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Abstract The linear dynamic viscoelastic properties

and non-linear transient rheology of sodium car-

boxymethylcellulose solutions (Na-CMC) in propy-

lene glycol/water mixtures were investigated.

Measurements were carried out for the solutions of

Na-CMC with three different degrees of substitution

(DS), namely 0.62, 0.79, 1.04, and the similar average

molecular weight (Mw & 250,000 g/mol). The strong

synergism between the molecules of Na-CMC with

DS of 0.62 and 0.79, and propylene glycol has been

observed. The occurrence of the overshoot shear stress

and the low loss tangent values indicate the physical

cross-linking of the polymer chains. The increase of

propylene glycol concentration over 80 wt% and

sodium carboxymethylcellulose (DS = 0.7) over 1.6

wt% leads to the formation of a physical cross-link

network. The absence of overshoot shear stress and

terminal behaviour in SAOS flow of the Na-CMC1.04

solutions in the PG/water mixture shows that no

intermolecular cross-linking of polymer chains

occurred in them.

Keywords Sodium carboxymethylcellulose �
Propylene glycol � Rheology � Overshoot stress �
Physical gel

Introduction

The sodium salt of carboxymethylcellulose (Na-

CMC) is a water-soluble derivative of cellulose which

has found applications in a number of industrial

sectors including food, paints, pharmaceuticals and

cosmetics (Li et al. 2009; Kono et al. 2016). It serves

as a viscosity modifier, thickener, emulsion stabilizer,

and water-retention agent (Li et al. 2009). Na-CMC is

also used in the production of hydrogels with

biomedical applications (drug delivery, tissue engi-

neering) (Ali et al. 2016).

In the majority of cases, Na-CMC-based hydrogels

are obtained through chemical cross-linking as a result

of reaction with bifunctional cross-linking agents (for

example: epichlorohydrin (Chang et al. 2010), die-

poxy (Rodriguez et al. 2003; Kono et al. 2013),

dicarboxylic acid (Gorgieva and Kokol 2011; Akar

et al. 2012), aldehydes (Patenaude and Hoare 2012)

and polyethylene glycol (Kono 2014). Also, the

synthesis of multi-component hydrogels based on

carboxymethyl cellulose have been reported (Maswal

et al. 2015).
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Department of Chemical Engineering and Equipment,

Faculty of Chemical Technology, Poznan University of

Technology, ul. Berdychowo 4, 60-965 Poznan, Poland

e-mail: Jacek.Rozanski@put.poznan.pl

Present Address:
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So far, there have been relatively few reports on the

physical cross-linking gel of Na-CMC. Gels of this

type can be obtained by dissolving Na-CMC in 0.1 M

of HCl (Gulrez et al. 2011) or adding poly(vinyl

alcohol) to an aqueous solution of Na-CMC (Cong-

ming and Yongkang 2008). Yang and Zhu (2007) have

observed that the viscosity of Na-CMC aqueous

solutions rises rapidly after the addition of glycerin.

In all enumerated cases, gel formation or an increase in

the viscosity of a Na-CMC solution is associated with

physical cross-linking through hydrogen bonds.

Sharma et al. (2010), and Chatterjee and Das (2013),

have presented results of measurements of intrinsic

viscosity in ethylene glycol/water and methanol/water

mixtures. The studies investigated the conformation of

Na-CMC macromolecules in diluted solutions.

The rheological properties of Na-CMC aqueous

solutions are relatively well known. Their viscosity

depends not only on the average molecular weight and

the distribution of molecular weights, but also on the

degrees of substitution (DS) at the 2-, 3-, and

6-positions along the cellulose chains of CH2COONa

groups, and on the total DS (Kono et al. 2016). Studies

conducted by Kulicke et al. (1996) show that the

maximum zero shear viscosity of Na-CMC aqueous

solutions occurs at DS& 0.9. Changes in the viscosity

of Na-CMC aqueous solutions accompanying an

increase in DS are most likely related to the presence

of inter- and intrachain hydrogen bonds (Kulicke et al.

1999). The interchain hydrogen bonds which have the

greatest impact on the viscosity of the solution form

primarily between O6H6 groups and CH2COONa

groups.

In this paper, both the linear and nonlinear transient

rheology of Na-CMC solutions in propylene glycol/

water mixtures were studied. The main purpose of the

study was to determine the effect of the degree of

substitution on the rheological properties of Na-CMC/

PG/water mixtures. Furthermore, rheological mea-

surements were performed for solutions with varying

concentrations of the polymer and propylene glycol.

Na-CMC solutions with a low content of propylene

glycol (ca. 20 wt% of PG) have found application in

the production of hydrogel polymer wound dressings.

The study below presents results of measurements

obtained for solutions containing between 60 and 95

wt% of PG. Systems of this type, similarly to solutions

of other polysaccharides in PG/water and glycerol/

water mixtures, may be potentially employed as drug

delivery systems because of their high viscosity (Lin

et al. 1993; Moser et al. 2001).

Experimental

Materials

Three sodium carboxymethylcellulose with different

degrees of substitution (DS = 0.7, 0.9 and 1.2—based

on manufacturer’s data) and with a similar average

molecular weight (Mw = 250,000 g/mol—based on

manufacturer’s data) were obtained from Sigma–

Aldrich. Propylene glycol (PG) used in the study

was supplied by Donauchem with a purity of 99.94

wt% (PG for pharmaceutical use).

The DS values specified by the manufacturer were

verified using a standard method (ASTM 1961; Toğrul

and Arslan 2003). A 0.5 g portion of Na-CMC was

shaken with 20 ml of a HNO3–methanol mixture

(10.8 ml of 65% HNO3 was made to 100 ml with

methanol) and left aside for 3 h, after which surplus

acid was washed with 70% methanol. Next, a 0.2 g

portion of Na-CMC, previously dried at 55 �C for 1 h,

was dissolved in 20 ml of distilled water and 3 ml of

1 M NaOH. A detailed description of the method can

be found, for example, in a study by Toğrul and Arslan

(2003). The DS values thus determined were lower

than those specified by the manufacturer and

amounted to 0.62, 0.79 and 1.04. For the distinction

of polymers with different degrees of substitution the

following notations are used Na-CMC0.62 for

DS = 0.62; Na-CMC0.79 for DS = 0.79 and Na-

CMC1.04 for DS = 1.04.

Size-exclusion chromatography

The molar mass distributions of Na-CMC samples

were characterized by size-exclusion chromatography

(SEC) with triple detection on the chromatograph

composed of Knauer K-501 HPLC pump with LDC RI

detector and Viscotek T60A dual detector (right angle

laser light scattering at k = 670 nm (RALLS) and

differential viscometer). Three TSK-GEL columns:

G5000 PWXL ? 3000 PWXL ? 2500 PWXL

(7.8 mm 9 300 mm; Tosoh Corporation, Tokyo,

Japan) were used in a series. The analysis was

performed at 26 �C with the mobile phase 0.1%

NaN3 at a flow rate of 0.1 ml/min. The system was
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calibrated by poly(ethylene oxide)s standards. The

number average molecular weight (Mn) and weight

average molecular weight (Mw) were calculated by

means of OmniSEC software (Viscotek) (Lapienis

et al. 2015).

Raman spectroscopy

Raman spectrometry was conducted (DXR Raman

Microscope, Thermo Fischer Scientific, USA) with a

laser wavelength of 622 nm. A 1 cm3 portion of the

Na-CMC solution was placed in a quartz cuvette and

subjected to Raman spectroscopymeasurements. Each

spectrum was recorded 5 times during the collection

time of 30 s. The aperture was 25 lm slit with

4.2 cm-1 resolution. The laser power was 5 mW with

a spot size of 0.1 lm. The sample was investigated in

ten different locations.

Preparation of solutions

Depending on the concentration (Na-CMC and propy-

lene glycol) preparation of solutions were done in two

ways. All the solutions with concentrations below 1.6

wt% of Na-CMC and 80 wt% of PG were prepared at

room temperature. The required amount of Na-CMC

was added gradually to a beaker with exactly

measured amount of distilled water. The solutions

were at the same time mixed with use of a magnetic

stirrer for the next 24 h to ensure complete hydration

of Na-CMC. Then the propylene glycol was gradually

added and thus obtained mixture was stirred for 24 h.

The solutions with the Na-CMC concentration of

above 1.6 wt% and the PG concentration of above 70

wt% obtained through the above procedure were

heterogeneous, which is why they were prepared

according to the method detailed below. As the initial

step, solutions containing lower Na-CMC and PG

concentrations were prepared according to the first

procedure. As the next step, the obtained Na-CMC/

PG/water mixture was heated to the temperature of

40 �C and the excess of water was slowly evaporated.

During evaporation, the sample was constantly stirred

and weighed in order to achieve specific Na-CMC and

PG concentrations. A higher temperature was not

desirable in view of the risk of sample degradation.

The time needed to evaporate the water depends on the

concentrations of Na-CMC and PG (from 8 to 14 h). It

was possible to prepare Na-CMC/PG/water solutions

according to the procedure described above due to low

PG vapour pressure. Also, the aqueous solution of PG

was concentrated from 70 to 80 wt%. The viscosity of

the concentrated solution was 0.8% lower than the

viscosity of the solution of the same concentration

obtained by mixing the ingredients.

Preliminary rheological measurements showed the

Na-CMC/PG/water solutions to be time-dependent

fluids. During the preparation phase the solutions were

stirred mechanically, so it was necessary to determine

the time after which their microstructure was restored.

To this end, a strain sweep experiment was conducted

at intervals of approximately 24 h. Between succes-

sive measurements the samples were stored at 4 �C. It
was demonstrated that repeatable results for the Na-

CMC0.62/PG/water solutions (PG concentration C

80%) were obtained after about 9 days. Further

measurements revealed the samples with a high PG

content to be stable even after 30 days. On that basis,

the period between sample preparation and measure-

ments was set at 14 days. Studies on aqueous solutions

were carried out 48 h after the preparation.

Rheological measurements

All rheological experiments were performed in a stress

and strain controlled rheometer (Anton-Paar Physica

MCR 501) at 20 �C. Small amplitude oscillatory shear

measurements were performed using 60 mm diameter

parallel plates (gap 1 mm). The sample introduced

into the measuring system was maintained at rest for

4 min in order to eliminate residual stress histories.

The linear viscoelastic range of each solution was

identified by oscillatory strain sweep test which was

conducted by increasing the strain amplitude c0 from
0.01 to 1000% at a constant frequency of 1 Hz. The

range of linear viscoelasticity for all the solutions

studied ended at the strain amplitude value c0 C6%.

The frequency sweep experiments were conducted at

c0 = 2%. The parameters obtained from the dynamic

test data were: storage modulus G0 and loss modulus

G00. All rheological tests were performed at a stabilized

temperature of 20 ± 0.1 �C. In addition, all the

samples before measurements were stabilized in water

bath for 2 h at 20 �C.
For the transient rheological measurements, cone-

and-plate geometry (diameter—59.974 mm, angle—

2.014�, truncation—253 lm) was used. The growth in

transient shear stress was measured as a function of
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time. The sample loading procedures were essentially

the same as those used in the SAOS tests described

above. The measurements were performed at four

different shear rates (0.01, 0.1, 1 and 10 s-1).

Results and discussion

Raman spectroscopy

Figure 1 shows the Raman spectra for the Na-

CMC0.62; Na-CMC0.79 and Na-CMC1.04 solutions in

the PG/water mixture. The fingerprint spectra for

sodium carboxymethylcellulose confirmed the molec-

ular structure of the compound skeleton. Several bands

recorded for the solutions with different DS reflected

minor changes in the region assumed to be responsible

for hydrogen bonding (2600–3500 cm-1) or—more

specifically—in the OH stretching region. The inten-

sity of the spectra recorded for different solutions

depends on the Na-CMC DS level; it was then

assumed that hydrogen associates had been formed

between OH groups coming from PG and OH groups

along the cellulose chain. Furthermore, the increase in

intensity at 3270 and 3390 cm-1 suggests that there

are several types of hydrogen bonding; 3270 cm-1

possibly reflects the intrachain hydrogen bonds O2–

H2…O6, and 3390 cm-1 confirms the bonding

between the cellulose chain OH group from PG.

A quantitative analysis of these spectra is impos-

sible since the precise amount of PG contributing to

the hydrogen association is impossible to determine.

On the other hand, it seems that the presence of PG

strongly influences the Raman response and also

depends on the substitution degree. To some extent, it

might suggest that the specific bonds and their

excitation energies strongly correlate with the polymer

structure and accessibility of the chain to the OH

groups from glycol. Finally, the solutions prepared

with glycol demonstrated increased intensities in the

OH stretching region, with a decrease on the DS level.

Dynamic rheological properties

The linear viscoelasticity measured using small

amplitude oscillatory shear (SAOS) is presented in

Fig. 2a for sodium carboxymethylcellulose aqueous

solutions with varying degrees of substitution. The

Na-CMC0.79 and Na-CMC1.04 solutions satisfy the

relation G00 � x, and the modulus G0 is proportional to
x1.13 and x1.57, whereby G00 [G0. A different nature of

the relations G0 = f(x) and G00 = f(x) is noted for the
Na-CMC0.62 aqueous solution. The loss modulus are

also greater than the storage modulus, however the

-200

0

200

400

600

800

1000

1200

1400

1600

1800

0 500 1000 1500 2000 2500 3000 3500

N
or

m
al

iz
ed

 In
te

ns
ity

Raman shift (cm )-1

DS=0.62
DS=0.78
DS=1.04

Fig. 1 Raman spectra for solutions of Na-CMC (2.2 wt%) with different degrees of substitution (DS) in PG/water mixture (80 wt% of

PG)
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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)
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scaling exponent assumes values that are similar to

those characteristic for liquid-like terminal behaviour

(G0 � x2; G00 � x). A deviation of the scaling expo-

nent from the value of 2 for Na-CMC1.04 may be a

result of polymer polydispersity.

Figure 2b shows mechanical spectra obtained for

the sodium carboxymethylcellulose solutions dis-

solved in a PG/water mixture with varying degrees

of substitution (with the concentration of PG amount-

ing to 80 wt%). At low frequencies, the Na-CMC1.04

solution exhibits typical terminal behaviour for both

G0 (� x2) and G00 (� x). At the highest achievable

angular frequencies, the values of both modulus are

similar, and their slope is approximately 0.5. Such a

shape of the mechanical spectrum is characteristic for

unentangled polymer solutions (Lu et al. 2015). A

difference is noted in the relation between G0 and G00 as
a function of angular frequency in the sodium

carboxymethylcellulose solutions with DS values

equal to 0.62 and 0.79. In this case, the slope of the

modulus G0 rises along with an increase in angular

frequency from 0.19 to 0.45 for Na-CMC0.62, and from

0.23 to 0.54 for Na-CMC0.79. The slope of the modulus

G00 is roughly constant from the value x = 0.019 rad/

s, and equals 0.46 for Na-CMC0.62 and 0.51 for Na-

CMC0.79. In addition, both in Na-CMC0.62 and Na-

CMC0.79, the values of the modulus G0 are greater than
those of the modulus G00 over the entire range of

changes in angular frequency. The change in the slope

of the modulus G0 noted for the Na-CMC0.62 and Na-

CMC0.79 solutions may point to the fact that the

measurements were performed in the angular fre-

quency range in which there is a passage from the

plateau zone to the transition zone. Differences in the

shape of the mechanical spectra obtained for the

solutions containing Na-CMC1.04 and Na-CMC0.62

and Na-CMC0.79 show that the lowering of the degree

of substitution leads to the cross-linking of the polyion

molecules. Figure 2b additionally shows photographs

of the sodium carboxymethylcellulose solution sam-

ples. The flow of the fluid in a slanted test tube is

clearly visible only in the Na-CMC1.04 solution. In the

two remaining cases, no change in the location of the

fluid in the test tube is visible even after 60 s (i.e. the

time point when the photograph was taken).

Yang and Zhu (2007) have observed a synergistic

effect manifested as a considerable increase in the

viscosity of the solution or the formation of gel in Na-

CMC/glycerine/water and Na-CMC/Al(OH)3/water

systems. The effect is attributed to the ability of OH

groups to cross-link Na-CMC polyions in the solution

through a hydrogen bond. Probably a similar mech-

anism of cross-linking occurs in the Na-CMC0.62/PG/

water and Na-CMC0.79/PG/water solutions. The

Raman spectroscopy results show that the number of

hydrogen bonds between OH groups of propylene

glycol and Na-CMCmacromolecules, increases with a

decrease of the DS level. Since PG contains two OH

groups, the physical cross-linking of the chain in the

solution can occur, resulting in an increase in the value

of the modulus G0 and G00 and, following the formation

of a cross-link network, in the formation of a weak

physical gel. At the same time, the results of the SAOS

experiments indicate that a weak physical gel was

formed exclusively in the Na-CMC0.62 and Na-

CMC0.79 solutions, whereas the Na-CMC1.04 solution

has the properties of a viscoelastic fluid. Furthermore,

the values of the modulus G0 for Na-CMC with

DS = 0.62 are greater than for DS = 0.79. This

signifies that the number of interchain cross-links of

the Na-CMC macromolecules increases along with a

decrease in the polyion degree of substitution.

As previously mentioned, in aqueous solutions of

Na-CMC1.04 a large number of COONa groups

prevents the interchain hydrogen bond formation,

which is evidenced by the lack of aggregates (Na-

CMC1.04 is molecularly dispersed in water) (Lopez

et al. 2015). The absence of cross-linking of Na-

CMC1.04 macromolecules in the aqueous solutions is

most likely an effect of their solvation (Xiquan et al.

1990). Probably, also in the PG/water mixture the

similar effect might occur. However, it needs to be

noted that rheological studies alone are not sufficient

to fully elucidate the microstructure of the fluid, and

the described causes of changes in the rheological

properties of Na-CMC/PG/water mixtures accompa-

nying an increase in DS need to be verified by other

measurement methods.

A parameter which characterizes the viscoelastic

behaviour of fluid is loss tangent (tan d = G00/G0).
Generally, tan d\ 1 indicates a dominance of elastic

fluid properties, and tan d[ 1 shows a dominance of

viscous fluid characteristics. The effect of Na-

CMC0.62 and PG concentrations on changes in tan d
as a function of angular frequency is shown in Fig. 4.

For solutions with the Na-CMC0.62 concentration of

1.6 wt% and the PG concentration of 70 wt%, the

values determined for tan d are[1, which shows a
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fluid-like behaviour of the sample (Fig. 4b). An

increase in the PG concentration to 80 wt% causes a

rapid drop in the loss tangent value. Changes are also

noted in the qualitative characteristics of the relation

tan d = f(x). In solutions where the PG concentration

is C80 wt%, the loss tangent values increase in line

with rising frequencies from a value within the range

from 0.11 to 0.17 at 0.0056 rad/s to a value ranging

between 0.76 and 1.0 at 50 rad/s.

Rapid changes in the loss tangent values are also

observed at the increasing concentration of Na-

CMC0.62 and steady concentration of PG (80 wt%)

(Fig. 4a). A rise in the concentration of Na-CMC0.62

from 1.2 to 1.4 wt% results in a considerable decrease

in tan d, however its values are still greater than 1 at

x[3.4 rad/s. A further increase in the polymer

concentration induces primarily a reduction in the

loss tangent value at higher angular frequencies

(x[ 4 rad/s). Notably, for the highest concentrations

(C1.8 wt%) its values are similar over the entire

angular frequency range. The finding shows that the

fluid microstructure was fully formed (Winter et al.

1988). At the same time, the relatively high values of

the loss tangent ([0.1) and the fact that they increase

in line with increasing angular frequencies show that

the samples are not true gels but rather weak

biopolymer gels (Mandala et al. 2004; Razmkhah

et al. 2017).

The photographs in Fig. 4a, b demonstrate that an

increase in the concentration of PG from 80 to 85 wt%,

and a rise in the concentration of Na-CMC0.62 from 1.6

to 1.8 wt%, trigger a rapid change in the rheological

properties of the solutions. A clear flow is observed in

the samples with the PG concentration of 70 wt% and

the Na-CMC0.62 concentration of 1.6 wt%. A sample

of the solution with the PG and Na-CMC0.62 concen-

trations of 80 and 1.8 wt%, respectively, still retains its

shape after 60 s.

Fig. 4 Influence of Na-CMC (a) and PG (b) concentrations on
the loss tangent versus angular frequency dependency [mea-

surements were made for solutions with concentrations of PG

equal to 80 wt% (a) and Na-CMC equal to 1.6 wt% (b)]

Fig. 5 Transient shear stress in function of strain for repeated

initial start-up experiments at the applied shear rate of 0.1 s-1

(2.0 wt% of Na-CMC0.62 and 80 wt% of PG)
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Transient rheology

Figure 5 presents responses of the transient shear

stress as a function of strain (c ¼ _c � t), for the initial

start-up experiments after different rest times for the

Na-CMC0.62 (2.0 wt%) solutions in PG/water mixtures

containing 80 wt% of PG. A fresh sample (i.e. a

sample resting for 14 days prior to the commencement

of the test) can be observed to reach the maximum

shear stress (overshoot stress, smax) before it achieves

the equilibrium value. The overshoot stress was noted

in a large number of systems, for example entangled

polymer melts and solutions (Ravindranath and Wang

2008; Hernadez et al. 2013; Lu et al. 2014), nanocrys-

talline cellulose suspensions, hydrogels (Yin et al.

2008;Mahi and Rodrigue 2012; Bagheriasl et al. 2016;

Chen et al. 2017), organoclay nanocomposites

(Letwimolnun et al. 2007; Chen et al. 2017). The

initial monotonic increase in the shear stresses is proof

for the occurrence of elastic deformation of polymer

chains (Ravindranath and Wang 2008; Wang and

Wang 2009). In the wake of structural changes at the

stress overshoot the shear stress begins to decrease,

which means a transformation from the initial elastic

deformation to the final plastic deformation, i.e. flow

(Wang andWang 2009). In the Na-CMC0.62 solutions,

the formed network is probably a result of hydrogen

bonding between OH groups of propylene glycol and

the polymer chains. It follows that the observed

overshoot shear stress should be associated with the

breakdown of the network following the breaking of

hydrogen bonds.

Figure 5 also shows the results of start-up exper-

iments obtained at various time intervals after pre-

shearing at _c ¼ 100 s�1 for 30 s. The stress overshoot,

which is not visible for short rest times (1 and 60 s),

increases regularly with rest times ranging from 60 to

960 s. After 960 s the value of sþmax and the equilibrium

value of shear stress are approximately a half lower

than those recorded for the fresh sample. The finding

indicates the process of very slow reconstruction of the

fluid microstructure. The measurement results dis-

cussed below relate to fresh samples.

Figure 6 shows the transient stress responses to the

start-up of the shear flow for the sodium car-

boxymethylcellulose (2.2 wt%) solutions with varying

DS in PG/water mixtures containing 90 and 95 wt% of

GP. The overshoot shear stress occurs in the Na-

CMC0.62 and Na-CMC0.79 solutions at the PG con-

centration of 95 wt%. In the Na-CMC1.04 solution, the

shear stress is not observed to change in the function of

time. A comparison of the nature of the relation

s? = f(c) for the sodium carboxymethylcellulose

solutions with DS equal to 0.62 and 0.79 also shows

that in the polymer solution with a lower degree of

substitution the maximum stress occurs at a lower

strain value (cmax). An increase in smax together with a

reduction in cmax along with decreasing DS points to

the formation of a greater number of cross-links

between sodium carboxymethylcellulose chains. This

decreases the entanglement length, i.e. the average

distance along the sodium carboxymethylcellulose

chain between two junction points in the polymer

network. A reduced entanglement length most prob-

ably results in the breaking of cross-links at lower

strain values. At the same time, the absence of

overshoot shear stress in the Na-CMC1.04 solutions

provides additional evidence suggesting that it was not

affected by the intermolecular cross-linking of poly-

mer chains.

Figure 7a shows results obtained in the measure-

ments of transient shear stress for four shear rates

(0.01; 0.1; 1 and 10 s-1) for solutions at the Na-

CMC0.62 and PG concentrations of 2.0 and 80 wt%,

respectively. The maximum transient shear stress is

recorded roughly at the same strain value cmax (3.3 ±

0.3), which means that the time of the stress maximum

Fig. 6 Influence of DS on transient shear stress in function of

strain (2.2 wt% of Na-CMC; _c ¼ 0:1 s�1)
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is tpeak / _c�1. The strain scaling of the stress is

characteristic for textured liquid crystalline polymers

and non-Brownian suspensions and other a highly

elastic fluid (Solomon et al. 2001; Chatterjee and

Krishnamoorti 2008; Kagarise et al. 2010; Ji-Seok

et al. 2015). Figure 7b additionally presents images

obtained using a polarized light microscope (fluid at

rest) and a glass parallel plates system placed between

crossed polarizers (fluid at rest and at the shear rate of

0.1 s-1). The images did not show the presence of a

liquid crystalline-like structure in any of the cases.

Figures 8 and 9 show the relation between transient

shear stress and strain for solutions with varying Na-

CMC0.62 and PG concentrations. The overshoot shear

stress occurs at the polymer concentration of 1.8 wt%

(GP concentration: 80 wt%) and the PG concentration

equal to 85 wt% (Na-CMC0.62 concentration: 1.6

wt%). The concentration values given above are

consistent with the concentrations at which weak

physical gel formation was identified based on the

SAOS measurements (Fig. 4). At lower polymer and

PG concentrations the value of transient shear stress

initially also rises, however then stabilizes at a steady

level. The initial increase in s? suggests the presence

of elastic deformation in the samples, which most

likely arises from a partially formed fluid microstruc-

ture. However, there was no formation of a network

which—when broken—would result in the maximum

value of transient shear stress.

Data shown in Fig. 9b reveal, at the same time, that

increasing the concentration of PG from 85 to 90 wt%

causes a reduction in the strain value cmax, at which the

shear stress overshoot from 3.5 ± 0.1 to 3.0 ± 0.1

occurs, suggesting the formation of a greater number

of junctions. Increasing the concentration of PG to 95

wt% triggers an increase in transient shear stress,

whereas cmax continues to have the same value as in

the solution with the concentration of 90 wt%

(cmax = 3.0 ± 0.1). The results are consistent with

the SAOS measurements (Fig. 4b) which also demon-

strate that a physical cross-link network is fully

Fig. 7 Transient shear stress versus strain at various shear rates

(a) and crossed polarizers pictures (b) (1—cross-polarization

microscope; 2—parallel plates, _c ¼ 0 s�1; 3—parallel plates,

_c ¼ 0:1 s�1) for Na-CMC/PG/water mixture (2.0 wt% of Na-

CMC0.62 and 80 wt% of PG)

Fig. 8 Transient shear stress versus strain for Na-CMC0.62/PG/

water solutions with various concentrations of Na-CMC0.7

[varying from 1.0 to 1.4 wt% (a) and from 1.6 to 2.0 wt% (b)]

and constant concentration of PG (80 wt%), _c ¼ 0:1 s�1
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formed at the PG concentration of 90 wt%. The

observed transient shear stress increase accompanying

the PG concentration change from 90 to 95 wt% can be

accounted for by an increase in the viscosity of the PG/

water mixture.

Conclusion

The study presents results obtained in measurements

of small amplitude oscillatory shear flow and transient

shear flow performed for sodium carboxymethylcel-

lulose with varying degrees of substitution in a PG/

water mixture. Strong synergy was found between the

molecules of sodium carboxymethylcellulose with DS

equal to 0.62 and 0.79, and propylene glycol. The

occurrence of overshoot shear stress, coupled with low

loss tangent values, point to the physical cross-linking

of the chain in the solution. A hypothetical mechanism

was proposed, under which the cross-linking of the

Na-CMC0.62/PG/water and Na-CMC0.79/PG/water

solutions resulted from the formation of hydrogen

bonds between the OH groups of propylene glycol and

sodium carboxymethylcellulose macromolecules. An

increase in the concentrations of PG and sodium

carboxymethylcellulose, coupled with a decrease in

DS, lead to the emergence of a greater number of

junction, which ultimately results in the formation of a

physical cross-link network. The absence of overshoot

shear stress and terminal behaviour in SAOS flow of

the Na-CMC1.04 solutions in the PG/water mixture

shows that no intermolecular cross-linking of polymer

chains occurred in them. Although a more in-depth

analysis is necessary, a correlation seems to exist

between a decrease in the number of O6H6 groups in a

sodium carboxymethylcellulose molecules accompa-

nying an increase in DS and a reduction in cross-

linking density.
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