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SYNOPSIS

The rheological behavior of carboxymethyl starch aqueous systems has been studied under
continuous and oscillatory shear conditions. The systems examined exhibited shear-de-
pendent properties, typical of dispersions having a weak degree of particle aggregation. A
transition in the rheological properties was observed with increasing concentration and/
or decreasing temperature, as a consequence of formation of a three-dimensional continuous
network in the disperse phase under rest conditions. The shear-dependent behavior changed
from shear-thinning to plastic and a finite plateau appeared in the low frequency region
of mechanical spectra. A rheological model was proposed for the correlation of both shear-
thinning and plastic data, thus making possible an objective definition of the rheological
transition. Oscillatory flow data confirmed the results obtained in continuous shear con-
ditions, that is, the frequency dependence of the complex viscosity was almost parallel to
the dependence of the steady shear viscosity on the rate of shear. Moreover, the high strain
sensitivity of the viscoelastic quantities and their analysis in terms of relaxation spectra
clearly indicated the moderate degree of connectivity of the structural network. © 1992 John

Wiley & Sons, Inc.

INTRODUCTION

As members of the biopolymers family, polysaccha-
rides owe their broad commercial application to the
extended range of functional properties, which are
usually unique in their nature and often performed
at low concentration levels.

The specific functional properties of polysaccha-
rides are the result of their physical characteristics,
which are primarily controlled by the molecular
structure, that is, the monomeric units and the link-
ages joining them.

The ability of most polysaccharides to dissolve
in water, thus changing the properties of their
aqueous environment, coupled with their low tox-
icity, is responsible for most of their uses as hydro-
colloids in the food, medical, and health care indus-
tries.
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The carbohydrate polymers can also behave as
thickeners, coating, drag-reducing and gel-forming
agents. Moreover, polysaccharides perform, either
by themselves or in association with other molecules
(hormones, lipids or proteins) many vital biological
functions by affording structural support and energy
reserve, and by mediating various other processes
such as adhesion, cellular recognition and growth.

Among the many varieties of plant polysaccha-
rides, one of the most abundant is starch. Starch is
a complex substance that constitutes an energy
fount essential in man and animal nutrition. The
most important sources of starch are cereal grains,
pulses, and tubers, where starch occurs as water in-
soluble granules. Starch is generally used to improve
the functional properties of food products, but also
finds applications in the formulation of glues, coat-
ings, sizing and flocculating agents, chemicals, and
building materials.

Chemically, starch itself consists of two classes
of molecules, one linear, called amylose, the other
branched, called amylopectin. Amylose is the minor
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constituent by weight. Both molecules are based on
repeated D-glucopyranose units, but amylose is
mostly a linear a- (1—>4) -linked D-glucose, while
amylopectin has both a-(1—>4) and a-(1—>6)
linkages, which give origin to a highly branched
polymer.

When an aqueous suspension of starch granules
is heated above a certain temperature, known as the
gelatinization temperature, irreversible swelling of
the granules occurs, resulting predominantly in the
release of amylose into solution. If the starch con-
centration is high enough, this polymer solution
containing swollen granules behaves as a viscoelastic
paste. On cooling, the paste thickens and becomes
opaque and an elastic gel is formed. The pastes and
gels may be regarded as composites consisting of a
polymer solution or a gel filled with swollen gran-
ules.?

Carboxymethyl starch (CMS) is a synthetic de-
rivative, obtained from starch by irreversible nu-
cleophilic substitution using dialkylamino halides
or epoxides, and is widely employed as additive in
the paper industry and as thickener in the formu-
lation of textile printing pastes.

Despite of the wide commercial use of starch, little
work has been carried out to fully characterize
aqueous systems containing starch carboxymeth-
ylated derivatives.?”’

The aim of the present article is to systematically
investigate the flow behavior of carboxymethyl
starch aqueous systems under steady and oscillatory
flow conditions and to evaluate the effects of polymer
concentration and temperature on the rheological
properties of these systems.

EXPERIMENTAL

Materials

The pregelatinized carboxymethyl starch (CMS)
used for this study was a commercial sample, sold
under the trade name of Solvitose C 5F (AVEBE,
The Netherlands), characterized by a degree of sub-
stitution (DS) 0.34 + 0.01 and a degree of polymer-
ization (DP) of ~1250 for amylose and ~ 1,500,000
for amylopectin.

The effect of polymer concentration was studied
on CMS at 25°C. The concentrations (C,, %w/w)
considered were the following: 2, 2.5, 2.8, 3.17, 4,
and 6. All the systems were prepared by dissolving
a proper amount of freeze-dried polymer in bidis-
tilled water under gentle stirring. The concentration

was then determined by weighing both the lyophi-
lized polymer and the final solution.

Apparatus and Procedures

Experiments were performed on the systems pre-
pared as reported in the previous section and left in
the glass to rest overnight before use.

Continuous shear and dynamic measurements
were carried out with two different rotational rheo-
meters.

Under continuous shear conditions, data in the
lower shear rate range (0.3-300 s™') were obtained
with a Haake Rotovisco RV100 measuring device
CV100, equipped with a coaxial cylinder sensor sys-
tem ZB15 (Couette type). During the tests, while
the outer cup was driven, the inner cylinder was
mechanically positioned and centered by an air
bearing. Top and bottom surfaces were recessed to
minimize end effects.

The Haake Rotovisco RV20 measuring device
M5-0Osc, equipped with a cone-and-plate system
(PK5-0.5), was employed to expand the shear rate
range up to 6000 s7!.

Stepwise procedures were applied for the analysis
of the shear- and time-dependent properties in con-
tinuous shear flow conditions. The multiple step
procedure consisted of a sequence of different shear
rates, v. Each shear rate was kept constant until a
steady value of the shear stress 7 was attained. The
analysis of the shear-dependent behavior can be
properly based upon the steady values of 1 obtained
at different v, whereas the sequence of stress tran-
sients allows an evaluation of the extent of the time-
dependent properties to be performed.

Stress-relaxation tests were carried out in order
to determine the residual stress to be compared with
the correspondent yield stress obtained from data
fitting.

Oscillatory flow tests were carried out with the
Haake Rotovisco RV20 (measuring device CV100,
measuring system ZB15), in order to examine the
viscoelastic properties of these systems.

During these tests, the outer cylinder was forced
to oscillate sinusoidally at a frequency w, and the
corresponding oscillation of the inner cylinder, pro-
portional to the resultant torque, was recorded.

A dedicated software was used for data processing
in order to correct the experimental data for inertial
effects and to calculate the viscoelastic quantities,
the complex modulus G*, and the phase shift §. G*
can be resolved into its “in phase” (real part) and
“90° out of phase” (imaginary part) components,
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which yield the storage modulus G’ and the loss
modulus G”, respectively, according to the following
relationships:

G' = G*cos § (1)
G" = G*sin § (2)

Moreover, G* can be converted into the complex
viscosity n* through:

n* _ _Cit _ V(Gr)z + (G”)2 (3)

w w

Frequency sweeps under simple oscillatory flow
conditions were performed on each sample in a fre-
quency range of 0.314 to 12.56 rad /s at two constant
strain values y°, 0.24, and 2.4, respectively.

The strain dependence of the viscoelastic quan-

tities was investigated through strain sweeps in the’

range 0.24-2.4 at two frequencies (w = 0.628 and
6.28 rad/s).

Measurements were carried out in the tempera-
ture range 20-40°C in order to evaluate the tem-
perature effect on the rheological properties of CMS
systems.

RESULTS AND DISCUSSION

Continuous Shear Flow Tests

Transient tests in steady shear conditions were per-
formed to evaluate if these materials exhibit time-
dependent properties, that is, if they are character-
ized by any large scale structure. No evidence of

strong flow induced modifications of long range
structures, with associated long formation or de-
struction time constants, was observed. The degree
of structural deformation adjusted quickly, as in-
dicated by the rapid approach of the shear stress 7
to a new steady value, when the shear rate y was
changed (stepwise procedure).

Hence, a study of the rheoiogical behavior under
steady shear conditions can be confined to the anal-
ysis of the shear-dependent properties, defined by
the stationary values of the shear stress 7.

Flow curves have been obtained over the entire
concentration range at 25°C and are reported in
Figure 1. For concentrations up to C, = 2.8, the lim-
iting zero-shear rate viscosity, 1o, was experimen-
tally attainable, and the shear-dependent behavior
of these systems was shear-thinning. For C, > 2.8,
a change in the slope of the flow curves at low ¥
revealed the appearance of a yield stress, 74, and
the shear-dependent behavior became plastic.

Following the usual procedure for the analysis of
the effect of polymer concentration on the rheolog-
ical properties of polymeric systems, the discussion
can be carried out in terms of specific viscosity 7,
defined as:

nsp:l—l (4)
Ns

where 7 is the steady value of the viscosity of the
solution obtained at a given shear rate and , is the
Newtonian viscosity of the solvent.

Figure 2 shows the dependence of 5, on C,in a
range of /v from 0.9 to 900 s™*. As can be seen from
Figure 2, lower values of v correspond to a stronger
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Figure 1 Flow curves at 25°C and different C, values: (®) 2, (®) 2.5, (©) 2.8, (®) 3.17,
(@) 4, (O)6.
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Figure 2 Specific viscosity vs. C, at 25°C and different
shear rates: (a) 900s™!, (b) 90s™%, (¢) 9s7, (d) 0.9s™}.

dependence of 5, on C,, which can be described by
the power-law relation:

N = aC} (5)

where « and 3 are both functions of .

Figure 3 reports the traces of « and § as functions
of v in the interval of shear rate considered. In this
range of v, the exponent 3, which accounted for the
influence of C, on 7, regularly increased while de-
creasing v; it was not possible to determine an upper
limit value for B as v —>0. This can be explained
considering that, as C, increased, the shear-depen-
dent behavior changed in the low shear rate region
and the upper limit value of 75, the zero-shear-rate
viscosity 19, could not be found for those systems
having the higher values of C,.

The quantitative analysis of the influence of
polymer concentration on the shear-dependent
properties of CMS aqueous systems can be easily
achieved if carried out on the basis of a limited
number of rheological parameters. This implies the
definition of a rheological model for the compre-
hensive description of the shear-dependent behavior
of all the systems under investigation.

A constitutive equation, which holds all the re-
quired characteristics, can be obtained by adding
the plastic term, defined by the yield stress =g, to
the viscous contribution 7,( ), expressed by a pseu-
doplastic model:

T =T+ To(Y) (6)

A suitable pseudoplastic model for the correlation
of the experimental data of polymeric solutions is
found in the following equation®:

7o(¥) = 1Y + L+ (A)" (7)

which contains four adjustable parameters. If n as-
sumes a value of % according to Cross,” a three-
parameter version is obtained, which can be applied
successfully to a wide range of pseudoplastic sys-
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Figure 3 Shear rate dependence of parameters o and 8 {eq. (5)].



CARBOXYMETHYL STARCH: A RHEOLOGICAL STUDY

1717

-1 — v

-3 -2 -1

Ojogd 1 2 3

Figure 4 Flow curves obtained from eq. (8) for different 74 values [, = 10 Pa X s; 7,
=0.1PaXs;n=%;(a) 7, =0Pa, (b) 0.01 Pa, (c) 0.1 Pa, (d) 1 Pa].

tems. Recently, Morris'® found that the shear-
thinning behavior of concentrated solutions of
“random coil” polysaccharides can be matched by
a two-parameter version of eq. (7) by setting n to
0.76 and 7., to zero. 7, is the minimum viscosity
that is attained at very high shear rates and cannot
be accessed with the conventional rheometers.
However, its value can be assumed negligible in
comparison with the upper Newtonian viscosity 7,
and, consequently, set to zero or equal to solvent
viscosity. The time constant M is related to shear-
thinning onset. Cross*! suggested identifying A with
a relaxation time, characterizing the viscoelasticity
of the system; the inverse of \, y. = 1/, represents
the shear rate at which the viscosity of the system
is equal to n¢/ 2.

Combining the yield stress v, with the viscous
contribution 7,(v), expressed by eq. (7), leads to
the definition of a model suitable to describe both

shear-dependent behaviors exhibited by the systems
examined:

- (770 N ) '7
= + Y + 8
T=707T N 1 (A" (8)

Figure 4 shows how the flow curve calculated from
the rheological model gradually changes as a con-
sequence of yield stress variations. Owing to its flex-
ibility, the proposed model can be successfully ap-
plied to polymeric systems of different natures and
behaviors.!?

The fitting of the experimental data, obtained at
25°C with eq. (8), gave the results reported in Table
1. The 7, value was arbitrarily set to 0.001 Pa.s,
since for all C, there is no evidence for the occurrence
of a lower Newtonian plateau in the shear rate range
explored.

Table I Parameters of Eq. (8), Obtained from Fitting

Experimental Data at 25°C

C, To 1o A n
(% w/w) (Pa) (Pa X s) (s) ARD X 10?
2 0.0065 0.0397 0.00046 0.477 0.58
2.5 0.0124 0.125 0.0030 0.454 0.76
2.8 0.0280 0.240 0.0127 0.379 0.74
3.17 0.0286 0.477 0.0446 0.387 0.69
4 0.234 1.803 0.196 0.446 2.16
6 3.415 17.77 1.168 0.531 1.34

(ARD) fitting average relative deviation.
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Figure 5 Relaxation test for C, = 6 (from ¥ = 3s7').

For the more concentrated systems, the 7, values
derived from data fitting were significantly close to
the correspondent residual stresses obtained from
relaxation tests. As an example, Figure 5 shows the
relaxation curve for the system with C, = 6: the
residual stress is about 3.5 Pa whereas the calculated
7o is 3.415 Pa.

The parameters 7q, 179, and A increase with in-
creasing C,, whereas the exponent n does not exhibit
a monotonic variation. As shown in Figure 6, 7,(C,)
is a continually increasing function of C, over the
entire concentration range, with a dependence on
C, of the power-law type:

no = aCy (9)

where a = 0.0015 and & = 5.6. The concentration
dependence of 74, expressed by eq. (9), is charac-
teristic of polymeric solutions; a value of 3.4 for the
exponent b has been predicted'®!* and experimen-
tally verified for many concentrated polymeric sys-
tems although, for polysaccharides, this value is fre-
quently higher.?

For 7, and A, a transition in the dependence on
the polymer concentration can be observed for C,
= C} ~ 3.4 (see Fig. 6). For C, > C}, the 7, values
are no longer negligible and sensibly increase with
C,, whereas the characteristic time X becomes a
weaker function of C, as the power-law exponent
decreases from 10 to 4.4.

The different trends exhibited by 74 and A for C,
> C¥ indicate a change in the physical state of the
system, which assumes those characteristics typical
of a concentrated disperse system. Hence, C} rep-
resents the threshold concentration value for the
pseudoplastic /plastic transition.

The effect of temperature on the shear-dependent
behavior of CMS aqueous systems is illustrated in
Figure 7, where the flow curves for the system with
C, = 2.5 are reported, as an example, at three dif-
ferent temperatures.

The dependence of » on T gradually increases
with decreasing v, as the curves diverge for v—
0. Between 20 and 30°C, a transition from plastic
to pseudoplastic behavior can be observed and this
results into a 7, reduction to negligible values, as
can be seen in Table II.

The same effect of temperature on 7, has been
observed for all the systems examined; consequently,
a three-dimensional representation of the effect of
T and C, on 75, as shown in Figure 8, can be ob-
tained.

If the change of the rheological behavior is as-
sociated with a critical value of 7, it is possible to
obtain a curve C,(T'), characteristic of the plastic/
pseudoplastic transition. The appearance of a yield
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Figure 6 Concentration dependence of parameters 7,
70, and X at 25°C.



CARBOXYMETHYL STARCH: A RHEOLOGICAL STUDY

1719

105

U]
(Pa-s)

O
O o
0] s aa R0 %@@@@ 8
2 Bag
10
10" 10° 10 10° '

. 3
y ( S"‘ ) 10

Figure 7 Effect of temperature on the shear-dependent behavior of the CMS system at

C,=25[(0O) T =20°C, (O) 25°C, (A) 30°C].

stress in a disperse system is connected with the
formation of a wall-to-wall, three-dimensional net-
work and, consequently, is governed by the numer-
ical density of particles and the aggregation state of
the disperse phase. This also explains how polymer
concentration and temperature exert their influence
on the plastic/pseudoplastic transition.

Oscillatory Flow Tests

Strain sweeps were performed in order to evaluate
the limit of the linear viscoelastic regime, which can
be defined by a critical strain value -y 2. For v° values
greater than v?, a structural breakdown takes place
within the material under investigation; hence,
measurements at v° > v can be adopted for an
evaluation of structure sensitivity to the imposed
strain.

For the CMS system with C, = 2, which revealed
a typical solution behavior under continuous shear
flow conditions, the complex modulus G* and the
phase shift 7 are practically independent on the im-
posed strain v°.

By increasing C,, the sensitivity to strain in-
creases and reaches a maximum for the most con-
centrated system (C, = 6).

Figure 9 reports an example of G* and § variations
with v ° at two different constant values of w. These
traces are typical of structurated disperse systems,
as they are similar to those exhibited by concen-
trated suspensions and gels when examined in the
same deformation range. Hence, they confirm the
peculiarity in the behavior observed for the CMS
aqueous systems under continuous shear conditions.

The strong decrease of G* with v° in the entire
range of strain explored seems to indicate that the
critical strain of such system is shifted towards very
low values of v°, sensibly below the lower limit con-
sidered. The sensitivity to strain is higher for the
elastic component G’ as a result of the variation of
5 with v° (see Fig. 9).

By scanning the imposed frequency of oscillation
at constant strain (frequency sweep ), the variations
of G* and é with w can be obtained. In Figure 10,
the results obtained from the tests at v° = 2.4 are
presented as n* vs. w data: from a comparison of

Table II Parameters of Eq. (8), Obtained from Fitting

Experimental Data at C, = 2.5

T

A

7o o n
(°C) (Pa) (Pa X s) (s) ARD X 10?
20 0.0286 0.161 0.0054 0.400 0.63
25 0.0124 0.126 0.0030 0.454 0.76
30 0.0004 0.101 0.0020 0.522 0.45
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Figure 8 Dependence of 7¢ on temperature and polymer
concentration.

Figure 10 and Figure 1 it can be observed that the
rheological behaviors under oscillatory and contin-
uous shear can be superposed.

This means that, also from the oscillatory flow
tests, a progressive modification of the n*(w) curve
profiles in the medium-low frequency region
emerges with increasing polymer concentration.

For the most concentrated system, the n*(w)
curve is similar to that of other systems character-
ized by long range structures, such as polysaccharide
gels, microgels, and aggregated suspensions.

The same conclusions can be drawn from the ex-
amination of the mechanical spectra. As can be seen
in Figure 11, the frequency dependence of G’ and G”
sensibly modifies in the low frequency region with
increasing polymer concentration and, for the most
concentrated systems, a low frequency plateau ap-
pears, which is typical of structured fluids.

By increasing C,, the phase lag  decreases and
this concentration dependence of & has been ob-
served for other disperse systems of different na-
tures, such as coal /water slurries.!® The decrease of
8 with C, becomes larger for lower strain values; for

" example, at w = 1.9 rad/s and v° = 0.24, é changes
from 1.19 to 0.92 rad, whereas, at v° = 1.4, § de-
creases from 1.43 to 1.32 rad.

The variations of the storage and loss moduli, G’
and G”, with w can be correlated with the relaxation
spectra H(A) through the following relationships:

+o0 0)2>\2
(@) = _en 10
G'(w) f_m H(O\) [~ —p3dln}  (10)
G’ —fm 2O —2 _gma (1
(@) = o 14+ w?\? n

It follows that the concentration and temperature
effects on the viscoelastic properties of the CMS
systems considered can be interpreted as modifica-
tions in the corresponding relaxation spectra.

Several methods!” can be applied for the calcu-
lation of H(\) from G'(w) and G"(w) experimental
data. In the present article, the procedure suggested
by Ninomiya and Ferry'® was selected for its sim-
plicity, since no derivative calculation is required
but only values of G’ or G” spaced at equal intervals
on a logarithmic frequency scale.

Under the experimental conditions employed,
G"(w) represents the major component of the com-
plex modulus G*(w); consequently, the relaxation
spectra have been calculated from the following
equation:

2 c
I ” o GI/
HO) =~ 6"(0) = 153 (6" (co)
+G"(w/c)—2G"(w)]] (12)
1/w=A
10 2
G é
(Pa) r (rad)
104 L /4
10 . 0
10" 10° 7, 10

Figure 9 Strain dependence of the complex modulus
G* and the phase shift é for C, = 6 at 25°C and two dif-
ferent frequencies [(------ ) 0.628 rad/s, ( ) 6.28
rad/s].
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Figure 10 Frequency dependence of the complex viscosity 7* at 25°C, v° = 2.4 and
different C, values: (®) 2, (®) 2.5, (©) 2.8, (®) 3.17, (@) 4, (O) 6.

where the scaling factor ¢ was set equal to 102,18 connected with the aggregation of the disperse phase,

Figure 12 reports the relaxation spectra obtained
for four selected C, values, at 25°C. As C, increases,
the profile of H(\) becomes asymptotic at high A
values and can be described by

typical of high C, values. The degree of aggregation
is strongly dependent upon the deformation condi-
tions imposed to the system. Figure 13 shows the
H()\) modifications induced by an increase of v° in

the high relaxation time interval. Higher v° values
produce a partial breakdown of the structural net-
work, which results in a reduction of the box-type
contribution given by the parameter A in eq. (13).

H(A)=A+ B\™ (13)

H({)\) reduces to a box-type distribution for high
relaxation times as a consequence of the low fre-
quency plateau observed for G”, which, in turn, is

CONCLUSIONS
10'
The rheological behavior of the CMS aqueous sys-
GG tems examined is typical of disperse systems having
(Pa) a weak degree of particle aggregation, as can be ar-
. ,
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Figure 12 Relaxation spectra derived from G”(w) data
at v° = 2.4 and 25°C, for four different C, values: (A) 2.8,
). (A) 3.17, (@) 4, (O) 6.

Figure 11 Mechanical spectra for C, = 2.8 (----- ) and
4
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Figure 13 Relaxation spectra for C, = 6, at 20°C and
three different v° [{O) 0.24, (A) 0.48, (00) 2.4].

gued from both the continuous and oscillatory flow
tests.

The degree of aggregation of the disperse phase
is essentially governed by numerical particle density
and particle interactions. Consequently, polymer
concentration and temperature exert a strong influ-
ence on the properties of CMS systems and, even-
tually, give rise to a transition in the rheological
behavior under continuous and oscillatory flow con-
ditions.

Above a critical polymer concentration, whose
value depends on temperature, the formation of a
three-dimensional continuous network in the dis-
perse phase occurs in rest conditions, as can be de-
duced from the appearance of a yield stress in con-
tinuous flow curves and a finite plateau in the low
frequency region of mechanical spectra.

A rheological model is proposed for the correla-
tion of continuous shear data, which enables the
evaluation of the yield stress 7 and, hence, the def-
inition of the concentration and temperature con-
ditions for the pseudoplastic/plastic transition.

The moderate degree of connectivity of the three-
dimensional network, even at the highest concen-
tration and lowest temperature considered, is con-
firmed by the relatively low 7, values, if compared

with those of other structured systems, and by the
high strain sensitivity of the viscoelastic quantities.
The strain effects, as well as the strong influence of
polymer concentration and temperature, can be
clearly illustrated through the modifications of the
relaxation spectra, calculated from G"(w) data, in
the high relaxation time interval.
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