 2000 –

Dyeing
Dye/kg 4 4 2 2
Na2CO3/kg 4 4 30 30
NaOH/kg 0.9 0.9 – –
Salt/kg – 50 – 140–200
Water/L 1000 1000 2000 2000

Rinse 60 °C
Water/L 1000 1000 2000 2000

Rinse
Water/L 1000 1000 2000 2000

Rinse
Water/L 1000 1000 2000 2000
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