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We present a brief overview of the main rheological phenomena associated with solutions and gels
of carboxymethyl cellulose, a widely used ionic cellulose ether. When the number of carboxymethyl
groups per monomer (DS) exceeds a value of ' 1, chains behave as hydrophilic polymers with weak
associative interactions. Their behaviour is similar to that of other semiflexible polyelectrolytes.
For lower degrees of substitution, unsubstituted patches along the chains act as temporary stickers
leading to associative solution rheology and weak gel formation at high concentrations. The influence
of environmental parameters such as temperature, pH and added salt content is discussed. The
rheological properties of mixtures of NaCMC with surfactants and colloids is reviewed.
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1. INTRODUCTION

Carboxymethyl cellulose, usually employed as its
sodium salt (NaCMC) is the most widely produced
ionic cellulose ether.[1–3] It functions as a viscosify-
ing and structuring agent in a multitude of industrial
formulations.[4–12] For such products, the rheological
properties of CMC solutions and gels are key to its per-
formance. CMC can also be used in the production of
various soft materials such as hydrogels.[13, 14] Here we
give a short overview of such properties and discuss the
main rheological phenomena observed for CMC. For a
detailed discussion of the structure and supramolecular
aggregation of CMC, see ref. [3]

Etherification of activated cellulose with chloroacetic
acid introduces carboxymethyl groups along the cellulose
backbone.[15, 16] The extent of substitution is usually
quantified by the degree of substitution (DS), defined
as the average number of substituted hydroxyl groups
per anhydroglucose unit. In commercial samples, which
are commonly produced by the slurry process, the distri-
bution of substituents can be relatively homogeneous or
highly heterogeneous depending on the synthesis condi-
tions and the overall DS. This heterogeneity occurs both
along individual chains and across different chains within
the sample. As a result, CMC samples contain a dis-
tribution of average chain DS values[17–19] and, even
for chains with similar average DS, different substitution
patterns may exist, ranging from nearly random substitu-
tion to highly blocky sequences with long unsubstituted
cellulose segments.[20–22]

Broadly speaking, carboxymethyl cellulose samples
can be divided into highly substituted grades (DS >⇠
1) and weakly substituted grades (DS <⇠ 1).[23, 24]
Highly substituted samples are characterised by well-
dispersed, molecularly dissolved chains[25, 26] that be-
have similarly to hydrophilic polyelectrolytes.[27, 28]
Weakly substituted grades contain a fraction of chains
with long unsubstituted cellulose patches along the back-
bone, which result supramolecular aggregates[3, 29, 30]
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and act as interchain stickers.[31] These associations pro-
duce rheological behaviour characteristic of hydropho-
bic polymers, including weak physical gel formation and
thixotropy.[32, 33]

We begin by discussing the dilute solution viscosity be-
haviour of NaCMC, which is important for molar mass
characterisation and then introduce the rheological prop-
erties of weakly and highly substituted CMC. We discuss
the main rheological phenomena associated with changes
in environmental conditions (pH, temperature, and salt
content) and conclude with examples of the interaction
of NaCMC with surfactants, colloids and trivalent ions.

2. DILUTE SOLUTION BEHAVIOUR

The dilute-solution viscosity of NaCMC in excess salt
is characterised by the intrinsic viscosity, [⌘], which mea-
sures the hydrodynamic volume of the CMC coils, and by
the Huggins coefficient, kH , which describes the concen-
tration dependence of the reduced viscosity, ⌘red. The
Huggins equation is:

⌘red ⌘ ⌘sp
c

= [⌘] + kH [⌘]2c, (1)

where ⌘sp = (⌘ � ⌘s)/⌘s is the specific viscosity, ⌘ is the
solution viscosity, and ⌘s is the solvent viscosity.

The overlap concentration, defined as the concentra-
tion at which chains begin to interpenetrate, can be ap-
proximated as c⇤ ' [⌘]�1. The product c⇤[⌘] is known as
the overlap parameter and is used to construct universal
functions for several rheological properties, as discussed
below.

When expressed in inverse molar concentration units,
the intrinsic viscosity depends weakly on the degree of
substitution and follows a power law with the degree of
polymerisation. If [⌘] is expressed in the usual units of
volume per mass, this relation becomes:

[⌘]M0 = KN↵, (2)

where M0 = 160 + 80 ⇥ DS is the molar mass of a
monomer and N = M/M0 is the degree of polymeri-
sation. The values of K and ↵ depend on the added salt



2

concentration.[34] The exponent ↵ usually takes a value
somewhat larger than the Zimm prediction of 0.784, see
ref. [35] for a compilation of literature data for NaCMC.

Equation 1 remains valid for c <⇠ [⌘]�1, corresponding
to the dilute regime, and applies only under excess salt
conditions, 2cS � fc.[36, 37] Here, cS is the concentra-
tion of added salt, assumed to be monovalent, f is the
fraction of monomers with a free counterion, ' 0.5 for
NaCMC in water, and c is the polymer concentration ex-
pressed as the number concentration of monomers. In
the low-salt regime, the reduced viscosity increases upon
dilution,[38, 39] which makes extrapolation to zero con-
centration more involved.[40] In practice, using the cri-
terion that at the overlap concentration the viscosity of
a solution is twice that of the solvent, i.e., ⌘sp(c⇤) ' 1,
the overlap concentration of NaCMC solutions in water
can be estimated and a relation of c⇤ / N�2 has been
found, corresponding to highly extended, rod-like config-
urations. As salt is added, the chains progressively fold
and their hydrodynamic volume decreases, with the cor-
responding increase in the overlap concentration.

Dilute solutions of NaCMC are non-Newtonian
liquids.[41–43] Therefore, the viscosity measured by glass
capillary viscometry, which typically applies shear rates
of 102–103 s�1, does not always correspond to the zero-
shear, Newtonian limit. Shear thinning becomes more
significant as the molar mass increases or the ionic
strength of the solvent decreases. Care is therefore
required to ensure that viscosity measurements corre-
spond to the Newtonian regime, as discussed in earlier
literature.[3, 40, 44, 45]

3. SEMIDILUTE AND CONCENTRATED
SOLUTIONS AND GELS

3.1. Highly substituted CMC

3.1.1. General properties

Figure 1 shows the shear-rate dependence of the spe-
cific viscosity of NaCMC solutions with DS = 1 at dif-
ferent concentrations. The curves include measurements
in DI water and in aqueous NaCl solutions. Addition of
NaCl decreases the solution viscosity and shifts the on-
set of shear thinning to higher shear rates. This effect
is most pronounced at low concentrations and becomes
negligible at high concentrations.

The shear-rate dependence of the apparent viscosity
of NaCMC solutions can be described by the generalised
Carreau-Yasuda model,

⌘(�̇) =
⌘(0)

[1 + (⌧ �̇)b]n/b
, (3)

where ⌘(0) is the zero-shear viscosity, ⌧ is the longest
relaxation time, �̇ is the shear rate, n is the flow index,
which describes the power-law dependence of the viscos-
ity at high shear rates, and b determines the sharpness
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Figure 10 Shear viscosity in the Newtonian region (~/0) and at a shear rate of 0.1 s ~ as well as the storage modulus, G', at a frequency of 1.0 rad s I as 
a function of DS for the same samples and conditions as in Figure 9 

Table 3 Compilation of the mean molar masses for some of the first 
set of samples, calculated by means of equation (1) 

DS Molar mass (gmol i) 

0.86 1 440 000 
0.95 1 740 000 
0.97 1 710 000 
0.99 1 680 000 
1.11 1 530 000 
1.20 1460 000 
1.31 1 470 000 
1.41 1 360 000 
2.29 1 170 000 

observable transition from turbid (suspension) to clear 
solution in the region around DS = 0.85. Chemical 
structure can thus be seen to have a clear influence on 
the macroscopic behaviour for degrees of  substitution 
below 1. 

The drop in viscosity and elasticity yield observed on 

further increase of  the DS can be interpreted as a 
consequence of the corresponding decline in the mean 
molar mass, as can be seen in Table 3. This does not 
clarify whether the lower molar masses are a result of 
polymer chain degradation with increasing duration of 
the etherification reaction or of  an inferior tendency for 
the more highly substituted CMCs to form aggregates. 
Both effects may play a role. 

In order to estimate the influence of the solvent on the 
viscosity, CMC solutions with differing polymer con- 
centrations were analysed rheologically in deionized 

in 0.01 and 1 .0mol l -  sodium chloride water and 1 
solutions. Some representative results are given in 
Figure 11. 

At low polymer concentration the viscosity of  the 
solution falls sharply as the salt content rises, particu- 
larly in the low shear-rate range. As the concentration of 
the CMC solutions increases, this effect becomes 
significantly weaker. Under the influence of salt ions or 

Figure 11 
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FIG. 1. Viscosity as a function of shear rate for NaCMC
solutions in DI water and in aqueous NaCl solutions. Figure
adapted from ref. [46].

of the crossover between the low-shear Newtonian regime
and the high-shear power-law regime.

For low and moderate polymer concentrations, the
Carreau model, corresponding to Eq. 3 with b = 2, de-
scribes the data well. At high concentrations, however,
the transition from the Newtonian regime to the power-
law regime becomes too broad to be fitted accurately by
the Carreau model.[33]

The flow properties of semidilute and concentrated so-
lutions of high-DS CMC are similar to those of other
semiflexible, hydrophilic polyelectrolytes.[27, 47–49] Fig-
ure 2 plots the specific viscosity as a function of polymer
concentration for NaCMC (DS ' 1.2) in deionised wa-
ter and in aqueous NaCl solutions with concentrations
of added sodium chloride varying between 5 mM and 2
M. In DI water, which has a low residual salt concen-
tration of ' 4 ⇥ 10�6 M due to CO2 in the air which
dissolved to form carbonic acid, the viscosity first scales
as ⌘sp / c0.68. The 0.68 exponent, which has been ob-
served many times for NaCMCs of varying DS in DI wa-
ter solution,[33, 50–55] is somewhat larger than the the-
oretical relation ⌘sp / c1/2 expected for non-entangled
polyelectrolytes.[56, 57] The square root dependence of
the viscosity on concentration is known as the Fuoss
law.[58, 59] The weak dependence of the scaling expo-
nent on the degree of substitution suggests that associa-
tive interactions between chains do not strongly modify
polymer dynamics in the non-entangled regime.[60]

In salt-containing solutions,[33, 61] the ⌘sp–c expo-
nent in the non-entangled regime is close to 1.3, match-
ing the behaviour of neutral polymers in good solvent,
and in agreement with theoretical predictions that in
excess salt conditions electrostatic interactions become
short ranged and their effect is similar to that of ex-
cluded volume in solutions of non-ionic polymers. Above
the entanglement concentration, the exponent gradually
increases[35, 61, 62] to ⌘sp ⇠ c3�4 for both salt-free and
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cone and plate geometry) or a viscometer (LV-DVI-Prime Brookfield
viscometer with a Couette geometry).

■ RESULTS
Viscosity Measurements. Figure 1 shows the specific

viscosity of NaCMC (Mw = 3.2 × 105 g/mol, DS ≃ 1.2)

solutions as a function of polymer and added salt concentration.
As expected, solution viscosities decrease with increasing salt,
the effect being more pronounced at lower polymer
concentrations. The effect of added salt appears to saturate at
high cs values above 0.1 M. These results agree with Hayashi et
al.’s data for sodium hyaluronate,42 where the intrinsic viscosity
was shown to vary only weakly in the same salt concentration
range. Following eq 3, the viscosity in the semidilute
unentangled regime is also expected to be salt independent.
Two regimes can be observed for cs ≥ 0.1 M, namely ηsp ∼ c1.3

at low c and ηsp ∼ c3.5 at high c. At cs = 0.1 M, the Debye−
Hückel screening length is ≃1 nm. This approximately
corresponds to the distance between dissociated charges
along the chain,23 and therefore charges along the chain are
fully screened from each other for cs ≥ 0.1 M. Viscosity data
and associated crossovers for the Mw = 7 × 104 g/mol and Mw
= 1.2 × 106 g/mol samples in salt-free solution are reported in
the Supporting Information, exhibiting power laws in agree-
ment with those in Figure 1. We have estimated the salt
concentration for the Mw = 3.2 × 105 g/mol sample to be ≃0.4
wt %, which we designate as “salt-free”. Such residual salt
content is theoretically expected10 to cause a decrease in
solution viscosity no greater than 3−5%, below the scatter of
the data compilation. Further, the salt-free power laws of ηsp vs
c are expected to remain unaffected by residual salt when the
ratio of polymer to salt concentration is kept constant, which
we have examined experimentally.
Compilation of Literature Data. Values of c*, ce, c**, and

ηsp(c) for samples of varying Mw and DS in salt-free and salt
solutions were obtained from viscosity data from various
reports.6,12,17−19,23,24,26,32,36,37,39,44,46,71−89 Literature data were
carefully reviewed and critically reanalysed taking into account

well-known artifacts of shear thinning and residual salt. We
note that Mw values reported by manufacturers are not always
accurate as systematically examined in section S3 of the
Supporting Information. We have therefore only included
viscosity data for which Mw is known to reasonable accuracy.
The values presented herein are restricted to a robust subset of
measurements, selected as detailed in the Supporting
Information section S1.

Determination of Crossover Concentrations. c* is
determined using eq 2 for samples with added salt and from
ηsp(c*) = 1 for salt-free samples. For samples with added salt, ce
is obtained by fitting data above c* with

� �= + c c(1 ( / ) )qsp Rouse e (6)

which interpolates eqs 3 and 5 for q = 2/(3ν − 1). For salt-free
samples ce is determined from the crossover of ηsp ∼ c1/2 to ηsp
∼ c3/2 (eqs 3 and 5 for ν = 1), and c** is obtained from the
crossover of ηsp ∼ c3/2 to ηsp ∼ c3.4. We find that the best fit
power law exponent for salt-free data in the semidilute
unentangled regime to be ≃0.68 ± 0.06 (see Supporting
Information), higher than the scaling prediction of 1/2.
Although we do not have a definitive explanation for this
discrepancy, chain rigidity and polydispersity may be
contributing factors. The former, related to the relatively
large intrinsic persistence length of NaCMC, has been
discussed in previous work.6 A large polydispersity can also
potentially yield a higher apparent exponent due to the
coexistence of chains in the dilute and semidilute regimes,
characterized by expected power laws of 1 and 1/2. For this
sample, however, the dilute chain fraction, over the
concentration range studied, appears insufficient to account
for the difference observed. We note that both smaller (∼0.33)
and larger (∼0.9−1.1) exponents have also been reported for
sodium polystyrenesulfonate (NaPSS),60 chitosan, and sodium
hyaluronate.90 We have fit the data with the exponent of 1/2 to
keep it consistent with literature reports for other polyelec-
trolytes.60,91 Both methods produce similar results, with few
exceptions detailed in the Supporting Information.

■ DISCUSSION AND ANALYSIS
Scaling Laws in Salt-Free Solutions. Figure 2a shows c*,

ce, and c** as functions of degree of polymerization (N) for
different NaCMC samples, from the literature and our own
measurements. The variation of c* with N (c* ∝ N−2.5±0.6) for
salt-free solutions agrees with eq 1 for ν = 1: c* ∝ N−2. The
dependence of ce ≃ N−0.6±0.3 is however much weaker than the
prediction of eq 4, which expects it to be proportional to c*.
The nonproportionality between c* and ce can be resolved by
considering that n, the number of chain overlaps required to
form an entanglement, depends on N.3,60 The collected data
imply n ∝ N0.45, as plotted in Figure 3. ηsp(ce) should then vary
as ηsp(ce) ≃ n2 ≃ N0.9. This is plotted also as a function of N in
Figure 3, where ηsp(ce) ∝ N0.8±0.2 is observed. A similar
variation for the specific viscosity at c**: ηsp(c**) ∝ N1±0.3 is
observed.
Surprisingly, c** shows a weak but clear dependence on N

(c** ≃ 6ce), which is inconsistent with a crossover to the
concentrated regime, which corresponds to ξ = b0, since both ξ
and b0 are N independent (using ξ values from ref 6 and b0 =
10 nm,49 c(ξ = b0) ≃ 0.03 M). The scattering profiles for
NaCMC in salt-free solution do not exhibit particular changes
across c**.6 We recall that c** was defined by the crossover to

Figure 1.Specific viscosity as a function of polymer concentration and
added salt for NaCMC (DS = 1.2 and Mw = 3.2 × 105 g/mol). Lines
indicate limiting slopes. Salt-free data were reported previously.6
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FIG. 2. Viscosity of NaCMC (M w ' 3.2 ⇥ 105 g/mol. DS
' 1.2) in DI water and aqueous salt solutions as a function of
polymer concentration. Lines are power-law fits, see the text
for details. Figure adapted from [35]. The overlap concentra-
tion corresponds to the point at which ! sp ' 1.

salt-containing solutions. The weak dependence of the
viscosity on added salt concentration[63, 64] at high con-
centrations (c >⇠ 20 g/L) indicates that electrostatics per-
turb the conformation of chains to a small extent. This
regime is sometimes called the concentrated regime or
the neutral polymer regime and is usually observed for
semiflexible polyelectrolyte systems, where the intrinsic
chain rigidity is much larger than the electrostatic one at
modest and high ionic strengths.[40, 65]

3.1.2. Entanglement crossover

As discussed in the preceding section, the overlap con-
centration in excess salt decreases with degree of poly-
merisation as c⇤ ⇠ N�0.78 and for salt-free solutions
as c⇤ ⇠ N�2.[54] These values are in reasonably good
agreement with the theoretical predictions of the scaling
model.[56, 57, 66] In excess salt solution the entanglement
concentration of NaCMC scales as ce ⇠ N�0.78, in agree-
ment with theory.[54] The proportionality between c⇤ and
ce allows the specific viscosity and other rheological prop-
erties to be written as a universal function of c/c⇤.[27, 67]
The molar mass variation of the entanglement concen-
tration in salt-free and low-salt solutions is presently not
well understood. Different studies propose different ways
of quantifying ce as well as ways to interpret the exist-
ing data for NaCMC and other polyelectrolyte solutions,
but no consensus exists on this topic. For an overview
of various points of view, see refs.[54, 68–75]. While no
consensus exists on the precise nature of the entangle-
ment cross-over, it is clear that once the specific viscosity
reaches the regime where it scales as ⌘sp / c3.75, NaCMC

is entangled. Measurements over a wide frequency range
covering the entanglement plateau region would be help-
ful towards understanding when CMC solutions become
entangled. At present these only exist for ionic liquid
solutions.[76]

3.1.3. Entangled dynamics
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FIG. 3. Dependence of various rheological parameters of
NaCMC DS ' 1 in 0.01 M NaCl solution as a function of
the overlap parameter c[! ]. a: specific viscosity, line is Eq.
4. b: longest relaxation time obtained from Carreau-Yasuda
model. c: flow index, also obtained from Eq. 3. Solid line
is Eq. 5. Weight-averaged molar masses are indicated on the
legends. Figure adapted from [67].

Different approaches have been proposed to express the
viscosity and other rheological parameters as functions of
concentration and molar mass. One approach,[46, 77, 78]
extends the Huggins equation (Eq. 1) by adding a term
that accounts for the behaviour in the [⌘]c � 1 limit.
The expanded Huggins equation reads:

⌘sp = c[⌘] + kH(c[⌘])2 +B⌘(c[⌘])
m (4)

where B⌘ and m are parameters which depend on the
solvent but not the molar mass or DS. Analogous ex-
pressions can be written for the longest relaxation time.
The flow index n is usually modelled as an exponential
function of the overlap parameter:[79, 80]

n = 1�Ae�[⌘]c (5)
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diameterand thicknessof 19.0 and 0.5 mm, respectively.The
measuringtemperaturefor theSLSmeasurementswassetat 25.0¡C.
Thescatteringangle(! ) waschangedfrom30to 150¡ every10¡ step.
The magnitudeof the scatteringvectors(q = (4" n/ #)|sin(! /2) |,
wheren istherefractiveindexof wateror salinesolution)rangedfrom
8.86! 10" 3 to 3.31! 10" 2 nm" 1. Toluenewasusedasthestandard
materialfor the transformationof scatteredlight intensitiesto the
absolutevalues.The SLSmeasurementswerecarriedout for the
NaCMC samplesin the saline solutions.The refractiveindex
increment(dn/dc) of the NaCMC samplesin the salinesolutions
wasdeterminedto be 0.137mL g" 1 for NaCMC(0.66:310)and
NaCMC(0.69:420),and0.139mL g" 1 for NaCMC(1.3:280)by use
of an Abberefractometer(NAR-2T, AtagoCo. Ltd., Tokyo) at a
wavelengthof # = 488.0nm. Accordingto Schweinset al.24 and
Bru#ssauet al.,25 the dn/dc dataof a testedpolyelectrolytesample
shouldbeobtainedafterdialysisagainstits solventsalinesolutionto
determinetheMw of thesampleprecisely.However,becausethedn/
dc dataof the NaCMCsamplesweresimplymeasuredin the saline
solutionswithoutdialysisin thisstudy,it canbepossiblethat theMw
valuesdeterminedwereslightlyunderestimated.

Dynamicviscoelasticmeasurementswerecarriedout usingastress-
controlledrheometer(MCR301;AntonPaar,Graz)equippedwith a
coaxialcylindrical(Couette)geometrywith outerandinnerradiiand
a height of 18.1,16.7,and 25.0 mm, respectively,under a strain
controlmode.The testedangularfrequency($ ) rangedfrom 0.1to
397rads" 1 atsometemperaturesrangingfrom" 5.0to 45¡C,andthe
appliedshearstrainamplitudewasÞxedat a smallvalueof 0.05to
determinethelinearstorageandlossmoduli,G$andG%, asfunctions
of $ at each temperature.When the samplesdemonstrated

viscoelasticbehaviorthat wastoo low to be accuratelymeasured,
steady-ßowviscositymeasurementswerecarriedout at shearrates
rangingfrom1.0to 397s" 1 atseveraltemperaturesrangingfrom" 5.0
to 45 ¡C.

An Ubbelohde-typecapillaryviscometerwasusedto determinethe
intrinsicviscosity([ %]) at25¡C for theNaCMCsamplesdissolvedin
the salinesolutions.

! RESULTSAND DISCUSSION
SLSBehavior. The excessRayleighratios(R! ) obtained

fromtheexaminedsamplesolutionsweredeterminedateachq
usingtolueneasthestandard.Theobtainedresultsin theSLS
experimentsareshownin Figure1a,bin themannerof BerryÕs
plots.26 The apparatusconstants(K) necessaryto determine
Mw, theradiusof gyration(Rg) andthesecondVirial constant
(A2) valuesweredeterminedto be3.84! 10" 7 g" 2 cm2 mol for
NaCMC(0.66:310)andNaCMC(0.69:420),and3.95! 10" 7

g" 2 cm2 mol for NaCMC(1.3:280)dependingon the dn/dc
valuesof theNaCMCsamples.The interceptsof straightlines
Þt to datapointsat low q2 in Figure1a andto c in Figure1b,

Kc R Kc Rlim / ( / )
c c0 0

=
=

a n d

Kc R Kc Rlim / ( / )
q q0 02 2=

=
, both provide the M1/ w

value.Moreover,the slopesof the straightlinesobservedin
Figure 1a provide R M/ (6 )g

2
w and those in Figure 1b

M Aw 2 values.The determinedMw and Rg valuesare

Figure1. Dependenciesof Kc R/
c 0=

on q2 (a) andthe dependenciesof Kc R/
q 02=

on c (b) for NaCMC samplesdissolvedin the saline

solutionsat cNaCl = 0.05! 10" 3 and0.1! 10" 3 mol mL" 1.

Figure2. (a) Dependenciesof G$andG%on $ at varioustemperaturesfor theNaCMC(1.3:280)solutiondissolvedin purewaterat c = 0.01g
mL" 1. (b) Mastercurvesfor theG$andG%datashownin (a) resultingfromthetime" temperaturesuperpositionprocedure,taking25¡C asthe
standardtemperature,Tstd.
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summarizedin Table1. The uncertaintiesin the determined
Mw and Rg valueswere less than ±5%. Although the
determinedMw and Rg valuesare dependenton sample
species,theA2 valuesareclearlydistinctdependingon theDS
values.Becausethe secondVirial coe! cient,A2, meansthe
strengthof interparticleinteractionbetweensolutemolecules
in the testedsolutions,a di" erencein the DS valuesbetween
NaCMC(1.3:280)andothertwo sampleswith DS= 0.66and
0.69 clearly demonstratesthe di" erencein the repulsive
interparticleinteractionevenin the salinesolutions.

Accordingto the basicSLStheory,the q dependenceof
R Kc R Kclim / ( )( / ( ) )

c
c

0
0= = is identicalwith the productof

Mw and particle form factor (P(q)).27 Becausethe q
dependenciesof R! /( Kc)c=0 data were well describedwith
the form factors,P(q), of rod particlescalculatedby useof an
open software SasView28 as seen in the Supporting
Information, particlelength(L) valuesweredeterminedfor
eachNaCMCsampledissolvedin thesalinesolutionsviacurve
Þt proceduresassuminga rod particle model.29 The
determinedL valuesare tabulatedalso in Table 1. In the
curveÞtprocedure,thevalueof rod particlediameter(d) was
assumedto be1.2nm for all of theNaCMCsamples.Because
theSLSdatadid notprovideinformationon thelocalstructure
of theformedrods,thed valuecannotbedeterminedprecisely
only from the SLSdata.The ratio betweenL andRg seenin
Table1 is keptat analmostconstantvalueof ! 3.5,whichis
closeto " 12.Becausethe relationshipL2 = 12Rg

2 is a typical
structuralcharacteristicof long rod particles,the NaCMC
samplesdissolvedin thesalinesolutionsseemto behaveasrod
particlesfrom the viewpointof the SLSbehaviors.

Overview of ViscoelasticBehavior. Astypicalexamples
of dynamicviscoelasticbehaviorsobtainedin thisstudy,the"
dependenciesof G#andG$ datameasuredat variousdi" erent
temperaturesfor the NaCMC(1.3:280)solutiondissolvedin
purewaterat c = 0.01g mL%1 areshownin Figure2a. The
time%temperaturesuperpositionprinciplewasappliedto the
obtainedviscoelasticdatato determinethemastercurvesof G#
andG$bysetting25¡C asthestandardtemperature(Tstd). In
theprocedure,G#andG$ dataat eachtemperatureotherthan
Tstd were shifted along the " axis by the temperature-
dependentshiftfactoraT to superposethedatato thoseatTstd.
Then,themastercurvesof theviscoelasticspectra,G#andG$

vs aT" , for the samplesolutionswere determinedin a
frequencyrangewiderthantheoriginallymeasured" range,as
shownin Figure2b. Becauseof the reducedfrequency,aT" ,
and dependenciesof G# and G$ data describableas G# &
(aT" )2 and G# & aT" are clearlyrecognized,the solution
seemsto bein theterminalor ßowregionon thelowaT" side.
Thus, fundamentalviscoelasticparameterssuchas the zero-
shearviscosity(#0), steady-statecompliance(Je), andaverage
relaxationtime ($w) could be preciselydeterminedusing
standardmethodssuchas

G
a

A
G

a
J

A

A

lim , lim
( )

, ,

and

a a0 0 T
G

0 T
2 e

G

0
2

w
G

0

T T

= = =

=

Similarviscoelasticbehaviorsbelongingto theßowregionwere
alsoobservedin the systemof NaCMC(1.3:280)dissolvedin
the salinesolutionat cNaCl = 0.1 ' 10%3 mol mL%1, andalso
thoseof otherNaCMCsamplesdissolvedin purewaterandin
thesalinesolutionatcNaCl = 0.05' 10%3 molmL%1 asshownin
the SupportingInformation.

In thecasesof samplesolutionswith low viscosities,steady-
ßow viscositymeasurementswere carried out insteadof
dynamicmeasurementsbecauseof too weakviscoelasticityto
be measuredprecisely.Sometypical resultsobtainedin the
steady-ßowviscosity measurementsare shown in the
SupportingInformation to demonstratethe shear rate
dependenceof viscositieswell reachingthe zero-shear
viscosities.

Figure3a showsthe" dependenciesof theG#andG$ data
at severaltemperaturesfor the NaCMC(1.3:280)solutionin
pure waterat c = 0.06g mL%1, and the G# and G$ curves
resultingfrom the time%temperaturesuperpositionprocedure
areshownin Figure3b asfunctionsof aT" . Becauseboth the
G# and G$ datagathertogetherinto singlesmoothmaster
curves,the time%temperaturesuperpositionprincipleholds
wellin thissample.However,boththeG#andG$ curvesshow
" ! 0.8 dependencein the low-" region,asobservedin Figure
3b. This " dependencein G# and G$ is the typical
characteristicof critical gel behavior30,31 and is essentially
di" erentfromtheviscoelasticbehaviorthatmaintainstheßow

Figure3. (a) Dependenciesof G#andG$ on " at varioustemperaturesfor theNaCMC(1.3:280)solutiondissolvedin purewaterat c = 0.06g
mL%1. (b) Mastercurvesfor the G#andG$ datashownin Figure2a resultingfrom the time%temperaturesuperpositionprocedure.
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FIG. 4. Rheological properties of NaCMC (DS = 1.3, M w = 280 kg/mol) solutions in DI water. a: concentration dependence
of the specific viscosity, longest relaxation time, and inverse steady state compliance. Viscosities for concentrated samples were
obtained from ! = lim ! !0 G00/" . The blue and purple circles indicate the samples whose oscillatory rheology is shown in parts
b and c. b: viscoelastic moduli of a 0.01 g/mL solution. Different symbols correspond to temperatures between �5 �C and
55 �C, shifted to a reference temperature of 25 �C. Black and blue lines show the expected behaviour of the storage and loss
moduli in the terminal region. c: same as part b, but for a 0.06 g/mL solution. Figure adapted from 62.

where A is a fitting parameter.
Example results for this approach are shown in figure

3. Equation 4 provides a practical method to estimate
the viscosity when the intrinsic viscosity is known, but
it is largely empirical and the fitting parameters lack a
clear physical interpretation. A second approach uses
scaling models[56, 57] in which the viscosity is expressed
as the product of the non-entangled Rouse viscosity and
a cross-over function that recovers the expected scaling
behaviour in the entangled regime. Discussion of these
approaches and their application to neutral polymers and
other polyelectrolytes can be found in [71, 81–83].

The frequency dependence of the storage and loss mod-
ulus of a DS = 1.3 sample is DI water is plotted in figure
4b. The concentration is c = 10 g/L, corresponding to the
mid-point between non-entangled and entangled regimes
in the ⌘sp�c plot, shown in fig. 4a. The storage and loss
moduli show the expected frequency dependence in the
terminal region. At higher frequencies, the frequency de-
pendence of both quantities weakens, but no cross-over
in G

!
and G

!!
is observed, suggesting the samples are

not entangled, despite deviating significantly from the
⌘sp / c0.68 power-law.[68] For more concentrated samples
which are well into the entangled regime, a cross-over in
G

!
and G

!!
is observed, which is characteristic of repta-

tion dynamics, see fig. 4c. The steady state compliance
of the solutions always follows a power-law of Je / c�1,
and displays no clear sign of entanglements over the mea-
sured range. Note that the values of J�1

e
, as well as

that of the apparent terminal modulus (G = ⌘/⌧)[28] are
much lower than kBT per chain due to the large molar
mass polydispersity of the samples.[84]

3.2. Weakly substituted CMC

Figure 5 compares the oscillatory shear response of
NaCMC solutions with DS = 0.95 and DS = 2.4. The
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FIG. 5. Oscillatory shear response of NaCMC solutions (c =
100 g/L) in aqueous 0.1 M NaCl. The higher substitution
grade was obtained by etherifying the DS = 0.95 sample for
a second time. Data from [85].

lower-DS sample forms a weak physical gel, character-
istic of associative polysaccharides,[87, 88] with G

! ⇠
G

!! ⇠ !1/3. The higher-DS sample displays solution-
like behaviour, with the terminal scaling expected for
a viscoelastic liquid. At sufficiently low concentrations,
usually below the entanglement concentration, both low-
DS and high-DS samples display similar solution-like
behaviour.[33, 85] This indicates that sufficient chain
overlap is required for associative interactions to mea-
surably affect the rheological response.[89–91]

A sol-to-gel transition has been reported for many
CMC samples with DS <⇠ 1 when the polymer concentra-
tion exceeds a critical value, cgel.[33, 92, 93] The precise
value of cgel depends on the DS, molar mass, and sub-
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FIG. 6. Oscillatory shear response of NaCMC solutions in the linear viscoelastic region. (a) Frequency dependence of G
!

and
G

!!
for NaCMC gels in aqueous media. Filled and open symbols correspond to G

!
and G

!!
, respectively. Red symbols show

samples with 0.2 M added NaCl, and blue symbols show samples in DI water. (b) Frequency dependence of G
!
, G

!!
, and ! ⇤ for

a 2.5 wt% NaCMC solution with 0.2 M added NaCl. Black and purple symbols correspond to NaCl addition before and after
polymer dissolution, respectively. Figure from ref. [86].

stitution pattern, but gelation appears to always occur
above the entanglement crossover. Gelation is preceded
by an associative rheology regime,[94, 95] in which one
or more of the following features are observed:

¥ a rapid increase in the specific viscosity and longest
relaxation time with concentration, e.g., ⌘sp ⇠ c7

¥ a decrease of the apparent modulus (G = ⌘/⌧) with
increasing polymer concentration

¥ the disappearance of the Newtonian behaviour at
low shear rates. Instead, the apparent viscosity
increases as the shear rate decreases, reaching no
plateau in the measurable shear-rate range.

Above the gelation threshold, the storage and loss
moduli display a weak dependence on frequency. The
frequency exponent of G

!
decreases with increasing con-

centration, indicating an increase in the elastic character
of the samples. In the low-frequency region, the elas-
tic modulus scales approximately as G

! ⇠ c3, although
substantial variations are observed among samples with
different molar masses and substitution patterns.[86]
Two theoretical models have been proposed to describe
the rheological properties of carboxymethyl cellulose
gels.[96, 97] As discussed in earlier work,[3, 31, 98–100]
NaCMC gel samples contain two populations that can
be separated by ultracentrifugation. Both populations
have similar molar mass and average DS, but differ in
substitution pattern. One population consists of well-
dispersed chains, which form a viscoelastic liquid when
dissolved in water. The second population consists of
aggregating chains, which form the network responsible
for the gelling properties of these grades. An important
step towards understanding the rheological properties of

NaCMC gels would be to perform systematic measure-
ments on isolated gel-forming fractions, where the well-
dispersed chains do not contribute to the measured vis-
coelastic response. Rheology and scattering data for such
networks would be considerably easier to analyse and in-
terpret than for ‘mixed’ samples.

3.2.1. Effect of added salts and order of addition

Several studies[101, 102] have reported that the vis-
cosity of NaCMC + salt solutions depends on whether
the low molecular weight salt is added before or after the
polymer is dissolved. If the salt is added before, the re-
sulting solution displays lower viscosity than if the salt
is added after, which is assigned to greater aggregation
of the polymer in the former case. This finding appears
to be the result of incomplete polymer dissolution, as
dissolution proceeds more slowly in saline media than in
salt-free water. If the samples are sufficiently mixed to
ensure full dissolution, the solution viscosity is the same
regardless of the order of addition.[33, 86] For gel-forming
samples, addition of NaCl can enhance the gel strength
(G

!
at low frequencies) to a small degree, see figure 6.

3.3. Temperature and time-dependent behaviour

Relatively little work exists on the temperature depen-
dence of NaCMC viscosity.[62, 103, 104] Polyelectrolytes
generally show only a weak temperature dependence of
the specific viscosity because electrostatic interactions
dominate over thermal energy.[77, 105] The solution vis-
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cosity is therefore expected to decrease in approximate
proportion to that of the solvent. NaCMC slowly hy-
drolyses at room temperature, leading to a gradual de-
crease in solution viscosity with time.[28] This effect is
accelerated at higher temperatures because CMC degra-
dation proceeds more rapidly. Time-dependent viscosity
is therefore important in formulated products. Commer-
cial brochures report that the viscosity of low-DS samples
can continue to increase for several days after dissolution,
presumably due to slow structure formation of the asso-
ciative network, but this effect has not been systemati-
cally studied.

3.4. Addition of non-solvents
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scaling exponents are similar in value, amounting to
0.97 and 0.91 for G0 and G00, respectively.

Changes in the mechanical spectrum noted for the
sodium carboxymethylcellulose aqueous solutions
with varying degrees of substitution may be associated
with the polydispersity of the polymer. However,
measurements of molecular mass distributions per-
formed by size-exclusion chromatography show that
the polydispersity indexes (PDI= Mw/Mn) are similar

in value for sodium carboxymethylcellulose used in the
studies (for DS 0.62; 0.79 and 1.04, they are equal to
2.09 (Mw = 264,400 g/mol); 1.95 (Mw = 242,200
g/mol) and 1.83 (Mw = 262,400 g/mol), respec-
tively). This shows that differences in the scaling
exponents for the Na-CMC solutions with varying DS
will be related to interactions between the polymer
macromolecules (Lewis et al.2014; Shabbir et al.
2015).

Xiquan et al. (1990) demonstrated in X-ray diffrac-
tion experiments that in the sodium carboxymethyl-
cellulose aqueous solution for DSB0.82 the
derivative crystalline regions are present, i.e. the
polymer chains are aggregated by hydrogen bonds.
The occurrence of aggregates in aqueous solutions of
Na-CMC with low degree of substitution was also
reported by Kulicke et al. (1999) (although the authors
do not mention about the crystalline regions). As a
consequence, the similar scaling exponents for Na-
CMC0.62 may result from the presence of aggregates.
Figure3 shows a representation of hydrogen bonds
found in an aqueous solution of sodium car-
boxymethylcellulose (DS= 0.7), as proposed by Li
et al. (2009). It follows from it that the interchain
hydrogen bonds formed mainly between O6H6 and
COONa. As DS grows, there is a decrease in the
number of O6H6 groups and an increase in the number
of COONa groups, the presence of which may lead to
the destruction of interchain hydrogen bonds and the
disappearance of aggregates. Consequently, at high
DS values, sodium carboxymethylcellulose is molec-
ularly dispersed in water (Lopez et al.2015), and the

Fig. 2 Mechanical spectra for solutions of Na-CMC (2.2 wt%)
with different degrees of substitution (DS) ina distilled water
andb PG/water mixture (80 wt% of PG)

Fig. 3 The scheme of hydrogen bonds in sodium car-
boxymethylcellulose aqueous solutions proposed by Li et al.
(2009)
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FIG. 7. Oscillatory shear rheology of NaCMC (c = 2 .2 wt%)
with different DS in DI water (a) and in 80 wt% propylene
glycol solution (b). All polymers have a molar mass around
250 kg/mol. Figure adapted from ref. [106].

If a non-solvent such as ethanol or propylene glycol is
added to NaCMC in aqueous media, two types of be-
haviour are observed depending on the substitution pat-
tern of the chains: For ‘hydrophilic’ samples with homo-
geneous substitution patterns, addition of non-solvents
leads to either a small decrease or to no change in the
specific viscosity. The viscosity of the solution depends
on solvent composition through the contribution of the
solvent to the solution viscosity. Beyond a critical added
non-solvent fraction, the polymer precipitates.[55] By
contrast, in CMC samples with heterogeneous substitu-
tion patterns, the viscosity and longest relaxation time
increase, and for sufficiently high polymer or non-solvent
concentrations the system forms a gel. The addition of
a non-solvent has an effect similar to lowering the degree
of substitution.[107]

Figure 7 compares the oscillatory shear rheology of
NaCMC samples with different degrees of substitution
in DI water and in 80 wt% propylene glycol, which is
a non-solvent for CMC. In DI water, decreasing the de-
gree of substitution produces a transition from liquid-like
to weak-gel behaviour, consistent with the mechanisms
discussed above. Compared to figure 5, the concentra-
tion is ' 5⇥ lower and the gel strength of the low DS
samples is therefore weaker. In the presence of propy-
lene glycol, the sol-gel transition upon decreasing DS be-
comes more pronounced. The low-DS samples show a
weaker frequency dependence at low frequency, indicat-
ing more developed network formation. By contrast, the
more highly substituted sample retains solution-like be-
haviour. Komorowska et al.[106] proposed that the en-
hanced gel formation at low DS arises from inter-chain
hydrogen bonding.

3.5. Influence of pH

NaCMC is a weak polyelectrolyte, and its charge den-
sity depends on the pH of the aqueous medium.[109] At
low pH, protonation of carboxylate groups decreases the
charge density of the CMC chain, reducing electrostatic
repulsion between chains and promoting inter-chain asso-
ciations which act as temporary stickers that slow down
chain dynamics. Lowering the pH can induce a sol-gel
transition in non-gelling samples, as shown in Fig. 8e–f,
or strengthen an existing weak gel, as shown in Fig. 8a.
Acid-induced gelation is accompanied by the develop-
ment of a weakly frequency-dependent quasi-plateau in
G

!
at low frequencies and by stress overshoot[110] be-

haviour under medium and large amplitude oscillatory
shear.[86, 97, 108] At fixed pH, the gel strength increases
with polymer concentration, as expected from the greater
number density of inter-chain contacts. At sufficiently
low pH, the solutions macroscopically phase separate.

Increasing the solution pH has the opposite effect:
NaOH promotes solubilisation of unsubstituted cellulose
patches, resulting in a transition from gel-like to solution-
like behaviour for weakly substituted samples. Since
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2021; Jiang et!al. 2022; Zhuge et!al. 2017), hydrogen 
bonds (Cui et!al. 2018; Louhichi et!al. 2017; Baeza 
et!al. 2016; Bouteiller 2007), and ionic bonds (Shab-
bir et! al. 2017; Chen et!al. 2013; Mei et! al. 2022), 
as well other types of attractive interactions, such as 
van der Waals interactions and so-called hydropho-
bic interactions (Tuncaboylu et!al. 2012; Mihajlovic 
et!al. 2017). The latter case is of primary importance 
since hydrophobic interactions are pivotal in the self-
assembly of numerous biological systems, e.g., the 
structure of proteins and DNA (" ern# and Hobza 
2007; Wang et! al. 2017). However, gels formed by 
hydrophobic interactions remain less studied than 
their counterpart formed from the other interactions 
listed above, and their speciÞc characteristics are yet 
to be fully understood.

Here, we tackle the case of hydrogels formed by 
hydrophobic interactions between carboxymethyl-
cellulose (CMC), a polyelectrolyte also known as 
cellulose gum and commonly encountered as a food 
additive, registered as E466 or E469. In practice, 
CMC is obtained from natural cellulose Ða polymer 
that is not hydrosolubleÐ by etheriÞcation, using 
sodium hydroxide and monochloroacetate (Heinze 
and Pfei$er 1999). As a result, each anhydroglucose 
repeating unit of CMC displays up to three hydroxyl 
groups substituted by a carboxymethyl group. Such 
substitution is scattered along the polymer chain, 
yielding hydrophobic regions, which correspond to 
the less substituted ones (DeButts et!al. 1957). The 
average number of substituted hydroxyl groups per 
anhydroglucose repeating unit deÞnes the degree of 
substitution (DS) of the CMC, which typically ranges 
between 0.5 and 1.5 for commercial grades. Blocks of 
unsubstituted cellulose regions along the chain back-
bone are mainly observed for DS!! 0.9 (Lopez et!al. 
2018). These unsubstituted regions facilitate transient 
chain associations, responsible for a pronounced thix-
otropic behavior under ßow, and the formation of gels 
at large concentrations (DeButts et! al. 1957; Elliot 
and Ganz 1974; Barba et!al. 2002; Lopez et!al. 2018; 
Lopez and Richtering 2021).

At Þxed CMC content, gel formation in solutions 
of weakly substituted CMC can further be controlled 
by adjusting the pH of the solution. Indeed, lowering 
the pH of the CMC solution diminishes the charge 
density of the polymer chains, thereby favoring pol-
ymer-polymer interactions and promoting the forma-
tion of multi-chain aggregates (Dogsa et! al. 2014). 

In a recent study, we have provided a comprehensive 
description of such an acid-induced gelation of car-
boxymethylcellulose (Legrand et! al. 2024). In par-
ticular, we reported a phase diagram in the (pH-CMC 
concentration) plane, which shows a gel region at low 
pH for solutions exceeding 1%! wt. Building upon 
seminal observations (DŸrig and Banderet 1950; Her-
mans! Jr 1965), we introduced a mean-Þeld model 
based on hydrophobic interchain association that 
accounts remarkably well for the solÐgel boundary 
over a broad range of CMC concentrations, up to 5% 
(Fig.!1). Finally, our neutron scattering experiments 
suggest the picture of a gel network built from ßex-
ible rod-like structures (Legrand et!al. 2024). In this 
network, the e$ective crosslinks consist of fuzzy col-
loidal structures composed of a dense core of aggre-
gated polymers surrounded by a sparse, hairy shell of 
polymer chains (Legrand et!al. 2024). Such crosslink-
ers are strongly reminiscent of fringed micelles, 
previously identiÞed by atomic force microscopy 
(Liebert and Heinze 2001; Liebert et!al. 2005).

In the present article, we focus on the rheologi-
cal properties of sodium carboxymethylcellulose 

Fig. 1  Phase diagram for aqueous CMC solutions at T = 22! C 
in the pH vs. CMC weight fraction plane. Symbols denote four 
di$erent phases: gel [(!  ) with a red background], viscoelas-
tic liquid [(!  ) with a blue background], and phase-separated 
samples [(!  ) with a gray background]. Color levels code for 
the loss factor tan! = G!! " G! of the gel sample determined by 
small amplitude oscillatory shear at ! = 2" !rad.s! 1 . The white 
triangles denote viscoelastic homogeneous liquids whose rheo-
logical properties were not measured. The red curve separating 
the viscoelastic liquid phase from the gel phase corresponds to 
the model discussed in detail in ref. Legrand et!al. (2024)
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regime will be speciÞed in the dedicated section 
below.

Linear viscoelasticity of!CMC solutions

Phase diagram

Aqueous solutions of CMC form gels upon acidiÞca-
tion. In a recent study, we have performed an exten-
sive characterization of the solÐgel transition varying 
both the CMC content and the pH of these solutions 
(Legrand et!al. 2024). Measuring the linear viscoelas-
tic spectrum of these solutions, i.e., G!(! ) and G!! (! ) 
allows us to identify the gel point, which corresponds 
to sample compositions such that tan! = G!! " G! is 
frequency independent (Winter and Mours 1997), 
while gel samples are deÞned by tan! < 1 in the limit 
! ! 0 . This criterion allowed us to build the phase 
diagram reported for T = 22! C in Fig.! 1 in which 
the gel phase corresponds to CMC solutions of con-
centration larger than 1% and su" ciently low pH to 
induce the aggregation of the CMC. Solutions with a 
CMC concentration lower than 1% do not form gels 
but turbid heterogeneous dispersions of macroscopic 
aggregates due to the lack of polymer (see gray region 

in Fig.!1), whereas CMC solutions of su" ciently high 
pH form homogeneous viscoelastic liquids (see blue 
region in Fig.! 1). In the following, we examine in 
more detail the linear viscoelastic spectrum of both 
the liquid and gel phases and test their robustness to a 
change in temperature.

Time-temperature superposition

Analysis in!the!sol phase

We Þrst examine the linear viscoelastic properties 
of acidiÞed CMC solutions in the liquid phase, and 
the concentrated regime. Figure! 2a illustrates the 
frequency dependence of G! and G!! in the case of a 
liquid 3% CMC solution at pH = 3.6 and T = 5!  C. 
The viscoelastic spectrum shows a broad power-law 
behavior, in line with previous rheological measure-
ments performed on CMC solutions at similar con-
centrations for various counter ions and for CMC of 
di#erent molecular properties, i.e., various degrees of 
substitution and molecular weights (Matsumoto and 
Mashiko 1988; KŠstner et!al. 1997; Barba et!al. 2002; 
Benchabane and Bekkour 2008; Lopez and Richter-
ing 2019, 2021). The power-law viscoelastic response 
of the CMC solution is remarkably well-captured by 
a fractional Maxwell (FM) model that consists of two 

Fig. 2  Viscoelastic spectrum in the liquid phase: frequency 
dependence of the elastic and viscous moduli, G! ( !  ) and G!! 
( !  ) resp., of a CMC solution with cCMC = 3% and pH = 3.6 
(a) at T = 5! C and (b) at T = 40! C . The red curves are the 
best Þts of the data to a fractional Maxwell (FM) model [see 
Eq.!(1) and sketch in (a)]. (c) Master curve for the frequency 
dependence of the viscoelastic moduli obtained by normal-
izing both the moduli and the frequency: !G! = G!" ("0# 0) , 

!G!! = G!! " ("0# 0) , and !" = " ! " 0 with ! 0 = (! " ! 1" " #! 1)1" (" ! #) 
and ! 0 = (! ! " )1! (" " #) for eight di#erent temperatures rang-
ing from T = 5! C to 40! C as indicated by the color bar. 
The red curves correspond to the normalized FM model: 
!G" = (i !# )$+%! [(i !# )$ + (i !# )%] with ! = 0.39 and ! = 0.72 . 
Inset: ! 0 vs.! ! 0 ; the red line is the best power-law Þt of the 
data, ! 0 ! " " 0.7

0
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shown in Fig.!4a. The elastic modulus is larger than 
the viscous modulus, including in the limit of van-
ishing frequencies, where G! converges to a plateau 
value. This conÞrms the solid-like behavior of the 3% 
CMC solution at this pH. Moreover, both G! and G!! 
display a power-law-like response at high frequencies. 
Such a frequency dependence is well-captured by a 
fractional Kelvin-Voigt (FKV) model, which consists 
of a spring of shear modulus G0 in parallel with a sin-
gle spring pot characterized by a quasi-property !  and 
a dimensionless exponent !  [see sketch in Fig.! 4a]. 
The complex modulus of the FKV model reads:

from which we use the real and imaginary parts to 
jointly Þt the viscoelastic spectrum. Except for G!! at 
the lowest frequencies, the model shows an excellent 
agreement with the data at various temperatures [see 
Fig.!4a and 4b]. Interestingly, the power-law exponent 
!  is independent of the temperature, which prompts 
us to set it constant ! = 0.4 , which reduces the num-
ber of Þtting parameters to two: G0 and !  . The latter 
parameter can thus be replaced by ! 0 = (G0! ! )1! "  , 
which has a physical dimension much easier to grasp 

(3)G! (" ) = G0 + ! (i" )#

Fig. 3  Temperature dependence of the scaling factors ! 0 
and ! 0 extracted from the fractional Maxwell model of a 
CMC solution with cCMC = 3% and pH = 3.6 shown in 
Fig.! 2. a ! ! 1

0  vs.! 1/T plotted in semi-logarithmic scales to 
highlight the exponential scaling. The black line corre-
sponds to the best Þt of the data with an Arrhenius-like scal-

ing, ! ! 1
0 " exp(! Ea#kBT) , where Ea stands for the activa-

tion energy, and kB is the Boltzmann constant. The best Þt is 
obtained with Ea = 81± 9 kJ! mol . b (! 0" 0) vs.!T. The black 
line stands for the best linear Þt of the data. Colors code for the 
temperature. Same color code as in Fig.!2

Fig. 4  Viscoelastic spectrum in the gel phase: frequency 
dependence of the elastic and viscous moduli, G! ( !  ) and G!! 
( !  ) resp., of a CMC gel with cCMC = 3% and pH = 1.6 at (a) 
T = 5! C and (b) at T = 40! C . The red curves are the best Þts 
of the data to a fractional Kelvin-Voigt (FKV) model [see 
Eq.!(3) in the main text and sketch in (a)]. (c) Master curve for 
the frequency dependence of the viscoelastic moduli obtained 

by normalizing both the viscoelastic moduli and the fre-
quency, i.e., !G! = G!" G0 , !G!! = G!! " G0 , and !" = " ! " 0 with 
! 0 = (G0! ! )1! "  for eight di" erent temperatures ranging from 
T = 5! C to 40! C as indicated by the color bar. The red curves 
correspond to the normalized FKV model, !G" = 1 + (i !# )$ 
with ! = 0.40± 0.01 . Inset: G0 vs.!! 0 ; the red line is the best 
power-law Þt of the data, G0 ! ! 0.1
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ABSTRACT:The presentwork o! ersa comprehensivedescrip-
tion of the acid-inducedgelation of carboxymethylcellulose
(CMC), a water-solublederivativeof cellulosebroadlyusedin
numerousapplicationsrangingfromfoodpackagingto biomedical
engineering.Linearviscoelasticpropertiesmeasuredat variouspH
andCMC contentsallowusto builda sol! gelphasediagramand
showthat CMC gelsexhibitbroadpower-lawviscoelasticspectra
that can be rescaledonto a mastercurve following a time!
compositionsuperpositionprinciple.Theseresultsdemonstratethe
microstructuralself-similarityof CMC gelsandinspireamean-Þeld
modelbasedon hydrophobicinterchainassociationthat accounts
for the sol! gel boundaryoverthe entirerangeof CMC content
understudy.NeutronscatteringexperimentsfurtherconÞrmthis
pictureandsuggestthat CMC gelscomprisea Þbrousnetworkcross-linkedby aggregates.Finally,low-ÞeldNMR measurements
o! eranoriginalsignatureof acid-inducedgelationfromasolventperspective.Altogether,theseresultsopenavenuesfor theprecise
manipulationandcontrolof CMC-basedhydrogels.

Thesodiumsaltof carboxymethylcellulose(NaCMC) is a
water-solublederivativeof cellulose,the mostabundant

polymer on earth, which is broadly used for industrial
applications,suchas food, pharmaceuticals,paints,etc.,and
servesasathickenerandwaterretentionagentwhendispersed
in a solvent.1! 3 The propertiesof NaCMC canbe tunedvia
the degreeof substitution(DS), which correspondsto the
averagenumberof carboxymethylgroupsperrepeatingglucose
unit andvariesbetween0 and3. Highlysubstitutedpolymers,
i.e.,for DS " 1, arehydrophilicanddisperseeasilyin water,
yielding rheologicalfeaturestypical of polyelectrolytesol-
utions.4! 7 In contrast,weaklysubstitutedpolymers,i.e.,for DS
# 0.9, containhydrophobicregions,which favor interchain
aggregationandtheformationof so-calledÒfringedmicellesÓin
aqueoussolution,8 yielding thixotropic and even gel-like
propertiesat highenoughconcentrations.9! 14 In practice,the
gelationof NaCMCsolutioncanbe inducedby loweringthe
pH, whichdecreasesthechargedensityalongtheCMC chain
andpromotesthe formationof multichainaggregates.15 At a
low enoughpH, NaCMCsolutionsthusbehaveassoftsolids
that experiencea solid-to-liquidtransitionat largedeforma-
tions.16,17 Whilemuchis knownaboutthe ßowpropertiesof
highly substitutedNaCMC aqueoussolutions,the acid-
inducedgelationof lesssubstitutedCMC solutionsand the
resultinggelpropertiesremainpoorlyunderstoodin termsof
mechanicalandstructuralproperties.

Here,combiningcomplementarytechniques,weperforman
in-depthcharacterizationof theacid-inducedsol! geltransition

in aqueoussolutions of weakly substitutedNaCMC.
Rheologicalmeasurementsallow us to identify the gelation
pointandbuildaphasediagramoverabroadrangeof pH and
CMC content.Moreover,the scatteredintensitymeasuredby
small-angleneutron scattering(SANS) shows an abrupt
changeat the sol! gel transition,suggestingthe presenceof a
heterogeneouspercolatednetworkof disorderedÞbrilsformed
throughmicrophaseseparation.Buildingupon this scenario,
wedevisea simplemodelbasedon physicalcross-linksat the
locusof hydrophobicpatchesalongthe polymerchain,which
yields an equationfor the sol! gel boundaryin excellent
agreementwith the phasediagram.Viscoelasticspectra
measuredin the gel phaseat di! erent pH valuesexhibit
similarfeatures.Followinga time! compositionsuperposition
principle,thesespectracan be rescaledonto a remarkable
mastercurve,which hints at a self-similarmicrostructurein
which the CMC chainsfollow Rouse-likedynamics.Finally,
low-ÞeldNMR spectroscopyrevealsthatthesol! geltransition
isassociatedwithadecreasein theprotontransverserelaxation
time T2, whosetemperaturedependenceremainsArrhenius-
like acrossthe transition.Yet,the correspondingenergyscale
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FIG. 8. Influence of pH on the rheology of CMC in aqueous media. (a) Storage and loss moduli of NaCMC (DS ' 0.7, c = 2 .5
wt%) in the linear viscoelastic region in DI water (weak gel), 0.5 M NaOH (solution-like), and 0.5 M HCl (stronger gel).
(b) Medium and large amplitude oscillatory response of the same samples. (c) pH-polymer concentration phase diagram for
NaCMC with DS = 0 .9. Low values of tan # ⌘ G

!!
/G

!
correspond to stronger gels. The blue region corresponds to solution-like

samples, the red region to gel-like samples, and the grey region to phase-separated samples. (d) Schematic of the proposed
association model. (e,f) Sol-gel transition for c = 3 wt% at pH = 3 .6 and pH = 1 .6, respectively (both DS = 0.9). At low pH,
a rubbery plateau develops at low frequencies. Figure adapted from [86, 97, 108].

CMC is already nearly fully ionised at neutral pH, in-
creased ionisation of the carboxymethyl groups cannot
explain this transition. Ionisation of hydroxyl groups on

the cellulose backbone may contribute, but this mecha-
nism is not well understood. Note that both high and
low pH also promote depolymerisation of CMC.
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3.6. Addition of trivalent salts

! " #$%&'(

FIG. 9. Oscillatory shear response in the LVE region for CMC
with DS = 1.38 at polymer concentration c ' 0.18 M with
different concentrations of added Al2(SO4)3 . Figure adapted
from [111].

Trivalent ions can gel CMC solutions even when
present at millimolar concentrations. An example is
shown in figure 9, which plots the oscillatory shear re-
sponse of a NaCMC solution with DS = 1.38 and c ' 180
mM, and its evolution upon addition of aluminium sul-
fate. At cS = 2 mM, there is approximately one Al3+
ion for every 130 carboxymethyl groups. Under these
conditions, the storage and loss moduli have nearly the
same frequency dependence, G0 ⇠ G00 ⇠ !0.33, indicat-
ing that the system is close to the gel point according to
the Winter–Chambon criterion.[112] Further addition of
aluminium sulfate shifts the response toward more elas-
tic behaviour, with a weaker frequency dependence of G0

and a larger separation between G0 and G00. This shift is
consistent with an increase in the density or lifetime of
ionic junctions. The mechanism by which trivalent ions
gel CMC is not fully understood, but it is reasonable to
suggest that Al3+ ions form transient or permanent junc-
tions by coordinating carboxymethyl groups from differ-
ent chains.

One difficulty in studying ionically cross-linked CMC
gels is that direct exposure of the polymer solution to a
high concentration of trivalent ions can form a brittle
skin.[113, 114] This produces spatially inhomogeneous
cross-linking, which can remain stable over very long
timescales. A common strategy to avoid this problem
is to use chelating agents that slowly release trivalent
ions into solution, allowing the gel to form more homo-
geneously. Divalent ions precipitate NaCMC at much
higher than trivalent ones[115] and their influence on the
rheological properties of CMC is more mild.[80]

3.7. Complexation with oppositely charged
surfactants

presents the dependence of conductivity ( j ) on C12TAB concentra-
tion ( Cs) for NaCMC aqueous solution with concentrations of (a)
1 wt%, (b) 0.75 wt% and (c) 0.5 wt%. C12TAB are completely ionized
when Cs < CAC, and contrarily, ionization would be conÞned by the
aggregation due to the strong electrostatic repulsive effect when
Cs > CAC. Namely, the apparent ionization degree of free C 12TAB
monomers in solution is much stronger than that of C 12TAB in mi-
celles. As a result, the intercept point of two slopes for j ! Cs curve
is the CAC, and CACvalues of C12TAB added to NaCMC aqueous
solution with concentration of 1 wt%, 0.75 wt% and 0.5 wt% are
0.44, 0.43 and 0.4 mM, respectively.

3.3. Viscosity of NaCMCÐC12TAB complex solutions

Fig. 3 shows that curves of apparent viscosity ( ga) as a function
of shear rates ( _c) for 1 wt% NaCMC aqueous solution with different

C12TAB concentrations at 25 !C. It can be found that, when
Cs > 6 mM, as C12TAB concentration increases, the complex solu-
tion viscosity increases and the shear thinning behavior becomes
stronger. Fig. 4 presents the dependence of Newtonian Exponent
on C12TAB concentrations for 1 wt% NaCMC solution. It can be seen
that the Newtonian Exponent decreased with C 12TAB concentra-
tion increase when Cs > 6 mM, which gives the extent of shear thin-
ning of NaCMCÐC12TAB complex solution. The increase of viscosity
is attributed to the surfactant micelles bridging of the polymer
chains and conÞning the mobility of polymer chain in NaCMC
entangled semi-dilute solution. The shear rate dependence of ga

for NaCMC concentration of 0.75% and 0.5 wt% with different
C12TAB also exhibited similar change as shown in Fig. 3. Therefore,
the zero shear rate viscosity ( g0) for NaCMC solution with different
C12TAB can be extracted from plotting ga versus _c.

Fig. 5 gives the dependence of reduced viscosity ( g(Cs)/g(0)) on
C12TAB concentrations for NaCMC concentrations of 0.5 wt%,
0.75 wt% and 1 wt% at 25 !C, in which g(Cs) is the g0 of NaCMC with
C12TAB concentration of Cs, and g(0) is the g0 of pure NaCMC solu-
tion. The results reveal that the viscosity data in Fig. 5 can be di-
vided into three parts, and the two critical C 12TAB concentrations
are deÞned as C1 and C2 (see in Fig. 5), which suggests that
NaCMCÐC12TAB systems may corresponds to three kinds of struc-
tures in different C 12TAB concentration regions. On the other hand,
when Cs < C1, the NaCMC chains are affected by wrapping with
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FIG. 10. Apparent viscosity of 1 wt% NaCMC aque-
ous solutions with DS ' 0.7 as a function of added do-
decyltrimethylammonium bromide, C12TAB, concentration.
Figure adapted from ref. [116].

Polyelectrolytes complex with oppositely charged sur-
factants to form structures that are often out of
equilibrium.[118] Studies on CMC with cationic surfac-
tants have reported a wide range of morphologies, from
nanoparticles with ordered cores[119–121] to physically
crosslinked networks. Aggregation above a critical sur-
factant concentration is usually observed.[122, 123] The
effect of preparation method on the resulting aggre-
gate structure is discussed in ref. [124]. Interfacial
rheology has also been examined for CMC-surfactant
mixtures.[125, 126]

Wu et al. studied the rheology of NaCMC so-
lutions with added cationic surfactants, C12TAB and
C16TAB.[116] For non-entangled NaCMC solutions, the
viscosity decreased with increasing surfactant concen-
tration, consistent with the theory of Colby and co-
workers[127] This is also consistent with other studies
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FIG. 11. Rheological properties of NaCMC/carbon black/graphite slurries. a-b: oscillatory shear viscoelasticity of carbon black
and graphite dispersions with different concentrations of added NaCMC. The storage modulus in the low frequency region for
ternary mixtures is plotted as a function of concentration for different mixing protocols in part c. Figure adapted from [117]

quantifying the surface tension and conductivity mea-
surements on NaCMC-surfactant mixtures.[128, 129] By
contrast, addition of cationic surfactant to entangled
NaCMC solutions caused a rapid increase in viscos-
ity and longest relaxation time, as shown in figure 10.
This increase is generally attributed to the formation
of transient network structures in which polymer chains
are bridged by surfactant micelles or surfactant-polymer
aggregates.[130–132]

3.8. Mixtures of NaCMC and colloidal particles

Sodium carboxymethyl cellulose (NaCMC) is widely
used in aqueous Lithium ion battery anode slurries,
where it serves as a binder, dispersant, and rheol-
ogy modifier. The dense, hydrophobic active particles
(graphite and carbon black) tend to aggregate or sedi-
ment. NaCMC adsorbs onto these surfaces, likely via hy-
drophobic interactions, stabilizing the particle network.
The slurry’s structure and rheological properties deter-
mine its processability [93, 117, 133–136] as well as the
dispersion state of the particles [137].

Figures 11a–b plot the oscillatory shear response of
carbon black and graphite slurries at different concentra-
tions of added NaCMC [117]. Addition of low concen-
trations of NaCMC to a graphite dispersion initially de-
creases the viscosity, indicating particle stabilization via
NaCMC adsorption onto the particle surfaces. Above a
certain concentration, this trend reverses: the apparent
viscosity and gel strength of the mixture increase with
CMC concentration as the contribution of the viscoelas-
tic CMC network becomes more significant. Similar be-
havior was observed by Lim et al. [93]. Park et al.
also found that, depending on the polymer concentra-
tion, the mixing order influences the rheological proper-
ties of the slurry [117]. As shown in Figure 11c, this effect
is particularly pronounced at low CMC concentrations,
which is consistent with the findings of Kitamura et al.
for CMC/graphite/styrene-butadiene rubber dispersions

[138].
Recently, Gwag et al. [137] used small-angle neu-

tron scattering (SANS) to study the structure of
NaCMC–carbon black mixtures, correlating these struc-
tural findings with the flow properties of the systems.
Adding carbon black causes a large decrease in solution
viscosity for both the DS = 1.2 and 0.7 CMC samples.
For the more highly substituted sample, the viscosity is
essentially independent of the carbon black concentration
for the ratios studied. In contrast, for DS = 0.7, the vis-
cosity initially decreases but then increases with further
carbon black addition. The viscosity decrease upon filler
addition is unusual and may be the result of the sonica-
tion used to disperse the particles, which causes scission
of the CMC chains, thereby lowering their molar mass.
Based on the SANS results, Gwag et al. [137] concluded
that the DS = 0.7 CMC promotes aggregation and net-
work formation of the carbon black particles, whereas the
primary role of DS = 1.2 is to stabilize the particles.

Studies on the flow properties of NaCMC mixed
with aggregating colloidal particles, such as bentonite
clays,[139–143] or microcrystalline cellulose,[32, 144]
show synergistic behaviour between CMC and the added
particulate phase. An example is shown in figure 12,
which displays the stress–shear-rate response of aque-
ous bentonite dispersions with added CMC.[142] Addi-
tion of NaCMC strongly increases the yield stress of the
bentonite dispersions and enhances their thixotropic re-
sponse. Thixotropy has also been reported for NaCMC
solutions in water without additives,[145] and is fre-
quently mentioned in commercial brochures. However,
it appears to be relatively rare among the NaCMC sam-
ples examined in the academic literature.

4. CONCLUSIONS AND OPEN QUESTIONS

The rheological properties of carboxymethyl cellulose
are governed by the molar mass, concentration and sub-
stitution pattern along the backbone. Highly substituted
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FIGURE 4 Flow curves of bentonite-CMC dispersions at different solid and CMC concentrations.

signiÞcantly the thixotropic behavior of bentonite dispersions (see, for example, Figure 5). In
addition, Table 2 shows that the degree of thixotropy increased with increasing both bentonite and
CMC concentrations. Although the thixotropic behavior of 4.0 wt% pure bentonite dispersion was
unnoticeable, adding CMC polymer to bentonite enhanced appreciably the thixotropic behavior of
suspensions. It should be mentioned that the thixotropy of 8.0 wt% pure bentonite sample cannot
be compared quantitatively with that of the same bentonite concentration in the presence of CMC

FIGURE 5 Hysteresis loops of 8.0 wt% bentonite dispersions in different CMC solutions.
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FIG. 12. Rheology of 8 wt% bentonite dispersions in aqueous
media with different concentrations of added NaCMC. Figure
adapted from [142].

grades (DS >⇠ 1) display relatively homogeneous substi-
tution and are characterized by well-dispersed, molec-
ularly dissolved chains whose dynamics mimic those of
classic hydrophilic, semiflexible polyelectrolytes. Weakly
substituted grades (DS <⇠ 1) contain blocks of unsubsti-
tuted cellulose along the backbone which act as ‘stickers’
between chains. For sufficiently concentrated solutions,
these generate a range of rheological phenomena which
are absent in the more substituted polymers.

Several open questions remain. First, the relation be-
tween substituent distribution and macroscopic rheolog-
ical properties is still largely qualitative. Weakly substi-
tuted CMC samples are known to contain gelling and
non-gelling fractions, but the rheological properties of
these isolated fractions have not been studied in detail.

Measurements on separated fractions would help deter-
mine how much of the measured viscosity, elasticity, and
gel strength arises from the aggregating chains rather
than from the well-dispersed chains. More generally,
a quantitative measure of substitution heterogeneity or
blockiness would be useful for connecting chemical struc-
ture with rheological behaviour.

Second, the influence of preparation history requires
more systematic study. Early literature showed that mix-
ing conditions, such as low- versus high-shear mixing,
can have a large influence on the rheological properties
of CMC gels. These effects have not been reproduced or
systematically quantified using modern rheometers and
well-defined preparation protocols.

Third, CMC is frequently described as thixotropic in
commercial brochures, and thixotropy has been reported
for NaCMC solutions and for mixtures with colloidal
particles such as bentonite and microcrystalline cellu-
lose. However, quantitative studies of thixotropic be-
haviour in well-characterised samples are relatively lim-
ited. Further work on structure formation, breakdown
under shear, and recovery after shear would help clarify
when thixotropy is an intrinsic property of CMC solu-
tions and when it arises from aggregates, gels, or added
colloidal components.

5. DECLARATION OF INTEREST STATEMENT

The author declares no conflicts of interest.

6. BIBLIOGRAPHY

[1] H. Thielking and M. Schmidt, Cellulose ethers, in Ull-

mann’s Encyclopedia of Industrial Chemistry (Wiley-
VCH Verlag GmbH & Co. KGaA, 2000).

[2] T. Heinze and A. Koschella, Carboxymethyl ethers of
cellulose and starch–a review, in Macromolecular Sym-

posia, Vol. 223 (Wiley Online Library, 2005) pp. 13–40.
[3] C. Lopez, Physical properties of carboxymethyl cellulose

(i), Polymer Reviews (2026).
[4] S. Javanbakht and A. Shaabani, Carboxymethyl

cellulose-based oral delivery systems, International jour-
nal of biological macromolecules 133, 21 (2019).

[5] M. S. Rahman, M. S. Hasan, A. S. Nitai, S. Nam, A. K.
Karmakar, M. S. Ahsan, M. J. Shiddiky, and M. B.
Ahmed, Recent developments of carboxymethyl cellu-
lose, Polymers 13, 1345 (2021).

[6] R. Ramakrishnan, J. T. Kim, S. Roy, and A. Jayakumar,
Recent advances in carboxymethyl cellulose-based ac-
tive and intelligent packaging materials: A comprehen-
sive review, International Journal of Biological Macro-
molecules 259, 129194 (2024).

[7] J. S. Behra, Structure-property relationships of sodium

carboxymethyl cellulose (Na CMC) in pure water and

formulated solutions, Ph.D. thesis, University of Leeds
(2018).

[8] R. R. Kurhade, M. S. Shaikh, V. Nagulwar, and M. A.
Kale, Advancements in carboxymethyl cellulose (cmc)
modifications and their diverse biomedical applications:
a comprehensive review, International Journal of Poly-
meric Materials and Polymeric Biomaterials 74, 1043
(2025).

[9] M. Yildirim-Yalcin, F. Tornuk, and O. S. Toker, Re-
cent advances in the improvement of carboxymethyl
cellulose-based edible films, Trends in Food Science &
Technology 129, 179 (2022).

[10] V. Kanikireddy, K. Varaprasad, T. Jayaramudu,
C. Karthikeyan, and R. Sadiku, Carboxymethyl
cellulose-based materials for infection control and
wound healing: A review, International Journal of Bio-
logical Macromolecules 164, 963 (2020).

[11] S. Sommer, Evaluation of carboxymethyl cellulose as an
additive for selective protein removal from wine, Fer-
mentation 11, 273 (2025).

[12] H. A. Rasheed, A. Adeleke, P. Nzerem, O. Ajayi,
P. Ikubanni, and A. M. Yahya, A review on the use of



11

carboxymethyl cellulose in oil and gas field operations,
Cellulose 30, 9899 (2023).

[13] W. Zhang, Y. Liu, Y. Xuan, and S. Zhang, Synthesis
and applications of carboxymethyl cellulose hydrogels,
Gels 8, 529 (2022).

[14] V. Tyagi and A. Thakur, Applications of biodegrad-
able carboxymethyl cellulose-based composites, Results
in Materials 20, 100481 (2023).

[15] V. Stigsson, G. Kloow, and U. Germgård, The influence
of the solvent system used during manufacturing of cmc,
Cellulose 13, 705 (2006).

[16] V. Stigsson, G. Kloow, and U. Germgård, An historic
overview of carboxymethyl cellulose (cmc) production
on an industrial scale, PaperAsia 17 (2001).

[17] T. Heinze, U. Erler, I. Nehls, and D. Klemm, Deter-
mination of the substituent pattern of heterogeneously
and homogeneously synthesized carboxymethyl cellulose
by using high-performance liquid chromatography, Die
Angewandte Makromolekulare Chemie: Applied Macro-
molecular Chemistry and Physics 215, 93 (1994).

[18] M. Shakun, T. Heinze, and W. Radke, Characteriza-
tion of sodium carboxymethyl cellulose by comprehen-
sive two-dimensional liquid chromatography, Carbohy-
drate polymers 130, 77 (2015).

[19] K. A. Oudhoff, F. A. Buijtenhuijs, P. H. Wijnen,
P. J. Schoenmakers, and W. T. Kok, Determination of
the degree of substitution and its distribution of car-
boxymethylcelluloses by capillary zone electrophoresis,
Carbohydrate Research 339, 1917 (2004).

[20] J. Kötz, I. Bogen, U. Heinze, T. Heinze, D. Klemm,
S. Lange, and W. Kulicke, Colloidal properties of
statistic, block-like and regioselective substituted car-
boxymethylcelluloses, Papier (Germany) (1998).

[21] B. Saake, S. Horner, T. Kruse, J. Puls, T. Liebert,
and T. Heinze, Detailed investigation on the molecu-
lar structure of carboxymethyl cellulose with unusual
substitution pattern by means of an enzyme-supported
analysis, Macromolecular Chemistry and Physics 201,
1996 (2000).

[22] A. Adden, Substitution Patterns in and Over Poly-

mer Chains-New Approaches for Carboxymethyl Cellu-

lose, Ph.D. thesis, Technische Universität Braunschweig
(2009).

[23] K. Kamide, K. Okajima, K. Kowsaka, T. Matsui, S. No-
mura, and K. Hikichi, Effect of the distribution of sub-
stitution of the sodium salt of carboxymethylcellulose
on its absorbency toward aqueous liquid, Polymer jour-
nal 17, 909 (1985).

[24] L. Xiquan, Q. Tingzhu, and Q. Shaoqui, Kinetics of the
carboxymethylation of cellulose in the isopropyl alcohol
system, Acta Polymerica 41, 220 (1990).

[25] L. Schulz, B. Seger, and W. Burchard, Structures of
cellulose in solution, Macromol. Chem. Phys. 201, 2008
(2000).

[26] W. Burchard, Solubility and solution structure of cellu-
lose derivatives, Cellulose 10, 213 (2003).

[27] R. H. Colby, Structure and linear viscoelasticity of flex-
ible polymer solutions: comparison of polyelectrolyte
and neutral polymer solutions, Rheologica acta 49, 425
(2010).

[28] C. G. Lopez, S. E. Rogers, R. H. Colby, P. Graham,
and J. T. Cabral, Structure of sodium carboxymethyl
cellulose aqueous solutions: A sans and rheology study,
Journal of Polymer Science Part B: Polymer Physics 53,

492 (2015).
[29] L. Schulz, W. Burchard, and R. Donges, Evi-

dence of supramolecular structures of cellulose deriva-
tives in solution, in Cellulose Derivatives, Chap. 17,
pp. 218–238, http://pubs.acs.org/doi/pdf/10.1021/bk-
1998-0688.ch016.

[30] G. Sitaramaiah and D. Goring, Hydrodynamic studies
on sodium carboxymethyl cellulose in aqueous solutions,
J Pol Sci 58, 1107 (1962).

[31] G. Dürig and A. Banderet, Sur la structure des solutions
aqueuses de carboxymethylcellulose, Helvetica Chimica
Acta 33, 1106 (1950).

[32] M. Dolz-Planas, C. Roldan-Garcia, J. Herraez-
Dominguez, and R. Belda-Maximino, Thixotropy of
different concentrations of microcrystalline cellulose:
sodium carboxymethyl cellulose gels, Journal of phar-
maceutical sciences 80, 75 (1991).

[33] C. G. Lopez, R. H. Colby, and J. T. Cabral, Elec-
trostatic and hydrophobic interactions in nacmc aque-
ous solutions: Effect of degree of substitution, Macro-
molecules 51, 3165 (2018).

[34] W. Brown and D. Henley, Studies on cellulose deriva-
tives. part iv. the configuration of the polyelectrolyte
sodium carboxymethyl cellulose in aqueous sodium chlo-
ride solutions, Die Makromolekulare Chemie 79, 68
(1964).

[35] C. G. Lopez, R. H. Colby, P. Graham, and J. T.
Cabral, Viscosity and scaling of semiflexible polyelec-
trolyte nacmc in aqueous salt solutions, Macromolecules
50, 332 (2017).

[36] A. Gosteva, A. S. Gubarev, O. Dommes, O. Okatova,
and G. M. Pavlov, New facet in viscometry of charged
associating polymer systems in dilute solutions, Poly-
mers 15, 961 (2023).

[37] An exception is for polymers in poor solvent, see [36]
which for NaCMC could correspond to very high salt
concentrations and/or in water/non-solvent mixtures.

[38] H. Inagaki, H. Sakurai, and T. Sasaki, Distinct maxi-
mum appearing in the viscosity curve of dilute polyelec-
trolyte solutions, Bulletin of the Institute for Chemical
Research, Kyoto University 34, 74 (1956).

[39] H. Fujita and T. Homma, Viscosity behavior of sodium
carboxy methyl cellulose in water at high dilutions,
Journal of Colloid Science 9, 591 (1954).

[40] C. G. Lopez, A. Matsumoto, and A. Q. Shen, Di-
lute polyelectrolyte solutions: recent progress and open
questions, Soft Matter (2024).

[41] H. Fujita and T. Homma, Non-newtonian viscosities in
dilute aqueous solutions of sodium carboxymethylcellu-
lose, Journal of Polymer Science 15, 277 (1955).

[42] U. Lohmander and R. Strömberg, Non-newtonian flow
of dilute sodium carboxymethyl cellulose solutions at
different ionic strengths and of dilute solutions of cellu-
lose nitrate and polystyrene in moderately viscous sol-
vents studied by capillary viscometryáexperimental re-
sults, Die Makromolekulare Chemie 72, 143 (1964).

[43] F. Akkerman, D. T. F. Pals, and J. J. Hermans, Non-
newtonian flow of dilute polymer solutions: Iii. sodium
carboxy methyl cellulose in solutions of sodium chlo-
ride), Recueil des Travaux Chimiques des Pays-Bas 71,
56 (1952).

[44] W. E. Krause, E. G. Bellomo, and R. H. Colby, Rhe-
ology of sodium hyaluronate under physiological condi-
tions, Biomacromolecules 2, 65 (2001).



12

[45] D. C. Boris and R. H. Colby, Rheology of sulfonated
polystyrene solutions, Macromolecules 31, 5746 (1998).

[46] W.-M. Kulicke, A. H. Kull, W. Kull, H. Thielking,
J. Engelhardt, and J.-B. Pannek, Characterization of
aqueous carboxymethylcellulose solutions in terms of
their molecular structure and its influence on rheological
behaviour, Polymer 37, 2723 (1996).

[47] A. V. Dobrynin and M. Rubinstein, Theory of polyelec-
trolytes in solutions and at surfaces, Prog. Polym. Sci.
30, 1049 (2005).

[48] A. Matsumoto, Rheology of polyelectrolyte solutions:
current understanding and perspectives, Nihon Reoroji
Gakkaishi 50, 43 (2022).

[49] A. Matsumoto, Solution rheology of poly (ionic liq-
uid) s: current understanding and open questions: A.
matsumoto, Korea-Australia Rheology Journal 36, 319
(2024).

[50] K. Tam and C. Tiu, Steady and dynamic shear proper-
ties of aqueous polymer solutions, Journal of Rheology
33, 257 (1989).

[51] K. Tam and C. Tiu, Improved correlation for shear-
dependent viscosity of polyelectrolyte solutions, J. of
Non-Newtonian Fluid Mech 46, 275 (1993).

[52] C. G. Lopez, Entanglement properties of polyelec-
trolytes in salt-free and excess-salt solutions, ACS
Macro Letters 8, 979 (2019).

[53] J. S. Behra, J. Mattsson, O. J. Cayre, E. S. Rob-
les, H. Tang, and T. N. Hunter, Characterization of
sodium carboxymethyl cellulose aqueous solutions to
support complex product formulation: A rheology and
light scattering study, ACS Appl. Polym. Mater. 1, 344
(2019).

[54] C. G. Lopez, Entanglement of semiflexible polyelec-
trolytes: Crossover concentrations and entanglement
density of sodium carboxymethyl cellulose, J. Rheol. 64,
191 (2020).

[55] C. Hou, T. Watanabe, C. G. Lopez, and W. Richter-
ing, Structure and rheology of carboxymethylcellulose
in polar solvent mixtures, Carbohydrate Polymers 347,
122287 (2025).

[56] P.-G. De Gennes, P. Pincus, R. Velasco, and
F. Brochard, Remarks on polyelectrolyte conformation,
J. Phys.-Paris 37, 1461 (1976).

[57] A. V. Dobrynin, R. H. Colby, and M. Rubinstein, Scal-
ing theory of polyelectrolyte solutions, Macromolecules
28, 1859 (1995).

[58] R. M. Fuoss and U. P. Strauss, Polyelectrolytes. ii.
poly-4-vinylpyridonium chloride and poly-4-vinyl-n-n-
butylpyridonium bromide, J. Polym. Sci. 3, 246 (1948).

[59] R. M. Fuoss and G. I. Cathers, Polyelectrolytes. iii.
viscosities of n-butyl bromide addition compounds of
4-vinylpyridine-styrene copolymers in nitromethane-
dioxane mixtures, J. Polym. Sci. 4, 97 (1949).

[60] Exceptions are observed for some NaCMC samples that
do not display a well-defined zero-shear viscosity in the
non-entangled regime, see for example ref. [86].

[61] C. Castelain, J. Doublier, and J. Lefebvre, A study of
the viscosity of cellulose derivatives in aqueous solu-
tions, Carbohydr. Polym. 7, 1 (1987).

[62] M. Yoshida, D. Nakagawa, H. Hozumi, Y. Horikawa,
S. Makino, H. Nakamura, and T. Shikata, A new
concept for interpretation of the viscoelastic behav-
ior of aqueous sodium carboxymethyl cellulose systems,
Biomacromolecules 25, 3420 (2024).

[63] M. Potier, L. Tea, L. Benyahia, T. Nicolai, and F. Re-
nou, Viscosity of aqueous polysaccharide solutions and
selected homogeneous binary mixtures, Macromolecules
53, 10514 (2020).

[64] A. Matsumoto, M. Ikeda, S. Sugihara, and Y. Maeda,
Viscometric method for estimating the charge fraction
of polyelectrolytes in solutions, Nihon Reoroji Gakkaishi
53, 1 (2025).

[65] C. Oelschlaeger, M. Cota Pinto Coelho, and N. Willen-
bacher, Chain flexibility and dynamics of polysaccharide
hyaluronan in entangled solutions: a high frequency rhe-
ology and diffusing wave spectroscopy study, Biomacro-
molecules 14, 3689 (2013).

[66] P. Pfeuty, Conformation des polyelectrolytes ordre dans
les solutions de polyelectrolytes, Le Journal de Physique
Colloques 39, C2 (1978).

[67] C. Clasen and W.-M. Kulicke, Determination of vis-
coelastic and rheo-optical material functions of water-
soluble cellulose derivatives, Progress in polymer science
26, 1839 (2001).

[68] A. V. Dobrynin and M. Jacobs, When do polyelec-
trolytes entangle?, Macromolecules 54, 1859 (2021).

[69] A. Han and R. H. Colby, Rheology of entangled poly-
electrolyte solutions, Macromolecules 54, 1375 (2021).

[70] C. G. Lopez, J. Linders, C. Mayer, and W. Richtering,
Diffusion and viscosity of unentangled polyelectrolytes,
Macromolecules 54, 8088 (2021).

[71] C. G. Lopez, Scaling and entanglement properties of
neutral and sulfonated polystyrene, Macromolecules 52,
9409 (2019).

[72] A. Matsumoto, C. Zhang, F. Scheffold, and A. Q. Shen,
Microrheological approach for probing the entanglement
properties of polyelectrolyte solutions, ACS Macro Let-
ters 11, 84 (2021).

[73] A. Matsumoto, I. Kato, C. Zhang, S. Sugihara,
Y. Maeda, F. Scheffold, and A. Q. Shen, Microrhe-
ological study on the entanglement dynamics of salt-
free polyelectrolyte solutions in the semidilute entangled
regime, Polymer Journal , 1 (2025).

[74] A. V. Dobrynin, M. Jacobs, and R. Sayko, Scaling
of polymer solutions as a quantitative tool, Macro-
molecules 54, 2288 (2021).

[75] M. Jacobs, C. G. Lopez, and A. V. Dobrynin, Quan-
tifying the effect of multivalent ions in polyelectrolyte
solutions, Macromolecules 54, 9577 (2021).

[76] J.-i. Horinaka, K. Chen, and T. Takigawa, Entangle-
ment properties of carboxymethyl cellulose and related
polysaccharides, Rheologica Acta 57, 51 (2018).

[77] E. Fouissac, M. Milas, and M. Rinaudo, Shear-rate, con-
centration, molecular weight, and temperature viscosity
dependences of hyaluronate, a wormlike polyelectrolyte,
Macromolecules 26, 6945 (1993).

[78] C. Clasen and W.-M. Kulicke, Determination of vis-
coelastic and rheo-optical material functions of water-
soluble cellulose derivatives, Prog. Polym. Sci. 26, 1839
(2001).

[79] C. Clasen and W.-M. Kulicke, Determination of vis-
coelastic and rheo-optical material functions of water-
soluble cellulose derivatives, Prog. Polym. Sci. 26, 1839
(2001).

[80] C. G. Lopez and W. Richtering, Influence of divalent
counterions on the solution rheology and supramolec-
ular aggregation of carboxymethyl cellulose, Cellulose
26, 1517 (2019).



13

[81] W. E. Krause, J. S. Tan, and R. H. Colby, Semidilute
solution rheology of polyelectrolytes with no added salt,
J. Polym. Sci. B: Polym. Phys. 37, 3429 (1999).

[82] Y. Heo and R. G. Larson, The scaling of zero-shear vis-
cosities of semidilute polymer solutions with concentra-
tion, Journal of Rheology 49, 1117 (2005).

[83] C. G. Lopez, L. Voleske, and W. Richtering, Scaling
laws of entangled polysaccharides, Carbohydr. Polym.
234, 115886 (2020).

[84] A. Han, V. V. S. Uppala, D. Parisi, C. George, B. J.
Dixon, C. D. Ayala, X. Li, L. A. Madsen, and R. H.
Colby, Determining the molecular weight of polyelec-
trolytes using the rouse scaling theory for salt-free
semidilute unentangled solutions, Macromolecules 55,
7148 (2022).

[85] C. Barba, D. Montané, M. Rinaudo, and X. Farriol, Syn-
thesis and characterization of carboxymethylcelluloses
(cmc) from non-wood fibers i. accessibility of cellulose
fibers and cmc synthesis, Cellulose 9, 319 (2002).

[86] C. G. Lopez and W. Richtering, Oscillatory rheology of
carboxymethyl cellulose gels: Influence of concentration
and ph, Carbohydrate Polymers 267, 118117 (2021).

[87] V. Morris, Weak and strong polysaccharide gels, in Food

polymers, gels and colloids (Elsevier, 1991) pp. 310–321.
[88] S. Ross-Murphy and K. Shatwell, Polysaccharide strong

and weak gels, Biorheology 30, 217 (1993).
[89] M. Ganesan, S. Knier, J. G. Younger, and M. J.

Solomon, Associative and entanglement contributions
to the solution rheology of a bacterial polysaccharide,
Macromolecules 49, 8313 (2016).

[90] K. Aoki, A. Sugawara-Narutaki, Y. Doi, and R. Taka-
hashi, Structure and rheology of poly (vinylidene
difluoride-co-hexafluoropropylene) in an ionic liquid:
The solvent behaves as a weak cross-linker through ion–
dipole interaction, Macromolecules 55, 5591 (2022).

[91] S. Li, H. Yin, Q. Huang, J. Doutch, P. Li, X. Zhao,
and Y. Feng, Quantifying the thickening power of high-
molecular-weight thermoviscosifying polymers in pure
water, Macromolecules 58, 13094 (2025).

[92] U. Kastner, H. Hoffmann, R. Donges, and J. Hilbig,
Structure and solution properties of sodium car-
boxymethyl cellulose, Colloids Surf., A 123-124, 307
(1997).

[93] S. Lim, S. Kim, K. H. Ahn, and S. J. Lee, The ef-
fect of binders on the rheological properties and the
microstructure formation of lithium-ion battery anode
slurries, Journal of Power Sources 299, 221 (2015).

[94] D. Risica, A. Barbetta, L. Vischetti, C. Cametti,
and M. Dentini, Rheological properties of guar and
its methyl, hydroxypropyl and hydroxypropyl-methyl
derivatives in semidilute and concentrated aqueous so-
lutions, Polymer 51, 1972 (2010).

[95] J. P. Doyle, G. Lyons, and E. R. Morris, New proposals
on ?hyperentanglement? of galactomannans: Solution
viscosity of fenugreek gum under neutral and alkaline
conditions, Food Hydrocolloids 23, 1501 (2009).

[96] J. Hermans Jr, Investigation of the elastic properties of
the particle network in gelled solutions of hydrocolloids.
i. carboxymethyl cellulose, Journal of Polymer Science
Part A: General Papers 3, 1859 (1965).

[97] G. Legrand, G. P. Baeza, M. Peyla, L. Porcar,
C. Fernandez-de Alba, S. Manneville, and T. Divoux,
Acid-induced gelation of carboxymethylcellulose solu-
tions, ACS Macro Letters 13, 234 (2024).

[98] E. Ott and J. H. Elliott, Observations on the thixotropy
and structural characteristics of sodium carboxymethyl-
cellulose, Die Makromolekulare Chemie: Macromolecu-
lar Chemistry and Physics 18, 352 (1956).

[99] E. H. deButts, J. A. Hudy, and J. H. Elliott, Rheology
of sodium carboxymethylcellulose solutions, Ind. Eng.
Chem. 49, 94 (1957).

[100] J. H. Elliott, Some rheological properties of gum solu-
tions (ACS Publications, 1976).

[101] P. S. Francis, Solution properties of water-soluble poly-
mers. i. control of aggregation of sodium carboxymethyl-
cellulose (cmc) by choice of solvent and/or electrolyte,
Journal of Applied Polymer Science 5, 261 (1961).

[102] X. H. Yang and W. L. Zhu, Viscosity properties of
sodium carboxymethylcellulose solutions, Cellulose 14,
409 (2007).

[103] K. Abdelrahim and H. Ramaswamy, High temper-
ature/pressure rheology of carboxymethyl cellulose
(cmc), Food Research International 28, 285 (1995).

[104] K. A. Abdelrahim, H. S. Ramaswamy, G. Doyon, and
C. Toupin, Effects of concentration and temperature on
carboxymethylcellulose rheology, International journal
of food science and technology 29, 243 (1994).

[105] W. Essafi, N. Haboubi, C. Williams, and F. Boué, Weak
temperature dependence of structure in hydrophobic
polyelectrolyte aqueous solution (pssna): correlation be-
tween scattering and viscosity, The Journal of Physical
Chemistry B 115, 8951 (2011).

[106] P. Komorowska, S. Różańska, and J. Różański, Effect of
the degree of substitution on the rheology of sodium car-
boxymethylcellulose solutions in propylene glycol/water
mixtures, Cellulose 24, 4151 (2017).

[107] P. Wagner, S. Różańska, E. Warmbier, A. Frankiewicz,
and J. Różański, Rheological properties of sodium
carboxymethylcellulose solutions in dihydroxy alco-
hol/water mixtures, Materials 16, 418 (2023).

[108] G. Legrand, G. P. Baeza, S. Manneville, and T. Divoux,
Rheological properties of acid-induced carboxymethyl-
cellulose hydrogels, Cellulose 32, 903 (2025).

[109] C. W. Hoogendam, A. de Keizer, M. A. Cohen Stu-
art, B. H. Bijsterbosch, J. A. M. Smit, J. A. P. P.
van Dijk, P. M. van der Horst, and J. G. Batelaan,
Persistence length of carboxymethyl cellulose as eval-
uated from size exclusion chromatography and poten-
tiometric titrations, Macromolecules 31, 6297 (1998),
http://pubs.acs.org/doi/pdf/10.1021/ma971032i.

[110] K. Hyun, S. H. Kim, K. H. Ahn, and S. J. Lee, Large
amplitude oscillatory shear as a way to classify the com-
plex fluids, Journal of Non-Newtonian Fluid Mechanics
107, 51 (2002).

[111] D. Ishii, D. Tatsumi, and T. Matsumoto, Effect of
aluminum sulfate on dispersion state of sodium car-
boxymethylcellulose in aqueous solution, Nihon Reoroji
Gakkaishi 40, 267 (2013).

[112] H. H. Winter and F. Chambon, Analysis of linear vis-
coelasticity of a crosslinking polymer at the gel point,
Journal of rheology 30, 367 (1986).

[113] R. L. Feddersen and S. N. Thorp, Sodium car-
boxymethylcellulose, in Industrial gums (Elsevier, 1993)
pp. 537–578.

[114] W. N. Sharratt, C. G. Lopez, M. Sarkis, G. Tyagi,
R. O’Connell, S. E. Rogers, and J. T. Cabral, Ionotropic
gelation fronts in sodium carboxymethyl cellulose for
hydrogel particle formation, Gels 7, 44 (2021).



14

[115] W. N. Sharratt, R. O’Connell, S. E. Rogers, C. G.
Lopez, and J. T. Cabral, Conformation and phase be-
havior of sodium carboxymethyl cellulose in the pres-
ence of mono-and divalent salts, Macromolecules 53,
1451 (2020).

[116] Q. Wu, Y. Shangguan, M. Du, J. Zhou, Y. Song,
and Q. Zheng, Steady and dynamic rheological be-
haviors of sodium carboxymethyl cellulose entangled
semi-dilute solution with opposite charged surfactant
dodecyl-trimethylammonium bromide, Journal of col-
loid and interface science 339, 236 (2009).

[117] J. H. Park, S. H. Kim, and K. H. Ahn, Role of car-
boxymethyl cellulose binder and its effect on the prepa-
ration process of anode slurries for li-ion batteries, Col-
loids and Surfaces A: Physicochemical and Engineering
Aspects 664, 131130 (2023).

[118] D. Langevin, Complexation of oppositely charged poly-
electrolytes and surfactants in aqueous solutions. a re-
view, Advances in colloid and interface science 147, 170
(2009).

[119] S. Trabelsi, S. Guillot, E. Raspaud, M. Delsanti,
D. Langevin, and F. Boué, New nano-and microparticles
with a liquid-crystal-like interior, Advanced Materials
18, 2403 (2006).

[120] S. Trabelsi, S. Guillot, H. Ritacco, F. Boué, and
D. Langevin, Nanostructures of colloidal complexes
formed in oppositely charged polyelectrolyte/surfactant
dilute aqueous solutions, The European Physical Jour-
nal E 23, 305 (2007).

[121] S. Guillot, M. Delsanti, S. Désert, and D. Langevin,
Surfactant-induced collapse of polymer chains and
monodisperse growth of aggregates near the precipita-
tion boundary in carboxymethylcellulose- dtab aqueous
solutions, Langmuir 19, 230 (2003).

[122] S. Trabelsi and D. Langevin, Co-adsorption of
carboxymethyl-cellulose and cationic surfactants at the
air- water interface, Langmuir 23, 1248 (2007).

[123] P. Hansson and M. Almgren, Interaction of c n tab with
sodium (carboxymethyl) cellulose: effect of polyion lin-
ear charge density on binding isotherms and surfactant
aggregation number, The Journal of Physical Chemistry
100, 9038 (1996).

[124] S. Trabelsi, E. Raspaud, and D. Langevin, Aggregate
formation in aqueous solutions of carboxymethylcel-
lulose and cationic surfactants, Langmuir 23, 10053
(2007).

[125] G. Espinosa and D. Langevin, Interfacial shear rheol-
ogy of mixed polyelectrolyte- surfactant layers, Lang-
muir 25, 12201 (2009).

[126] R. Masrat, R. A. Shah, M. S. Lone, U. Ashraf, S. Afzal,
G. M. Rather, and A. A. Dar, Comparison between the
interfacial and bulk rheology of sodium carboxymethyl-
cellulose in the presence of cationic and non-ionic surfac-
tants, Journal of Molecular Liquids 301, 112477 (2020).

[127] N. Plucktaveesak, A. J. Konop, and R. H. Colby, Viscos-
ity of polyelectrolyte solutions with oppositely charged
surfactant, J. Phys. Chem. B 107, 8166 (2003).

[128] A. F. Naves and D. F. Petri, The effect of molecular
weight and degree of substitution on the interactions
between carboxymethyl cellulose and cetyltrimethylam-
monium bromide, Colloids and Surfaces A: Physico-
chemical and Engineering Aspects 254, 207 (2005).

[129] J. Mata, J. Patel, N. Jain, G. Ghosh, and P. Bahadur,
Interaction of cationic surfactants with carboxymethyl-

cellulose in aqueous media, Journal of colloid and inter-
face science 297, 797 (2006).

[130] L. Chiappisi, I. Hoffmann, and M. Gradzielski, Com-
plexes of oppositely charged polyelectrolytes and
surfactants–recent developments in the field of bio-
logically derived polyelectrolytes, Soft Matter 9, 3896
(2013).

[131] I. Hoffmann, P. Heunemann, S. Prevost, R. Schweins,
N. J. Wagner, and M. Gradzielski, Self-aggregation of
mixtures of oppositely charged polyelectrolytes and sur-
factants studied by rheology, dynamic light scattering
and small-angle neutron scattering, Langmuir 27, 4386
(2011).

[132] I. Hoffmann, B. Farago, R. Schweins, P. Falus,
M. Sharp, S. Prévost, and M. Gradzielski, On the meso-
scopic origins of high viscosities in some polyelectrolyte-
surfactant mixtures, The Journal of Chemical Physics
143 (2015).

[133] R. Gordon, R. Orias, and N. Willenbacher, Effect of car-
boxymethyl cellulose on the flow behavior of lithium-ion
battery anode slurries and the electrical as well as me-
chanical properties of corresponding dry layers, Journal
of Materials Science 55, 15867 (2020).

[134] M. Ishii and H. Nakamura, Influence of molecular weight
and concentration of carboxymethyl cellulose on rhe-
ological properties of concentrated anode slurries for
lithium-ion batteries, Jcis Open 6, 100048 (2022).

[135] M. Ishii, S. Makino, and H. Nakamura, The role of car-
boxymethyl cellulose on the rheology of anode slurries
in lithium-ion batteries, Current Opinion in Colloid &
Interface Science 74, 101858 (2024).

[136] S. C. Lee, J. S. Lee, and S. J. Lee, Influence of car-
boxymethyl cellulose molecular weight on anode slurry
rheology for lithium-ion batteries, Korea-Australia Rhe-
ology Journal , 1 (2025).

[137] E. Gwag and S. Y. Kim, Conformation-driven dispersion
control of carbon black by carboxymethyl cellulose: Im-
plication for binder-particle interactions, ACS Applied
Polymer Materials 7, 12415 (2025).

[138] K. Kitamura, M. Tanaka, and T. Mori, Effects of the
mixing sequence on the graphite dispersion and resis-
tance of lithium-ion battery anodes, Journal of Colloid
and Interface Science 625, 136 (2022).

[139] M. Dolz, J. Jiménez, M. J. Hernández, J. Delegido,
and A. Casanovas, Flow and thixotropy of non-
contaminating oil drilling fluids formulated with ben-
tonite and sodium carboxymethyl cellulose, Journal of
Petroleum Science and Engineering 57, 294 (2007).

[140] K. Benyounes, A. Mellak, and A. Benchabane, The ef-
fect of carboxymethylcellulose and xanthan on the rhe-
ology of bentonite suspensions, Energy Sources, Part
A: Recovery, Utilization, and Environmental Effects 32,
1634 (2010).

[141] A. Benslimane, K. Bekkour, and P. Francois, Effect of
addition of carboxymethy cellulose (cmc) on the rheol-
ogy and flow properties of bentonite suspensions, Ap-
plied Rheology 23, 13475 (2013).

[142] B. Abu-Jdayil and M. Ghannam, The modification of
rheological properties of sodium bentonite-water dis-
persions with low viscosity cmc polymer effect, Energy
Sources, Part A: Recovery, Utilization, and Environ-
mental Effects 36, 1037 (2014).

[143] A. Benslimane, I. M. Bahlouli, K. Bekkour, and
D. Hammiche, Thermal gelation properties of car-



15

boxymethyl cellulose and bentonite-carboxymethyl cel-
lulose dispersions: Rheological considerations, Applied
Clay Science 132, 702 (2016).

[144] M. Dolz-Planas, F. Gonzalez-Rodriguez, R. Belda-
Maximino, and J. Herraez-Dominguez, Thixotropic be-
havior of a microcrystalline cellulose-sodi um car-

boxymethylceliulose gel, Journal of pharmaceutical sci-
ences 77, 799 (1988).

[145] M. Dolz, J. Bugaj, J. Pellicer, M. Hernández, and
M. Górecki, Thixotropy of highly viscous sodium (car-
boxymethyl) cellulose hydrogels, Journal of pharmaceu-
tical sciences 86, 1283 (1997).


