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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
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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 ( / ) )q
sp 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 (Mw ' 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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diameter and thickness of 19.0 and 0.5 mm, respectively. The
measuring temperature for the SLS measurements was set at 25.0 °C.
The scattering angle (�) was changed from 30 to 150° every 10° step.
The magnitude of the scattering vectors (q = (4�n/�)|sin(�/2)|,
where n is the refractive index of water or saline solution) ranged from
8.86 � 10�3 to 3.31 � 10�2 nm�1. Toluene was used as the standard
material for the transformation of scattered light intensities to the
absolute values. The SLS measurements were carried out for the
NaCMC samples in the saline solutions. The refractive index
increment (dn/dc) of the NaCMC samples in the saline solutions
was determined to be 0.137 mL g�1 for NaCMC(0.66:310) and
NaCMC(0.69:420), and 0.139 mL g�1 for NaCMC(1.3:280) by use
of an Abbe refractometer (NAR-2T, Atago Co. Ltd., Tokyo) at a
wavelength of � = 488.0 nm. According to Schweins et al.24 and
Bru�ssau et al.,25 the dn/dc data of a tested polyelectrolyte sample
should be obtained after dialysis against its solvent saline solution to
determine the Mw of the sample precisely. However, because the dn/
dc data of the NaCMC samples were simply measured in the saline
solutions without dialysis in this study, it can be possible that the Mw
values determined were slightly underestimated.

Dynamic viscoelastic measurements were carried out using a stress-
controlled rheometer (MCR301; Anton Paar, Graz) equipped with a
coaxial cylindrical (Couette) geometry with outer and inner radii and
a height of 18.1, 16.7, and 25.0 mm, respectively, under a strain
control mode. The tested angular frequency (�) ranged from 0.1 to
397 rad s�1 at some temperatures ranging from �5.0 to 45 °C, and the
applied shear strain amplitude was fixed at a small value of 0.05 to
determine the linear storage and loss moduli, G� and G�, as functions
of � at each temperature. When the samples demonstrated

viscoelastic behavior that was too low to be accurately measured,
steady-flow viscosity measurements were carried out at shear rates
ranging from 1.0 to 397 s�1 at several temperatures ranging from �5.0
to 45 °C.

An Ubbelohde-type capillary viscometer was used to determine the
intrinsic viscosity ([�]) at 25 °C for the NaCMC samples dissolved in
the saline solutions.

■ RESULTS AND DISCUSSION
SLS Behavior. The excess Rayleigh ratios (R�) obtained

from the examined sample solutions were determined at each q
using toluene as the standard. The obtained results in the SLS
experiments are shown in Figure 1a,b in the manner of Berry’s
plots.26 The apparatus constants (K) necessary to determine
Mw, the radius of gyration (Rg) and the second Virial constant
(A2) values were determined to be 3.84 � 10�7 g�2 cm2 mol for
NaCMC(0.66:310) and NaCMC(0.69:420), and 3.95 � 10�7

g�2 cm2 mol for NaCMC(1.3:280) depending on the dn/dc
values of the NaCMC samples. The intercepts of straight lines
fit to data points at low q2 in Figure 1a and to c in Figure 1b,

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 slopes of the straight lines observed in
Figure 1a provide R M/(6 )g

2
w and those in Figure 1b

M Aw 2 values. The determined Mw and Rg values are

Figure 1. Dependencies of Kc R/
c 0= on q2 (a) and the dependencies of Kc R/

q 02= on c (b) for NaCMC samples dissolved in the saline
solutions at cNaCl = 0.05 � 10�3 and 0.1 � 10�3 mol mL�1.

Figure 2. (a) Dependencies of G� and G� on � at various temperatures for the NaCMC(1.3:280) solution dissolved in pure water at c = 0.01 g
mL�1. (b) Master curves for the G� and G� data shown in (a) resulting from the time�temperature superposition procedure, taking 25 °C as the
standard temperature, Tstd.
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summarized in Table 1. The uncertainties in the determined
Mw and Rg values were less than ±5%. Although the
determined Mw and Rg values are dependent on sample
species, the A2 values are clearly distinct depending on the DS
values. Because the second Virial coe!cient, A2, means the
strength of interparticle interaction between solute molecules
in the tested solutions, a di"erence in the DS values between
NaCMC(1.3:280) and other two samples with DS = 0.66 and
0.69 clearly demonstrates the di"erence in the repulsive
interparticle interaction even in the saline solutions.
According to the basic SLS theory, the q dependence of
R Kc R Kclim /( )( /( ) )

c
c

0
0= = is identical with the product of

Mw and particle form factor (P(q)).27 Because the q
dependencies of R�/(Kc)c=0 data were well described with
the form factors, P(q), of rod particles calculated by use of an
open software SasView28 as seen in the Supporting
Information, particle length (L) values were determined for
each NaCMC sample dissolved in the saline solutions via curve
fit procedures assuming a rod particle model.29 The
determined L values are tabulated also in Table 1. In the
curve fit procedure, the value of rod particle diameter (d) was
assumed to be 1.2 nm for all of the NaCMC samples. Because
the SLS data did not provide information on the local structure
of the formed rods, the d value cannot be determined precisely
only from the SLS data. The ratio between L and Rg seen in
Table 1 is kept at an almost constant value of �3.5, which is
close to �12. Because the relationship L2 = 12Rg

2 is a typical
structural characteristic of long rod particles, the NaCMC
samples dissolved in the saline solutions seem to behave as rod
particles from the viewpoint of the SLS behaviors.
Overview of Viscoelastic Behavior. As typical examples

of dynamic viscoelastic behaviors obtained in this study, the �
dependencies of G� and G� data measured at various di"erent
temperatures for the NaCMC(1.3:280) solution dissolved in
pure water at c = 0.01 g mL�1 are shown in Figure 2a. The
time�temperature superposition principle was applied to the
obtained viscoelastic data to determine the master curves of G�
and G� by setting 25 °C as the standard temperature (Tstd). In
the procedure, G� and G� data at each temperature other than
Tstd were shifted along the � axis by the temperature-
dependent shift factor aT to superpose the data to those at Tstd.
Then, the master curves of the viscoelastic spectra, G� and G�

vs aT�, for the sample solutions were determined in a
frequency range wider than the originally measured � range, as
shown in Figure 2b. Because of the reduced frequency, aT�,
and dependencies of G� and G� data describable as G� �
(aT�)2 and G� � aT� are clearly recognized, the solution
seems to be in the terminal or flow region on the low aT� side.
Thus, fundamental viscoelastic parameters such as the zero-
shear viscosity (�0), steady-state compliance (Je), and average
relaxation time (�w) could be precisely determined using
standard methods such as

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

= = =

=

Similar viscoelastic behaviors belonging to the flow region were
also observed in the system of NaCMC(1.3:280) dissolved in
the saline solution at cNaCl = 0.1 � 10�3 mol mL�1, and also
those of other NaCMC samples dissolved in pure water and in
the saline solution at cNaCl = 0.05 � 10�3 mol mL�1 as shown in
the Supporting Information.
In the cases of sample solutions with low viscosities, steady-

flow viscosity measurements were carried out instead of
dynamic measurements because of too weak viscoelasticity to
be measured precisely. Some typical results obtained in the
steady-flow viscosity measurements are shown in the
Supporting Information to demonstrate the shear rate
dependence of viscosities well reaching the zero-shear
viscosities.
Figure 3a shows the � dependencies of the G� and G� data

at several temperatures for the NaCMC(1.3:280) solution in
pure water at c = 0.06 g mL�1, and the G� and G� curves
resulting from the time�temperature superposition procedure
are shown in Figure 3b as functions of aT�. Because both the
G� and G� data gather together into single smooth master
curves, the time�temperature superposition principle holds
well in this sample. However, both the G� and G� curves show
��0.8 dependence in the low-� region, as observed in Figure
3b. This � dependence in G� and G� is the typical
characteristic of critical gel behavior30,31 and is essentially
di"erent from the viscoelastic behavior that maintains the flow

Figure 3. (a) Dependencies of G� and G� on � at various temperatures for the NaCMC(1.3:280) solution dissolved in pure water at c = 0.06 g
mL�1. (b) Master curves for the G� and G� data shown in Figure 2a resulting from the time�temperature superposition procedure.
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ba c

FIG. 4. Rheological properties of NaCMC (DS = 1.3, Mw = 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 G

00/!. 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

0
and G

00
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

0
and G

00
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

0 ⇠
G

00 ⇠ !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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found that it has no significant effect (Lopez et al., 2018). In Fig. 5b, two 
NaCMC solutions at a polymer concentration of 2.5 wt% and 0.2 M NaCl 
with different preparation procedures are compared. The order of 
dissolution can be seen to have no influence on the LVE oscillatory shear 
response of these samples. Since salt slows down the dissolution of 
NaCMC, we conjecture that the lower viscosities for samples for which 
NaCl is dissolved first found in earlier studies may have been the result 
of incomplete polymer dissolution. 

3.2.2. Influence of pH 
Fig. 6 compares the oscillatory shear response of a 5 wt% NaCMC in 

alkaline, acidic and neutral aqueous media. In DI water, as discussed in 
the preceding sections, NaCMC forms a weak gel. In 0.5 M NaOH, the 
unsubstituted blocks of the cellulose backbone are solvated, so that 
attractive interactions between them are greatly reduced (Lopez et al., 
2018). The solubilisation of the unsubstituted blocks destroys the gel 
network and solution-like behaviour is observed. Note that in 0.5 M 
NaOH the complex viscosity at low frequencies does not reach the 
Newtonian plateau characteristic of the terminal region of entangled 
polymer solutions.2 Instead, η* increases steadily with decreasing fre-
quency. This feature, which has been observed for associative polymers 
in solution (Ganesan et al., 2016), indicates that 0.5 M NaOH does not 
fully remove hydrophobic interactions between the NaCMC chains. In 
acidic media, the charge density of NaCMC, which has a pKa of ≃ 4.4 
(Hoogendam et al., 1998), decreases, thereby facilitating interchain 
associations and promoting gel formation. The increase in gel strength 
can be seen by the large increase in the storage modulus, complex vis-
cosity and the decrease in the loss tangent shown in Fig. 6. The fre-
quency dependence of the storage modulus also decreases significantly 
in 0.5 M HCl compared to DI water, indicating a more developed gel 
structure. The lower solubility of the NaCMC in acidic conditions 
compared to DI water is also confirmed by the opalescent appearance of 
the gels in HCl, in contrast to the gels in DI water, which form clear 
dispersions. 

The large amplitude oscillatory shear response for the gel in DI water 
and the hydrophobic solution in 0.5 M in NaOH are qualitatively similar: 
both samples display strain softening behaviour, or type I in Hyun et al.’s 
classification. Under acidic conditions, a qualitative change is observed 
and G′′ displays an overshoot with increasing oscillation amplitude, 
corresponding to Type III behaviour the aforementioned classification. 

The transition between well-formed gel behaviour and solution-like 

behaviour which occurs as the pH of the solvent media increases is 
investigated in more detail in Fig. 7. The storage modulus at 1 Hz in-
creases gradually as the pH is decreased from ≃13.5 (0.5 M NaOH) to 
≃0.5 (0.5 M HCl). Eq. (2) can be used to describe the complex viscosity 
as a function of oscillation frequency except at high pH where a single 
power-law is not observed over a wide range of frequencies. The con-
sistency and flow indices, plotted in Fig. 7B are seen to decrease and 
increase with increasing pH, quantifying the increase in network 
strength for the NaCMC gels. 

Fig. 8 compares the concentration dependence of the loss tangent 
and storage modulus at a frequency of f=1 Hz of NaCMC in DI water and 
0.5 HCl. For c ≲ 4 wt%, addition of HCl leads to the formation of a gel 
from a starting NaCMC solution. At higher polymer concentrations, 
lowering the pH simply leads to strengthening of the already formed gel 
network. 

The affine network model (Rubinstein & Colby, 2003) predicts the 
shear modulus of a cross-linked polymer network to be: 

G = kBTc
Ngel

(3)  

where Ngel is the degree of polymerisation between network strands. If 
we assume two cross-links per chain, i.e. every chain forms one network 
strand, then Ngel corresponds to the degree of polymerisation of the 
NaCMC chain. The estimate of N ≃ 2800 presented in Section 3 repre-
sents a weight average of the degree of polymerisation (Nw), but the 
relevant moment of the molar mass distribution for Eq. (3) is the number 
average (Nn) (Rubinstein & Colby, 2003). NaCMC samples typically 
have a polydispersity of Mw/Mn ≃ 3 − 4 and so we estimate Nn ≃ 800 for 
our sample. 

The shear modulus G calculated according Eq. (3) is plotted as a 
function of concentration in Fig. 8. Experimental results for the shear 
modulus of gels with c ≲ 4 wt% lie below the values expected by Eq. (3) 
if two cross-links per molecule are assumed, indicating that a fraction of 
chains are do not form cross-links. This finding agrees with the centri-
fugation experiments of Dürig et al. and Elliot and co-workers discussed 
in the introduction, which found a relatively small mass fraction (≃5%) 
of NaCMC (DS ≃ 0.7) is responsible for gel formation. 

3.3. Overview of NaCMC gelation 

The viscoelastic response of gelling NaCMC grades can be divided 
into three concentration regimes. At low concentrations, well below the 
entanglement point, the rheological behaviour of NaCMC in water is 
that of a typical polyelectrolyte solution and is reasonably well 
described by the scaling model of Dobrynin et al. (Dobrynin et al., 1995; 

Fig. 5. a: Oscillatory shear response of NaCMC in the LVE region. NaCMC concentrations are indicated on the graph. Full and hollow symbols are storage and loss 
moduli respectively. b: 2.5 wt% solution in 0.2 M added NaCl. Black symbols: salt dissolved before the polymer. Purple symbols: polymer dissolved before the NaCl. 

2 The ratio of the overlap to entanglement concentration for NaCMC in 0.5 M 
NaOH (Lopez, 2020) was estimated as ce/c* = ce[η] ≃ 6, so that ce ≃ 0.5 wt% for 
the sample in this study. 

C.G. Lopez and W. Richtering                                                                                                                                                                                                                

FIG. 6. Oscillatory shear response of NaCMC solutions in the linear viscoelastic region. (a) Frequency dependence of G
0

and
G

00
for NaCMC gels in aqueous media. Filled and open symbols correspond to G

0
and G

00
, respectively. Red symbols show

samples with 0.2 M added NaCl, and blue symbols show samples in DI water. (b) Frequency dependence of G
0
, G

00
, 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

0
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

0 ⇠ 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

0
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 sodiumcarboxymethylcellulose 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 DS B0.82 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.

Figure 3 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) in a distilled water
and b 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)

Cellulose (2017) 24:4151–4162 4155

123

DI water

80 wt% 
propylene glycol

DS = 0.62
DS = 0.79
DS = 1.04

a

b

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

0
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 (Černỳ 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 specific 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 –a polymer 
that is not hydrosoluble– by etherification, using 
sodium hydroxide and monochloroacetate (Heinze 
and Pfeiffer 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 defines 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 flow, 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 fixed 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 (Dürig and Banderet 1950; Her-
mans  Jr 1965), we introduced a mean-field model 
based on hydrophobic interchain association that 
accounts remarkably well for the sol–gel 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 flex-
ible rod-like structures (Legrand et al. 2024). In this 
network, the effective 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 identified 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 
different 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 specified in the dedicated section 
below.

Linear viscoelasticity of CMC solutions

Phase diagram

Aqueous solutions of CMC form gels upon acidifica-
tion. In a recent study, we have performed an exten-
sive characterization of the sol–gel 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 defined 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 sufficiently 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 sufficiently 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 first examine the linear viscoelastic properties 
of acidified 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 
different molecular properties, i.e., various degrees of 
substitution and molecular weights (Matsumoto and 
Mashiko 1988; Kästner 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 fits 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: G̃′ = G′∕("0#0) , 

G̃′′ = G′′∕("0#0) , and "̃ = "∕"0 with !0 = (�"−1∕�#−1)1∕("−#) 
and !0 = (�∕�)1∕("−#) for eight different 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: 
G̃⋆ = (i#̃)$+%∕[(i#̃)$ + (i#̃)% ] with ! = 0.39 and ! = 0.72 . 
Inset: !0 vs. !0 ; the red line is the best power-law fit 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 confirms 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 fit 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 fitting 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 fit 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 fit is 
obtained with Ea = 81 ± 9 kJ∕mol . b (!0"0) vs. T. The black 
line stands for the best linear fit 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 fits 
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., G̃′ = G′∕G0 , G̃′′ = G′′∕G0 , and "̃ = "∕"0 with 
!0 = (G0∕! )

1∕" for eight different temperatures ranging from 
T = 5�C to 40�C as indicated by the color bar. The red curves 
correspond to the normalized FKV model, G̃⋆ = 1 + (i#̃)$ 
with ! = 0.40 ± 0.01 . Inset: G0 vs. !0 ; the red line is the best 
power-law fit of the data, G0 ∼ !0.1

0
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Lopez, 2020; Lopez et al., 2018). Above a critical concentration cH ≳ ce 
hydrophobic solution behaviour sets in (Lopez et al., 2018) (note that 
the specific value of cH/ce depends on the substitution pattern of the 
NaCMC chain). Such behaviour is characterised by one or more of the 
following:  

1) a steep concentration dependence of the specific viscosity (ηsp ~ 
c6−8) and relaxation times, and a decrease in the apparent modulus 
(Gapp = η/τ) with increasing concentration  

2) An upturn in the steady shear and complex viscosities at low shear 
rates  

3) The failure of the Cox-Merz rule.  
4) Thixotropic behaviour. 

As the concentration further increases, gelation occurs. The ratio cH/ 
cgel is dependent on the substitution pattern (and probably on the mo-
lecular weight of the sample). Above cgel, as defined by the Winter- 
Chambon criterion, the storage modulus at 1 Hz scales approximately 

as G′(1 Hz) ≃c3. This tend can be observed in Fig. 9 for NaCMC samples 
in aqueous solutions at neutral pH from seven different literature 
studies. Despite the large differences in molar mass (2 × 105 ≲ Mw ≲ 1 ×
106) and degree of substitution (0.62 < DS < 0.95), see Table S1, most 
values fall in the range of G′ ≃ (1.5 − 7)c3 as shown by the dashed lines 
in Fig. 9. 

The LAOS behaviour in the gel region initially displays strain thin-
ning and, for sufficiently well-formed gels, a weak strain overshoot is 
observed. Centrifugation and rheological experiments indicate that even 
well above the gelation point, only a relatively small fraction of NaCMC 
chains take part in network formation. 

Decreasing the pH of the solvent media for NaCMC promotes 
network formation in a similar way as increasing the polymer concen-
tration at neutral pH. For example, the rheological response observed for 
a 5 wt% in 0.5 M HCl presented in Fig. 6 is similar to that of the 10 wt% 
gel in DI water shown in Figs. 1 and 2. Both increasing the concentration 
of NaCMC or decreasing the pH lead to an increase and decrease of the 
consistency and flow indices respectively. 

Fig. 6. Influence of pH on the oscillatory shear rheology of 5 wt% NaCMC dispersions. A, B: frequency sweeps in the LVE region (strain amplitude γ = 1%). Full 
symbols are for the storage modulus and hollow symbols are for the loss modulus in part (A). The loss tangent is plotted in part (B). The solvent media are indicated 
on the legend. C: strain amplitude sweeps at f = 1 Hz for same samples as parts A-B. D: complex viscosity as a function of oscillation frequency. Colours have the same 
meaning for all panels. 
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ABSTRACT: The present work o!ers a comprehensive descrip-
tion of the acid-induced gelation of carboxymethylcellulose
(CMC), a water-soluble derivative of cellulose broadly used in
numerous applications ranging from food packaging to biomedical
engineering. Linear viscoelastic properties measured at various pH
and CMC contents allow us to build a sol�gel phase diagram and
show that CMC gels exhibit broad power-law viscoelastic spectra
that can be rescaled onto a master curve following a time�
composition superposition principle. These results demonstrate the
microstructural self-similarity of CMC gels and inspire a mean-field
model based on hydrophobic interchain association that accounts
for the sol�gel boundary over the entire range of CMC content
under study. Neutron scattering experiments further confirm this
picture and suggest that CMC gels comprise a fibrous network cross-linked by aggregates. Finally, low-field NMR measurements
o!er an original signature of acid-induced gelation from a solvent perspective. Altogether, these results open avenues for the precise
manipulation and control of CMC-based hydrogels.

The sodium salt of carboxymethylcellulose (NaCMC) is a
water-soluble derivative of cellulose, the most abundant

polymer on earth, which is broadly used for industrial
applications, such as food, pharmaceuticals, paints, etc., and
serves as a thickener and water retention agent when dispersed
in a solvent.1�3 The properties of NaCMC can be tuned via
the degree of substitution (DS), which corresponds to the
average number of carboxymethyl groups per repeating glucose
unit and varies between 0 and 3. Highly substituted polymers,
i.e., for DS � 1, are hydrophilic and disperse easily in water,
yielding rheological features typical of polyelectrolyte sol-
utions.4�7 In contrast, weakly substituted polymers, i.e., for DS
� 0.9, contain hydrophobic regions, which favor interchain
aggregation and the formation of so-called “fringed micelles” in
aqueous solution,8 yielding thixotropic and even gel-like
properties at high enough concentrations.9�14 In practice, the
gelation of NaCMC solution can be induced by lowering the
pH, which decreases the charge density along the CMC chain
and promotes the formation of multichain aggregates.15 At a
low enough pH, NaCMC solutions thus behave as soft solids
that experience a solid-to-liquid transition at large deforma-
tions.16,17 While much is known about the flow properties of
highly substituted NaCMC aqueous solutions, the acid-
induced gelation of less substituted CMC solutions and the
resulting gel properties remain poorly understood in terms of
mechanical and structural properties.
Here, combining complementary techniques, we perform an

in-depth characterization of the acid-induced sol�gel transition

in aqueous solutions of weakly substituted NaCMC.
Rheological measurements allow us to identify the gelation
point and build a phase diagram over a broad range of pH and
CMC content. Moreover, the scattered intensity measured by
small-angle neutron scattering (SANS) shows an abrupt
change at the sol�gel transition, suggesting the presence of a
heterogeneous percolated network of disordered fibrils formed
through microphase separation. Building upon this scenario,
we devise a simple model based on physical cross-links at the
locus of hydrophobic patches along the polymer chain, which
yields an equation for the sol�gel boundary in excellent
agreement with the phase diagram. Viscoelastic spectra
measured in the gel phase at di!erent pH values exhibit
similar features. Following a time�composition superposition
principle, these spectra can be rescaled onto a remarkable
master curve, which hints at a self-similar microstructure in
which the CMC chains follow Rouse-like dynamics. Finally,
low-field NMR spectroscopy reveals that the sol�gel transition
is associated with a decrease in the proton transverse relaxation
time T2, whose temperature dependence remains Arrhenius-
like across the transition. Yet, the corresponding energy scale
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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

00
/G

0
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

! = 0.18	M

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 confined by the
aggregation due to the strong electrostatic repulsive effect when
Cs > CAC. Namely, the apparent ionization degree of free C12TAB
monomers in solution is much stronger than that of C12TAB in mi-
celles. As a result, the intercept point of two slopes for j ! Cs curve
is the CAC, and CAC values 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 NaCMC–C12TAB 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 C12TAB concentra-
tion increase when Cs > 6 mM, which gives the extent of shear thin-
ning of NaCMC–C12TAB complex solution. The increase of viscosity
is attributed to the surfactant micelles bridging of the polymer
chains and confining 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 C12TAB concentrations
are defined as C1 and C2 (see in Fig. 5), which suggests that
NaCMC–C12TAB systems may corresponds to three kinds of struc-
tures in different C12TAB concentration regions. On the other hand,
when Cs < C1, the NaCMC chains are affected by wrapping with
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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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2.4. Adsorption isotherm 

Adsorption isotherms (CB-CMC and graphite-CMC) were obtained by 
the solution depletion method, which is commonly used to measure the 
adsorption amount. First, CB and graphite suspensions of various CMC 
content were prepared around the CMC content expected as the 
adsorption saturation point. Then, each suspension was centrifuged at 
10,000 rpm for at least 24 h using a high-speed centrifuge (Supra R17, 
Hanil Scientific Inc, Korea). After confirming that the particles were 
completely precipitated (verified by transparent supernatant), the su-
pernatant CMC solution was transferred to a petri dish and dried over-
night at 40℃ in a convection oven. When all the solvent was evaporated, 
the mass of the solid was measured to calculate the CMC content of each 
supernatant solution. Finally, the amount of CMC adsorption was 
calculated from the difference in CMC content of the original suspension 
and of the centrifuged supernatant. 

2.5. Microstructure observation 

The microstructure of the anode slurry was observed using a polar-
izing microscope (BX51, Olympus, Japan). To obtain an optical micro-
graph, the slurry was first diluted 15 times with deionized water and 
then mixed for 10 s using a vortex mixer (VM-10, ALLforLAB, Korea). 
Too much dilution leads to an insufficient number of particles while too 
little dilution leads to dark and obscure images. Both make it difficult to 
observe the structure, thus the 15 times of dilution was chosen as the 
most appropriate for observation. Then, 0.1 mL of the diluted slurry was 
carefully loaded onto a slide glass using a dropper and covered with a 
cover glass. Finally, the optical micrographs of the slurry were obtained 
with 10 times and 50 times magnification. The optical micrographs of 
CB suspension and graphite suspension were obtained through the same 
procedure except that the dilution factor was 10 and 15, respectively. 

3. Results and discussion 

3.1. Role of CMC binder in the anode slurry 

Fig. 1 shows the frequency sweep results of CB suspension (Fig. 1a) 
and graphite suspension (Fig. 1b) with varying CMC content. Both sus-
pensions show a sharp change in viscoelastic properties with increasing 
CMC content. The CB suspension (Fig. 1a) without CMC shows G′ of the 
order of thousand with frequency independence over a wide range of 
frequencies, suggesting a gel-like behavior. In a hydrophilic solvent, CB 
(or graphite) particles with non-polar surface agglomerate by hydro-
phobic interaction between the particles [41,42] to form a 
volume-spanning network, which contributes to strong elasticity. As the 
CMC content increases to 0.2 wt%, G′ decreases by an order. However, 
the CB suspension still shows a gel-like behavior, suggesting that the 

network structure is weakened but still present. As the CMC content 
increases to 1.0 wt%, G′ decreases sharply, and G′ and G′ ′ are reversed 
over the investigated frequency range, indicating that the CB suspension 
shows a liquid-like behavior. It suggests that the CB network structure is 
disrupted. As the CMC content further increases, both G′ and G′ ′ in-
crease. Finally, at CMC 5.0 wt%, G′ and G′ ′ are reversed again, and the 
CB suspension shows a weak-gel behavior in which G′ is larger than G′ ′

and has a weak frequency dependence (G′ ∼ ω0.24, G′ ′ ∼ ω0.34), sug-
gesting the formation of another network structure. 

Graphite suspension (Fig. 1b) shows a similar behavior as the CB 
suspension. In the absence of CMC, it shows a gel-like behavior with G′

of the order of ten thousand. As the CMC content increases to 0.1 wt%, 
although the G′ decreases significantly, a low-frequency plateau is 
observed, suggesting that the network structure still exists [43,44]. As 
the CMC content increases to 0.2 wt%, G′ and G′ ′ are reversed and it 
shows a liquid-like behavior, suggesting the disruption of the network 
structure. As the CMC content further increases, both G′ and G′ ′ increase. 
Finally, at CMC 5.0 wt%, G′ and G′ ′ are reversed again and it shows a 
weak-gel behavior (G′ ∼ ω0.25, G′ ′ ∼ ω0.29), indicating that another 
network structure is formed. 

To better understand the effect of CMC on the interaction between 
CB and graphite particles, the viscosity curves of CB (Fig. 2a) and 
graphite suspensions (Fig. 2b) are investigated with varying CMC con-
tent. Relative viscosity (ηr = ηsusp

ηmatrix
) is expressed with respect to the hy-

drodynamic stress (τ = ηmatrix γ̇). This characterization is a useful 
rheological technique to rule out the contribution of the binder itself and 
to investigate the effect of the binder on the inter-particle interactions 
[28]. The CB suspension (Fig. 2a) shows a yielding behavior (negative 
slope of −1) at CMC 0.25 wt%, suggesting the presence of a network 
structure. As the CMC content increases up to 1.0 wt%, the slope of the 
viscosity curve at low hydrodynamic stress (τ < 1Pa) decreases signifi-
cantly, suggesting a weakening of the structure. As the CMC content 
increases from 1.0 wt% to 2.5 wt%, the slope of the viscosity curves and 
the order of the relative viscosity are almost identical in the investigated 
hydrodynamic stress range to form a single master curve. However, at 
CMC 5.0 wt%, the slope at τ < 100Pa increases again, indicating the 
formation of another structure. 

The graphite suspension (Fig. 2b) shows a similar behavior as the CB 
suspension. The graphite suspension shows a yielding behavior at CMC 
0.1 wt%, and the slope at low hydrodynamic stress (τ < 0.1Pa) de-
creases significantly as the CMC content increases to 0.2 wt%. As the 
CMC content increases from 0.2 wt% to 2.0 wt%, the viscosity curve 
shows a universal behavior to form a master curve. However, at CMC 
4.0 wt%, the slope at τ < 100Pa increases again. In both CB and graphite 
suspensions, G′ and G′ ′ are reversed twice (Fig. 1) and the shape of the 
viscosity curve changes twice (Fig. 2) as the CMC content increases. 

CMC is known as a surfactant for carbon-based materials (CB, 
graphite) in an aqueous medium due to its molecular structure 

Fig. 1. Storage (closed symbol) and loss (open symbol) modulus of (a) 5 wt% CB suspensions and (b) 45 wt% graphite suspensions as a function of frequency with 
varying CMC content. The arrow indicates an upturn of G′ and G′ ′. 
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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.

significantly 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.
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