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Abstract  The aim of the work was to compare the 
levels of carboxymethylation on cotton with what was 
obtained previously on viscose fibers under the same 
treatment conditions. In addition to carboxymethyla-
tion levels, their performance was also compared in 
terms of their propensity for sorption of methylene 
blue, a cationic dye that is a putative wastewater 
contaminant. Under comparable conditions of treat-
ment, the degree of carboxymethylation in cotton was 
30–90% of that in viscose but the molar ratio of dye 
sorption to carboxyl groups was 100–230% of that in 
viscose. In other words, as compared to cotton, vis-
cose fibers showed higher degrees of carboxymeth-
ylation but lower accessibility of the carboxyl groups 
to dye molecules. The divergence between the fiber 
types is attributed to differences in the spatial distri-
bution of substituted carboxymethyl groups within 
their structures, as well as the inherently greater 
swelling propensity of the viscose as compared to 
cotton. Further work is under way to determine if 
the order of performance as measured through dye 

sorption (cotton better than viscose) will also hold 
true if the performance metric is changed to water 
and moisture sorption.

Keywords  Cellulose · Cotton · Viscose · 
Carboxymethylation · Alkali · Methylene blue 
sorption

Introduction

The supplanting of synthetic polymers derived from 
petroleum-based resources with those derived from 
biobased, renewable resources is of significant inter-
est. Among biobased polymers, cellulose is a prime 
candidate to act as substitute for synthetic polymers 
due to its natural abundance and the fact that it is 
largely unusable for food or feed. To improve the suit-
ability of cellulose as replacement, it may be neces-
sary to enhance or suppress inherent properties of 
the polymer. That may be achieved by modifying the 
chemical structure of the polymer, primarily through 
reactions at the three hydroxyl groups per D-glucose 
residue.

The subject of this paper is carboxymethylation 
of cellulose, which is a Williamson-type etherifica-
tion of a cellulosic hydroxyl group through nucleo-
philic substitution with an alkyl halide (monochlo-
roacetic acid) in presence of alkali (Mischnick and 
Momcilovic 2010). That enhances water/moisture 
absorption and complexation/binding capabilities and 
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thus the modified polymer (carboxymethyl cellulose, 
CMC) is of interest as substitute for acrylate-based 
polymers in water/moisture absorbent products (Miy-
amoto et  al. 2018; Chen et  al. 2022) or as contami-
nant binding agents in wastewater remediation (Wang 
et al. 2019, 2023).

Different avenues are investigated for the employ-
ment of CMC in the above-listed applications, viz. 
to deposit and fix CMC on a carrier (Ibrahim et  al. 
2020), to spin fibers from CMC dope and assemble 
them into fibrous networks (Wang et al. 2023), or first 
to assemble neat cellulose fibers into networks and 
then to subject them to chemical modification treat-
ments (Rácz et al. 1995). The latter avenue is of inter-
est for the textiles and nonwovens sectors, as techno-
logical capabilities exist for the chemical processing 
of fibrous networks on a commercial-scale. Here, 
the treatments are undertaken under heterogeneous 
conditions, i.e., on solid fibrous substrates in liquid 
media.

Both native and regenerated cellulosics may be 
processed in the textiles and nonwovens industries, 
and although composed of the same polymer, they 
differ in their supramolecular structure and mor-
phology. The morphology of native cellulosics, e.g., 
cotton, is characterized by a ‘lamellar’ structure in 
the fiber bulk, that is comprised of winding lay-
ers of cellulose fibrils surrounding a hollow core, 
termed the lumen (Wakelyn et  al. 2007; Hearle 
2007). Viscose fibers, which account for about 79% 
of the annual production of regenerated cellulosic 
fibers (Textile Exchange 2023), are characterized by 
a ‘shell/core’ morphology, with a relatively dense 
shell surrounding a sponge-like core (Abu-Rous 
et al. 2006). The supramolecular structure of cellu-
losics is characterized by the presence of pores or 
voids, and in heterogeneous reactions, the accessi-
bility of reagents to polymer chains is governed by 
the porosity (i.e., number of pores and their sizes). 
Typically, regenerated cellulosics exhibit a higher 
total pore volume as compared to cotton, but the 
mean pore sizes are approximately in the same 
range (Bredereck and Hermanutz 2005). There are 
also differences in the distribution of pores through 
fibers. In cotton, the inter-lamellar spaces (which 
are distributed throughout the fiber bulk) and the 
central lumen constitute the pores. In viscose fib-
ers, a majority of pores are found in the core region 
whereas the shell region contains only few numbers 

of small-sized pores. These differences in pore spa-
tial distributions are clearly evident in transmission 
electron micrographs of fiber cross-sections (Abu-
Rous et al. 2006).

The focus of our investigations is to gain under-
standing of what influence may be exerted by the 
supramolecular structure and morphological features 
of cellulosic fibers (e.g., spatial distribution of pores) 
on the progress of chemical modifications such as 
carboxymethylation under heterogeneous conditions, 
and what impact that may have on performance of the 
resulting product.

The carboxymethylation of viscose fibers with 
sodium monochloroacetate (MCA) from aqueous 
alkaline solutions was examined in previous work 
(Bogner et al. 2024). The highest yields in cellulose 
carboxymethylation are obtained from alcohol-rich 
reaction media (Gu et al. 2012; Heinze et al. 2018; Li 
et al. 2022; Liao et al. 2022; Liu et al. 2023; Thakur 
et  al. 2023). However, processing operations in tex-
tiles and nonwovens sectors involve treatments in 
open-to-air reaction vessels, which do not favor the 
use of alcohols in large quantities. Thus, the investi-
gations were limited only to aqueous reaction media, 
where the primary treatment variables were reac-
tion temperature (30  °C, 50  °C) and alkali content 
(0.5  mol/L and 4.0  mol/L of NaOH). The ‘perfor-
mance’ of the fibers after carboxymethylation was 
measured through their propensities for sorption of 
a cationic dye, methylene blue, which is often used 
in wastewater remediation studies as a representa-
tive contaminant (Rafatullah et al. 2010; Wang et al. 
2023). Greater levels of carboxymethylation were 
observed with 4.0  mol/L NaOH as compared to 
0.5  mol/L NaOH, and a higher temperature favored 
carboxymethylation in reaction media with 0.5 mol/L 
NaOH but disfavored carboxymethylation in reaction 
media with 4.0 mol/L NaOH. Despite the higher car-
boxymethylation, the levels of methylene blue sorp-
tion were lower in fibers from reaction media con-
taining 4.0  mol/L NaOH as compared to 0.5  mol/L 
NaOH. That was attributed to lower accessibility of 
dye cations to the fiber carboxyl groups, due to differ-
ences in the spatial distribution of the carboxymethyl 
groups. The aim in the present investigation was to 
repeat the same treatments on cotton fibers and com-
pare the degrees of carboxymethylation and methyl-
ene blue dye sorption propensities with what was pre-
viously obtained on viscose.
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Materials

Raw cotton fibers (American Pima, average staple 
length of 3.4 cm) were kindly donated by Gebr. Otto 
Baumwollfeinzwirnerei GmbH + Co. KG (Dieten-
heim, Germany). For scouring and bleaching, tech-
nical grade NaOH (50% w/w) was used along with 
wetting agents and stabilizers from BASF, Germany 
(Kieralon B, Prestogen PL, Leophen M). The meth-
ylene blue was of pharmaceutical grade, and all other 
reagents were of analytical grade. Ultrapure water 
(LiChrosolv® grade) purchased from Merck KGaA 
(Germany) was used in conductometric titration, 
and unless otherwise mentioned, deionized water of 
conductivity less than 10 µS/cm was employed in all 
other experiments.

Methods

Fiber preparation

The raw cotton was scoured, bleached, and deminer-
alized before use in experiments. The scouring and 
bleaching procedures were based on descriptions in 
literature (BASF AG 1976). For scouring, the fib-
ers were boiled in a solution of 10  g/L NaOH with 
0.5  g/L Kieralon B wetting agent at a material-to-
liquor ratio of 1:10 for 4 h followed by a rinse under 
running hot water at 60–70 °C for 10 min. Then the 
fibers were drained, immersed in a solution of 0.5% 
w/w HCl for 15 min to neutralize any residual alkali, 
rinsed with soft water to wash off residual acidity and 
allowed to dry in ambient atmosphere.

The scoured fibers were bleached in a solution of 
6 mL/L of 35% H2O2, 2 g/L NaOH, 1.5 g/L Presto-
gen PL as stabilizer and 1  g/L Leophen M as wet-
ting agent with a material-to-liquor ratio of 1:30 at 
the boil for 3 h. The fibers were then drained, rinsed 
under running hot water at 60–70 °C for 10 min, fol-
lowed by three rinses in deionized water, and allowed 
to dry in ambient atmosphere.

The fibers after bleaching were demineralized 
by immersion in 0.5% w/w HCl with a material-to-
liquor ratio of 1:35 at 40  °C for 1  h. Then the fib-
ers were drained, rinsed twice with deionized water, 
and immersed in a solution of 1 g/L sodium acetate 
with material to liquor ratio of 1:35 at 40 °C for 1 h, 

drained, rinsed thrice in deionized water, and dried in 
ambient atmosphere.

Carboxymethylation

All carboxymethylation treatments were performed 
on 2 g fiber in 120 mL reaction media composed of 
NaOH and sodium chloroacetate (MCA) in deionized 
water, under constant stirring. At the end of treat-
ment, the fibers were separated from the media, neu-
tralized by immersion for 1 h in 1 mol/L acetic acid, 
drained, rinsed with deionized water for removal of 
residual salts, drained of excess water, and dried in 
ambient atmosphere.

The compositions of treatment solutions, reaction 
temperatures and durations of treatment are listed in 
Table  1. The primary variables of interest were the 
NaOH concentration in reaction media (0.5  mol/L 
and 4.0  mol/L) and the reaction temperature (30  °C 
and 50 °C). It was also of interest to obtain a broad 
range in degrees of carboxymethylation, and that was 
achieved by varying the MCA content or duration of 
treatment.

For reactions in 0.5 mol/L NaOH, the MCA con-
tent was maintained always at 0.644  mol/L but the 
treatment durations were of 24  h, 72  h and 168  h. 
These conditions were derived from results of pre-
liminary experiments described in the following sec-
tion. For reactions in 4.0  mol/L NaOH, a near total 

Table 1   The treatment conditions and solution compositions 
employed in investigations

a Here, it was necessary to replenish the NaOH after 25  h to 
maintain the alkalinity at levels necessary for MCA hydrolysis. 
That was performed with addition (or a “spike”) of 5 mL from 
a solution of 9.5 mol/L NaOH. To maintain the material-to-liq-
uor ratio, a volume of 5 mL was withdrawn from the reaction 
medium before the spike

Reaction components 
(mol/L)

Treatment duration

NaOH MCA At temperature 
30 °C

At temperature 50 °C

0.5 0.644 24 h 24 h
0.644 168 h 72 h (with alkali 

spike after 25 h)a

4.0 0.644 24 h 4 h
0.322 24 h 4 h
0.161 24 h 4 h
0.081 24 h 4 h
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hydrolysis of MCA was observed within 24  h at 
30 °C and within 4 h at 50 °C in previous work (Bog-
ner et al. 2024). Hence, in this work, the duration of 
treatment was set at 24 h and 4 h for all reactions at 
30 °C and 50 °C respectively, but the content of MCA 
in reaction media was varied from 0.081  mol/L to 
0.644 mol/L, beyond which the reagent is difficult to 
dissolve in aqueous alkaline media.

Analyses of reaction media

The reaction media after fiber-treatment were ana-
lyzed for residual contents of NaOH with acid–base 
titration, and high–performance liquid chromatogra-
phy (HPLC) was employed to assess unreacted MCA, 
glycolic acid (GA) and diglycolic acid (dGA), as 
described previously (Bogner et al. 2024). “No-fiber” 
blank measurements were also performed, i.e., the 
contents of alkali, MCA, GA and diglycolic acid dGA 
were measured in reaction media subjected to differ-
ent times/temperatures, but without any fiber.

Fiber analyses

Detailed descriptions of the procedures for all analy-
ses were reported previously (Bogner et  al. 2024), 
and are only briefly summarized below.

The degree of carboxymethylation on fibers was 
quantified through determination of the carboxyl 
group content with the back titration method of 
TAPPI standard T237 om-08 (TAPPI 2008). To vali-
date these results, the carboxyl content was deter-
mined also with conductometric titration on a smaller 
set of fibers.

Fourier Transform Infrared Spectroscopy (FTIR) 
was used to determine the proportion (or “den-
sity”) of carboxyl groups in samples, from the ratio 
of absorbance intensity in the region of 1600  cm−1 
attributed to absorbance of deprotonated carboxyl 
groups (Mohkami and Talaeipour 2011; Li et  al. 
2020), to the absorbance intensity in the region of 
1156  cm−1 attributed to absorbance of the C–O–C 
glycosidic linkages due to asymmetric stretching 
(Marchessault and Liang 1960; Carrillo et al. 2004). 
These measurements were performed both in Attenu-
ated Total Reflectance (ATR) mode on intact fibers 
and in transmission mode after milling fibers and pel-
letizing them with spectroscopic grade KBr. All fibers 

were subjected to a deprotonation step prior to the 
measurements.

The levels of methylene blue dye sorption by fibers 
from solutions buffered to pH 8.5 were determined 
photometrically. The reflectance spectra of fibers after 
methylene blue sorption were measured for assess-
ment of absorbance intensities (or color depth) with 
the Kubelka–Munk function (Eqs. 1 and 2), of shifts 
in their wavelengths of peak absorbance (Eq.  3), as 
well as of changes in their color coordinates as per 
the CIE 1976 system.

where,

K/Sλ	� K/S at wavelength λ.

Rλ         �fractional reflectance at wavelength λ.
K/Sav    �average K/S.
nλ	� number of measurements in the 400–740 nm 

range (= 35).
λscspectral centroid, measure of shift in absorbance 
peak (Stone 1967).

Results and discussion

Preliminary experiments

Preliminary experiments were performed to decide 
on the treatment durations with 0.5  mol/L NaOH. 
Reaction media were prepared with all components 
except fibers and maintained at 30 °C and 50 °C for 
a range of durations, and the residual contents of 
reactants and reaction products (NaOH, MCA, GA 
and dGA) were periodically analyzed with HPLC. 
The results are available in Table S1. At 30  °C, the 
degree of MCA hydrolysis was about 12.9% after 
24 h and 47.0% after 168 h (see Fig. S1). In reactions 
at 50 °C, the degree of MCA hydrolysis appeared to 
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plateau at about 74.1% after 120 h, which was attrib-
uted to insufficient residual NaOH (measured to be 
0.009  mol/L). To further increase hydrolysis levels, 
and thereby to increase levels of fiber carboxymeth-
ylation, more alkali was added after 25 h (5 mL from 
a solution of 9.5 mol/L NaOH). With that, a degree of 
MCA hydrolysis of about 95.7% was obtained after 
72 h.

Analyses of reaction media

The attempt was to obtain a measure of fiber car-
boxymethylation levels from analyses of residual 
concentrations of NaOH and unreacted MCA in reac-
tion media, to support the results from analyses of 
fibers. No significant differences in residual levels 
of reagents were found between blank experiments 
(i.e., with no fiber in media) and fiber treatments (see 
Table  S2). It indicates the presence of fiber had no 
measurable impact on consumption levels of NaOH 
or MCA, and is attributed to the low degrees of fiber 
carboxymethylation attained under the reaction con-
ditions employed.

Fiber analyses results

Results of the fiber analyses are shown in Table  2. 
The carboxyl contents, as measured with back titra-
tion, was on average 18.7  mmol/kg in the cleaned 
fibers, which after treatment with 4.0  mol/L NaOH 
alone (alkali treated reference), increased by about 
2%. In carboxymethylated fibers, the carboxyl con-
tents ranged on average between 54.8–436.8  mmol/
kg, which corresponds to average degrees of substi-
tution of 0.009–0.073. The conductometric meas-
urements of carboxyl group content, performed on 
selected samples to validate the back titration results, 
yielded very similar values across the range of fiber 
carboxymethylation levels (see Fig. S2).

In treatments with media containing 0.5  mol/L 
NaOH, the carboxyl contents increased with longer 
treatment durations and higher temperatures. The 
alkali spike in reactions at 50  °C also improved the 
carboxyl content. In treatments with media containing 
4.0  mol/L NaOH, the carboxyl contents changed in 
proportion to MCA content, but decreased with rise 
in temperature.

Table 2   Results of fiber analyses. Mean values are shown along with the standard deviation in parentheses

a Carboxyl group content, bback titration, cconductometric titration, dmethylene blue dye sorption, etransmission mode, fthe alkali 
treated reference denotes fibers treated only in 4.0 mol/L NaOH, g “—” signifies not measured

Fiber sample COOH content a (mmol/kg) MB d (mmol/kg) Normalized FTIR absorbance

A-B b Cond. c ATR​ KBr e

Cleaned fiber (scoured, bleached, demineral-
ized)

18.7 (0.2) 14.9 (2.5) 5.0 (0.8) 0.048 (0.004) 0.078 (0.029)

Alkali treated reference f (4.0 mol/L NaOH) 19.1 (3.0) 12.0 (0.3) 9.7 (2.7) 0.086 (0.035) 0.102 (0.006)
Treated with NaOH = 0.5 mol/L, MCA = 0.644 mol/L

  30 °C 24 h 54.8 (5.9) — g 20.6 (7.8) 0.032 (0.020) 0.091 (0.000)
168 h 129.2 (0.8) 107.4 (2.3) 52.5 (0.4) 0.128 (0.007) 0.173 (0.017)

  50 °C 24 h 110.8 (5.0) — 50.8 (0.4) 0.132 (0.005) 0.125 (0.001)
72 h (with alkali spike) 173.7 (0.7) 172.0 (10.8) 76.0 (1.0) 0.180 (0.001) 0.160 (0.016)

Treated with NaOH = 4.0 mol/L, Duration = 24 h (30 °C) and 4 h (50 °C)
  30 °C 0.644 mol/L MCA 436.8 (2.4) 410.4 (11.4) 94.4 (0.1) 0.606 (0.029) 0.411 (0.027)

0.322 mol/L MCA 214.9 (8.9) 189.2 (16.2) 59.6 (2.1) 0.464 (0.007) 0.275 (0.045)
0.161 mol/L MCA 135.3 (5.9) — 32.0 (1.8) 0.239 (0.019) 0.183 (0.003)
0.081 mol/L MCA 76.2 (5.0) — 24.1 (1.5) 0.134 (0.030) 0.149 (0.028)

  50 °C 0.644 mol/L MCA 392.9 (1.2) 380.4 (19.4) 89.7 (0.5) 0.625 (0.005) 0.422 (0.031)
0.322 mol/L MCA 190.3 (2.5) — 50.8 (1.3) 0.354 (0.014) 0.231 (0.010)
0.161 mol/L MCA 116.4 (3.4) 88.7 (1.9) 25.2 (1.4) 0.211 (0.007) 0.164 (0.019)
0.081 mol/L MCA 65.1 (1.4) — 22.2 (0.1) 0.122 (0.029) 0.120 (0.017)
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The methylene blue sorption measurements were 
performed to assess fiber “performance” after car-
boxymethylation, and the results are shown in Fig. 1. 
The mechanism of interaction is that of ion-exchange 
between the dye cation and fiber carboxylate anion at 
a 1:1 stoichiometric ratio (Stone and Bradley 1967). 
The observed molar ratios of dye sorbed to fiber car-
boxyl groups on average was 0.27 for cleaned fibers 
and fibers treated only in 4 mol/L NaOH, 0.38–0.46 
for fibers carboxymethylated in 0.5  mol/L NaOH, 
and 0.22–0.34 for fibers carboxymethylated in 
4  mol/L NaOH. The observed stoichiometries may 
be regarded as indications of dye cation accessibility 
to fiber carboxylate anions. Thus, there was greater 
accessibility of dye cations to carboxylate anions in 
fibers reacted in 0.5  mol/L NaOH as compared to 
4 mol/L NaOH.

The absorbance intensities related to the deproto-
nated carboxyl group, normalized with respect to that 
of the glycosidic linkage, from FTIR spectroscopy in 
ATR and transmission modes, are shown in Fig.  2. 
The carboxylate group absorbance peak occurred at 
1591 cm−1 in ATR spectra and at 1600 cm−1 in trans-
mission measurements. Small peak shifts between 
ATR and transmission spectra are attributed to the 
effects of sample refractive index and its thickness on ATR measurements (Harrick and du Pré 1966; Nunn 

and Nishikida 2008).
In ATR mode, the incident beam penetration depth 

into samples is limited to between 0.5–5  µm (PIKE 
Technologies Inc. 2018). The measurements were 
performed on intact fibers, and thus the normalized 
intensities are proportional to the proportion of car-
boxylate groups (or their density) in the vicinity of 
fiber surfaces. In transmission mode measurements, 
the specimens from fiber samples were milled before 
being pelletized with KBr, and thus the normalized 
intensities are representative of the bulk density of 
carboxylate groups in samples.

Quasi-linear relationships were obtained between 
the normalized FTIR absorbance intensities and fiber 
carboxyl contents (see Fig. 2). Up to about 175 mmol/
kg of fiber carboxyl content, generally no significant 
differences may be observed between the values from 
ATR and transmission measurements. This region 
includes all fibers from reactions in 0.5 mol/L NaOH 
and some from reactions in 4.0  mol/L NaOH. With 
further rise in carboxyl content, the ratios from ATR 
measurements are greater than those from transmis-
sion measurements. It suggests that in fibers with 

Fig. 1   Methylene blue dye sorption levels as function of car-
boxyl content determined by back titration. The diagonal solid 
line represents a 1:1 ratio between the abscissa and ordinate. 
The marker colors represent treatment sets: cleaned fibers ( ), 
fibers treated only in 4.0 mol/L NaOH ( ), in 0.5 mol/L NaOH 
at 30°C ( ), in 0.5 mol/L NaOH at 50°C ( ), in 4 mol/L 
NaOH at 30°C ( ) and in 4 mol/L NaOH at 50°C ( ). In some 
instances, data point sizes exceed those of the error bars

Fig. 2   Absorbance peak intensities at 1591 cm-1 and 1600 
cm-1 from ATR and transmission spectra respectively, normal-
ized with respect to the corresponding intensities at 1156 cm-1. 
The circles are data from ATR spectra, and the triangles from 
transmission spectra. The marker colors represent treatment sets: 
cleaned fibers ( , ), fibers treated only in 4.0 mol/L NaOH (
, ), in 0.5 mol/L NaOH at 30°C ( , ), in 0.5 mol/L NaOH at 
50°C ( , ), in 4.0 mol/L NaOH at 30°C ( , ) and in 4.0 mol/L 
NaOH at 50°C ( , ). In some instances, data point sizes exceed 
those of the error bars
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carboxymethylation levels of up to 175 mmol/kg, the 
distribution of substituents through fiber structures 
was more uniform as compared to fibers with higher 
levels of carboxymethylation, where the surface den-
sity of carboxyl contents was greater than the bulk 
density.

When the levels of methylene blue sorption are 
plotted against normalized FTIR-ATR absorbance 
intensities (see Fig.  3), two distinct near-linear rela-
tionships may be observed—one corresponding to 
fibers reacted in 0.5  mol/L NaOH, which has a sig-
nificantly greater gradient of change as compared 
to the other, which corresponds to fibers reacted in 
4.0  mol/L NaOH. It implies a greater extent of dye 
interactions per unit surface density of carboxylate 
anions in fibers from reactions in 0.5 mol/L NaOH as 
compared to 4.0 mol/L NaOH. This is despite the fact 
that in Fig.  2, the FTIR-ATR absorbance intensities 
appear to vary only with the carboxyl content and no 
influence of the alkali level in treatment is observed.

A probable explanation for the apparent contradic-
tion is that the accessibility to carboxylate anions may 
not be the same for the dye cation as compared to the 
incident infrared beam. As discussed above, the depth 
of incident beam penetration into substrates may 
extend up to 5  µm, and thus all carboxylate groups 

in that region will contribute to the absorbance sig-
nal in FTIR-ATR spectroscopy. If the accessibility of 
dye cations is limited to shallower depths, it will be 
reflected in a lower rate of change in dye sorption per 
unit change in normalized intensity. It also suggests 
that the carboxymethylation reaction occurred up to 
greater depths in treatments with 4.0 mol/L NaOH as 
compared to 0.5 mol/L NaOH.

The K/S value calculated with Eq. 1 is a measure 
of the absorbance intensity at each measured wave-
length in the range 400–700 nm, and the average cal-
culated with Eq. 2 is a measure of the overall absorb-
ance (or color) intensity. The spectra of K/S values 
from selected samples after methylene blue sorption 
are shown in Fig. S3(a). With rise in overall absorb-
ance intensity, a shift in the wavelength of absorbance 
maxima towards lower wavelengths, i.e., hypsochro-
mic shift, may be observed. That resulted in a change 
of the color, which is represented on the CIE 1976 
chromaticity diagram in Fig. S3(b).

A plot of the overall color intensity (K/Sav) against 
methylene blue dye sorption levels, see Fig. 4a, shows 
an initial rapid rise in color intensity as dye sorption 
levels increased from ca. 20  mmol/kg to 40  mmol/
kg, followed by a more gradual change as dye sorp-
tion levels increased further to ca. 100 mmol/kg. No 
differences may be discerned between fibers from dif-
ferent treatment conditions in these trends. In opaque 
solids such as fibers, the color intensity is propor-
tional to colorant amounts at or near their surfaces. 
The initial, near vertical, rise in color intensity with 
dye sorption suggests dye accumulation at or near 
fiber surfaces and the later gradual rise is indicative 
of dye permeation beyond the surface further into the 
fiber bulk. The pattern of change in K/Sav appeared 
not to be influenced by any of the treatment variables 
during carboxymethylation (alkali level, temperature).

The shifts in wavelength of maximum absorbance 
may be quantified with the spectral centroid (λsc) as 
calculated with Eq. 3 (Stone 1967), and that is plot-
ted against dye sorption levels in Fig.  4b. The hyp-
sochromic shift, termed “metachromasy”, is known 
to occur with methylene blue sorption on cellulose 
polyanions including carboxymethyl cellulose, and is 
proportional to the degree of close packing between 
the sorbed dye molecules (Pal 1958; Bergeron and 
Singer 1958; Lawton and Phillips 1982). It may be 
observed in Fig. 4b, that the spectral centroid of the 
absorbance spectra decreased (i.e., metachromasy 

Fig. 3   The levels of methylene blue sorption in fibers plotted 
vs. their normalized FTIR-ATR intensities. The marker colors 
represent treatment sets: cleaned fibers ( ), fibers treated only 
in 4.0 mol/L NaOH ( ), in 0.5 mol/L NaOH at 30°C ( ), in 
0.5 mol/L NaOH at 50°C ( ), in 4 mol/L NaOH at 30°C (
) and in 4 mol/L NaOH at 50°C ( ). In some instances, data 
point sizes exceed those of the error bars



7320	 Cellulose (2024) 31:7313–7324

1 3
Vol:. (1234567890)

levels increased) in a near-linear fashion with rise in 
levels of dye sorption. Again, no discernible differ-
ences may be observed between fibers from different 
treatment conditions.

Comparisons to results from previous work on 
carboxymethylation of viscose fibers

In Table 3, comparisons are shown between viscose 
fibers from previous work and cotton fibers from this 
work, of the ranges observed in carboxyl contents and 
in molar ratios of dye sorption to carboxyl groups. 
Cotton after carboxymethylation exhibited carboxyl 
contents in the range of ca. 50–440 mmol/kg and vis-
cose in the range of ca. 170–625 mmol/kg. Both fiber 
types are represented in the carboxyl content range 

of ca. 170–440 mmol/kg, but values in the range ca. 
50–170 mmol/kg were observed only for cotton and 
those in the range ca. 440–625 mmol/kg only for vis-
cose. Despite limits to the range of carboxyl contents 
where both fiber types are represented, comparisons 
between the two yield observations of interest.

The differences in degrees of carboxymethyla-
tion between fiber types (cotton and viscose) may be 
attributed to greater accessibility during reaction. All 
reactions were performed in alkaline media, where 
viscose fibers swell to greater levels than cotton (You 
et  al. 2021), which may be attributed to the lower 
molecular weight (i.e., degree of polymerization) 
and lower degree of crystallinity typical of viscose 
in comparison to cotton (Bredereck and Hermanutz 
2005). Further, cellulose swelling levels in 4.0 mol/L 

Fig. 4   Profiles of (a) color intensity, i.e., K/Sav, and (b) spec-
tral centroid, λsc vs. methylene blue sorption in fibers. The 
marker colors represent treatment sets: cleaned fibers ( ), fib-
ers treated only in 4.0 mol/L NaOH ( ), in 0.5 mol/L NaOH 

at 30°C ( ), in 0.5 mol/L NaOH at 50°C ( ), in 4 mol/L 
NaOH at 30°C ( ) and in 4 mol/L NaOH at 50°C ( ). In some 
instances, data point sizes exceed those of the error bars

Table 3   The ranges in 
carboxyl content and molar 
ratio of dye sorption to 
carboxyl content in cotton 
and viscose fibers from 
comparable treatments

Treatment Cotton Viscose

COOH content 
(mmol/kg)

Dye/COOH 
molar ratio

COOH content 
(mmol/kg)

Dye/COOH 
molar ratio

Cleaned 18.7 0.27 67.5 0.12
Alkali-treated reference 19.1 0.51 63.7 0.23
Carboxymethylation in 

0.5 mol/L NaOH (30 °C 
and 50 °C)

54.8–173.7 0.38–0.46 169.6–377.3 0.25–0.31

Carboxymethylation in 
4.0 mol/L NaOH (30 °C 
and 50 °C)

65.1–436.8 0.22–0.34 168.9–623.3 0.14–0.21
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NaOH are greater than in 0.5 mol/L NaOH (Klemm 
et  al. 1998), to which may be attributed the greater 
degree of carboxymethylation at the higher levels of 
alkali content.

However, in comparisons of methylene blue sorp-
tion, cotton fibers performed better than the viscose, 
and fibers treated in 0.5  mol/L NaOH performed 
better than fibers reacted in 4.0  mol/L NaOH. The 
comparison between molar ratios of dye sorption 
to carboxyl content shown in Table  3, are reflected 
in Fig.  S4, where it may be observed that at similar 
levels of carboxymethylation, the degree of dye sorp-
tion increased in the order of fiber/reaction medium: 
viscose/4.0 mol/L NaOH < viscose/0.5 mol/L NaOH≅
cotton/4.0  mol/L NaOH < cotton/0.5  mol/L NaOH. 
As dye sorption stoichiometries may be regarded as a 
measure of dye cation accessibility to fiber carboxy-
late anions, it may be accepted that the accessibility 
changed in the same order. The treatment temperature 
influenced the degree of carboxymethylation but did 
not appear to exert influence on their accessibility, and 
the observed differences appeared to relate primarily 
to the fiber type and NaOH content in reaction media.

One factor that may limit accessibility of carboxyl 
groups to dye cations is the depth to which the car-
boxymethylation occurs within fiber structures. Indi-
cations of differences in carboxymethylation depths 
may be obtained from the normalized FTIR absorb-
ance intensities. The proportionality of normalized 
FTIR-ATR absorbance intensities to carboxyl content 
did not differ between cotton and viscose fibers, or 
between fibers from different NaOH contents in reac-
tion media (Fig. S5). But when the levels of methyl-
ene blue sorption are plotted against the normalized 
FTIR-ATR intensities (Fig.  S6), distinctly different 
proportionalities are evident as function of fiber type 
and NaOH content in reaction media. That suggests 
not all of the carboxyl groups detectable with FTIR-
ATR spectroscopy are accessible to dye cations, and 
thus the observed differences in Fig. S6, which mirror 
the order observed in molar ratios of dye sorption to 
carboxyl content, result from differences of carboxy-
methylation depths. It is also reasonable to expect that 
greater levels of swelling during reaction will allow 
for greater depths to which reactions can occur within 
fibers. As stated above, viscose fibers swell to greater 
levels than cotton in alkali solutions, and cellulose 
swells to greater extents in 4.0 mol/L NaOH as com-
pared to 0.5 mol/L NaOH (Klemm et al. 1998).

Another factor that may contribute to limiting the 
accessibility of carboxyl groups is resistance to per-
meation of dye molecules caused by swelling of the 
carboxymethylated fibers in alkaline dye media (dye 
solutions were buffered at pH 8.5). Evidence of per-
meation resistance was observed in the previous work 
(Bogner et al. 2024), from the results of conductomet-
ric titrations on carboxymethylated viscose fibers, and 
similar differences but to smaller extents were also 
observed in the conductometric measurements on cot-
ton. Carboxymethylation significantly increases the 
swelling and gelation propensity of cellulose (Thielk-
ing and Schmidt 2006), and the extents vary in direct 
proportion to the degree of substitution and in inverse 
proportion to the chain lengths of the cellulose poly-
mer. The uniformity of substitution patterns along the 
individual polymer chains may also exert an influence 
(Stigsson et  al. 2006). The lower permeation resist-
ance in cotton as compared to viscose, may be attrib-
uted to the inherently lower degree of polymerization 
in viscose as compared to cotton (Bredereck and Her-
manutz 2005).

The K/Sav (or color intensity) is proportional to dye 
contents in the surface regions, and thus if two fib-
ers exhibit similar dye sorption levels but differences 
of color intensity, it may be inferred there was more 
surface accumulation of dyes in fibers exhibiting 
the higher K/Sav. A greater surface accumulation for 
similar dye sorption levels may be regarded as indi-
cation of lower dye permeation. In Fig.  S7a, it may 
be noted that in the region of about 80–100  mmol/
kg dye sorption, the color intensities were simi-
lar for both cotton and viscose carboxymethylated 
in 4.0  mol/L NaOH but those for viscose carboxy-
methylated in 0.5  mol/L NaOH were lower. The 
metachromasy levels (Fig. S7b) which are related to 
the degree of dye close-packing, although similar for 
all carboxymethylated fibers up to about 80 mmol/kg 
dye sorption, increased in the order of fiber/reaction 
medium: viscose/0.5 mol/L NaOH < cotton/4.0 mol/L 
NaOH < viscose/4.0  mol/L NaOH in the region of 
about 80–100 mmol/kg dye sorption, which suggests 
dye permeation resistance decreased in the same 
order. The dye sorption levels of cotton fibers car-
boxymethylated in 0.5 mol/L NaOH ranged between 
about 21–76  mmol/kg, and significant differences 
of metachromasy were not observed in that region 
between fiber types and NaOH contents in reaction 
media.
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Conclusion

The influence of treatment variables (NaOH content, 
temperature) on the degree of carboxymethylation in 
cotton was similar to that observed previously in vis-
cose (Bogner et  al. 2024). A rise in NaOH content 
from 0.5 mol/L to 4.0 mol/L improved carboxymeth-
ylation levels, and treatments at 50 °C improved car-
boxymethylation levels as compared to 30  °C when 
the NaOH content was lower but the reverse was 
observed when the NaOH content was higher. These 
trends are attributed to the effect of treatment varia-
bles on the propensity of MCA reaction with cellulose 
relative to MCA hydrolysis in the reaction medium.

Low levels of carboxymethylation were obtained 
in the work, and that may be attributed to the choice 
of treatment conditions. The reaction medium was 
limited to only aqueous solutions of NaOH without 
addition of any alcohol, and high liquor ratios (i.e., 
solution volume per unit fiber mass) were employed. 
Such conditions favor hydrolysis of the MCA over 
its reaction with cellulose (Zhang et  al. 1993). The 
restriction on reaction medium composition was 
because, as explained in the introduction section, the 
use of alcohols is difficult in large-scale textile treat-
ment operations. A high liquor ratio was employed to 
ensure thorough and complete wetting of fibers with 
the treatment solutions. The primary focus of the 
work was to gain understanding of the influence of 
cellulose fiber supramolecular structure and morphol-
ogy, on the progress of carboxymethylation reactions 
and performance of the carboxymethylated fibers, 
where the performance metric was sorption levels of 
a cationic dye, methylene blue. Despite the low lev-
els of carboxymethylation, interesting insights were 
obtained on comparing the results between treatments 
on cotton fibers versus viscose fibers.

Not one of the carboxymethylated fibers, either 
cotton or viscose, exhibited a 1:1 stoichiometry of 
carboxyl group content to dye sorption level. The 
highest molar ratio of dye sorption to carboxyl group 
content was in the region of 0.46, i.e., at best only 
about half of the carboxyl groups in fibers were avail-
able for interaction with dye molecules.

The dye accessibility to fiber carboxyl groups 
decreased in the following order of fiber/reaction 
medium: cotton/0.5  mol/L NaOH > cotton/4.0  mol/L 
NaOH≅viscose/0.5  mol/L NaOH > viscose/4.0  mol/L 
NaOH. The order appears related to the level of fiber 

swelling in reaction media, as greater swelling levels 
would allow for greater depths to which carboxymethyla-
tion reactions can occur within fiber structures. Another 
factor contributing to reduced accessibility may be resist-
ance to dye permeation caused by fiber swelling and 
gelation, and some evidence of that was also observed.

All evidence in this work point to differences in 
depth to which the carboxymethylation reactions 
occurred within fiber structures i.e., from the surface 
towards the fiber core. The difference in normalized 
intensities between ATR and transmission modes of 
FTIR spectroscopy were very similar in both fibers, 
which suggests similar gradients in distribution of the 
substituted carboxymethyl groups from the surface 
to the core. However, there is yet no clarity on how 
the carboxymethyl groups are distributed through the 
fiber bulk. It is of interest to know, for example, what 
is the level of carboxymethylation at the core regions 
in both fibers and how the distribution of pores may 
have influenced distribution of the carboxymethyl 
groups. Investigations of this aspect are ongoing with 
spatial mapping of the carboxyl groups through fiber 
cross-sections with atomic force microscopy com-
bined with FTIR spectroscopy. Another area of inves-
tigation is to examine if the observed differences in 
dye sorption to carboxyl content are also reflected in 
another metric of performance, that of water and mois-
ture sorption. These investigations are also underway.

Further questions of interest worthy of investigation 
include if similar results will be obtained with other 
alkali types (e.g., KOH instead of NaOH), and what 
effects will be observed with other modification reac-
tions (e.g., acetylation instead of carboxymethylation).
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