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Abstract
The rheological properties of starch-polyacrylamide graft copolymers prepared in water and in dimethyl sulfoxide
(DMSO) were investigated and compared. Both materials can absorb huge amount of water and form gels. Both
water-made and DMSO-made starch-polyacrylamide graft copolymer gels exhibited viscoelastic solid properties.
The analysis of modulus, concentration dependence, and stress relaxation measurements indicated that both watermade and DMSO-made starch-polyacrylamide gels were physical gels meaning that the cross-linkers between the
molecules were of physical junctions. The linear range rheological property analysis suggested that water-made
starch-polyacrylamide graft copolymers should be ‘weak’ gels at lower concentrations (<7%), but be ‘strong’ gels at
higher concentrations (≥ 9%) however, the DMSO-made starch-polyacrylamide graft copolymers should be ‘weak’ gels
at all measured concentrations. The non-linear steady shearing rheological properties studies showed that both watermade and DMSO-made starch-polyacrylamide graft copolymer gels exhibited shear thinning behaviour, which can be
well fitted with the power law constitutive equation. The function and behaviour of both water-made and DMSO-made
starch-polyacrylamide graft copolymer gels imply that these starch-based biomaterials can be potential candidates
for applications in cosmetic and wound skin care gels; and the desired material’s behaviour and property can be
manipulated by the copolymer’s concentration and preparation method such as in water or in DMSO.
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Introduction
Modified starch materials have attracted scientists’ interests
since the starch-based super-absorbents were developed by USDA
researchers [1,2]. Starch-based biopolymers can not only have similar
functional behaviours as synthetic polymers, but also have much better
environmental properties such as biodegradability. Various starch graft
copolymers’ developments and preparations have been described and
reported [3,4]. One of the starch-based graft copolymers is starchpolyacrylamide (PAAm). The preparation methods to produce starchpolyacrylamide (PAAm) graft copolymers include reactive blending
[4-7] and reactive extrusion [8,9]. A variety of reactive blending
processing in water medium to prepare starch-polyacrylamide (PAAm)
graft copolymers has been reported using corn starch [5], cassava starch
[6] and sago starch [7]. It has been well known that solvent selection
can influence radical reactions [10,11]. Water and dimethyl sulfoxide
(DMSO) are known to be good solvents for starch. Determining how
solvent selection can impact the properties of the generated graft
copolymers would be of value. However, no literature references can
be found describing the preparation of starch-polyacrylamide (PAAm)
graft copolymers in non-aqueous medium. The potential utilizations of
modified starch-based materials include cosmetic or personal care gels,
skin wound healing dressings, water treatment, paper manufacture and
agricultural applications.
Recently, we prepared corn starch-polyacrylamide (PAAm) graft
copolymers using a reactive blending method in both aqueous and
dimethyl sulfoxide (DMSO) media. We found that both produced
starch-polyacrylamide (PAAm) graft copolymers and could absorb
more than one hundred times their weight in water and form gellike materials. Since the properties of starch-PAAm graft copolymer
prepared in DMSO have not been found in the literature; it is necessary
to study the viscoelastic properties of starch-PAAm graft copolymer
prepared in DMSO and to identify its potential usage. Thus, we
explored and compared the viscoelastic properties of starch-PAAm
graft copolymers prepared in water and in DMSO. The linear and nonlinear viscoelastic properties for these materials are reported.
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Materials and Methods
Materials
The starch variety chosen for this research was Waxy 7350 (Tate and
Lyle, Decatur, IL). Water was deionized and DMSO was from SigmaAldrich (St. Louis, MO).

Starch-polyacrylamide graft copolymer and polyacrylamide
production
Starch was gelatinized in respective solvents by heating a starch
suspension (6.5% solids) to 90°C and maintaining for 30 min. After
gelatinization, the gelatinized starch solution was purged overnight with
argon. Acrylamide (1.3 g) was added to the gelatinized starch solution,
argon purge was continued for 30 min, while the acrylamide solubilized.
Ammonium persulfate (0.53 ml of a 2% by mass solution) was added
to initiate polymerization reaction. Samples were heated to 90°C for 2
h. Upon reaction, completion material was isolated by pouring the
sample contents into 100% ethanol which quenched the reaction and
resulted in precipitation of reaction products. The samples were then
allowed to stir in ethanol for 20 min to remove any unreacted acrylamide
monomer. The solid was recovered by filtration using Whatman 54
filter paper through a Buchner funnel. Solid was collected and allowed
to stir in ethanol overnight. Product was again isolated by filtration.
Collected solid was then dried in 105°C vacuum oven overnight and
mass recovered was determined gravimetrically. Collected solid was
analyzed for % nitrogen to determine conversion. Nitrogen contents
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were measured using a Perkin Elmer Series II CHNS/O analyzer 2400
(Perkin Elmer, Waltham MA) using acetanilide as a standard. GPC
analysis was performed on separate aliquots where homopolymer
was removed (30% ethanol/water extraction) and the starch was
enzymatically removed [12]. Gel permeation chromatography (GPC)
analysis was performed on a Shimadzu (Columbia, MD) GPC .The
non-starch containing polyacrylamide polymers produced from water
or DMSO were made in the same fashion, except for the subtraction of
starch and the requisite gelatinization step. The water-made and DMSOmade starch-polyacrylamide graft copolymers as water-starch-PAAm
and DMSO-starch-PAAm respectively were tested as after removal of
residual monomer. The dry powder of water-starch-PAAm or DMSOstarch-PAAm graft copolymer was mixed with de-ionized water into the
desired concentration and kept in 4°C. The sample was used within two
days.

Measurements
A strain-controlled Rheometric ARES rheometer (TA Instruments,
New Castle, DE) was used to perform the rheology studies [13]. The 50
mm diameter cone and plate as well as 25 mm parallel-plates geometries
were adopted. The cone angle was 0.04 radians. The temperature was
controlled at 25 ± 0.1°C by a water circulation system. The steady shear
and stress relaxation experiments were also performed at 25 ± 0.1°C.
Linear viscoelastic measurements were conducted for starch polymers.
To ensure that all the measurements for the materials were made within
the linear range for the linear viscoelastic properties studies, the strainsweep experiments were conducted initially. An applied shear strain
valued in the linear range was adopted for the other viscoelastic property
measurements for the same material; fresh samples were used for each
experiment. Linear viscoelasticity indicates that the measured parameters
are independent of applied shear strain. Small-amplitude oscillatory shear
experiments were conducted over a frequency (ω) range of 0.1-500 rad/s,
yielding the shear storage (G’) and loss (G”) moduli. The storage modulus
represents the non-dissipative component of mechanical properties.
The elastic or “rubber-like” behaviour is suggested if the G’ spectrum
is independent of frequency and greater than the loss modulus over a
certain range of frequency. The loss modulus represents the dissipative
component of the mechanical properties and is characteristic of viscous
flow. The phase shift or phase angle (δ) is defined by δ=tan-1 (G”/G’), and
indicates whether a material is solid with perfect elasticity (δ=0) or liquid
with pure viscosity (δ=90°) or something in between (0<δ<90°). Stress
relaxation experiments measured the stress relaxation during the time
after the material is subject to a step-increase in shear strain.

Results and Discussion
The percent conversion for the two systems was determined by
measuring the % nitrogen in the solid after removal of monomer using
Equation 1, where M is the solid recovered (after monomer extraction),
N1 is the % nitrogen of the solid recovered, 17.49 is the theoretical %N
for polyacrylamide (using an average of lab produced and purchased
polyacrylamide) and A1 is the amount of acrylamide used. The waterstarch-PAAm had ~100% conversion, while the DMSO-starch-PAAm
had 80% conversion. For the homopolymers of acrylamide made in
either water or DMSO, the % conversion was determined by mass after
removal of monomer. The water-PAAm had 89% conversion and the
DMSO-PAAm had 83% conversion. The graft content is a ratio of the
% nitrogen for the starch-PAAm (after extraction to remove monomer)
and the % nitrogen for polyacrylamide. The graft content (GC) for
water-starch-PAAm and DMSO-starch-PAAm the GC was 44%
and 38% respectively. By using Equation 2, it can be determined on
average how many anhydro-glucose units (AGU) are present between
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polyacrylamide grafts. In Equation 2, GC is the graft content, 162 is the
molecular weight for AGU and Mn is the number average molecular
weight of the polymer. For water-starch-PAAm and DMSO-starchPAAm the average number of AGU in between grafts was 364 and 87
respectively. There were 4x more grafts present on the starch when the
graft radical polymerization was carried out in DMSO versus water.
% conversion=(M*N1)/(A1*17.49) 		

(1)

AGU between grafts=(100-GC)/162)/(GC/(Mn/2)

(2)

The weight average molecular weight (Mw) of the water-PAAm was
410,000 and the number average molecular weight (Mn) was 92,600.
The Mw of the DMSO-PAAm was 39,000 and the Mn was 17,300.
The DMSO solvent had a large impact on the molecular weight of the
polyacrylamide. The molecular weight of the grafted polyacrylamide
chains was determined after removal of the starch using enzymatic
hydrolysis. The completion of starch hydrolysis was confirmed by
thin layer chromatography and Lugol’s iodine [8,9,12]. By doing this,
the size and frequency of the grafts can be determined. For the waterstarch-PAAm the Mw was 411,000 and the Mn was 92,800. For the
DMSO-starch-PAAm the Mw was 39,300 and the Mn was 17,300.
Additional work is in progress detailing how reaction conditions affect
the architecture and describing the mechanism of why the solvent
impacts the architecture of the starch-graft-polyacrylamides.
It is well known that at room temperature, un-modified starches
have low solubility in water and will not gelatinize. However, the graft
copolymer starch-PAAm will absorb hundreds of times their weight in
water and form gels at room temperature. Five concentrations of watermade and DMSO-made starch-PAAm gels from 5% to 13% (wt %) at 25°C
were investigated. After the powder of starch-PAAm graft copolymer
mixed with water at room temperature, a gel-like material formed. At
25°C, all measured concentrations of both water-starch-PAAm and
DMSO-starch-PAAm graft copolymer samples exhibited viscoelastic
solid properties. The storage moduli (G’) were all greater than loss moduli
(G”) at the measured frequency range (Figure 1). The linear viscoelastic
properties of the water-starch-PAAm copolymer gels were concentration
dependent; the higher the concentration of the water-starch-PAAm, the
greater its viscoelastic modulus (Figure 1a). For the 5% (wt.%) waterstarch-PAAm gel, the storage modulus (G’) at 1 rad/s frequency was about
33 Pa. The phase shifts for the 5% water-starch-PAAm gel were in the
range of 6.9°C-22.3°C. For the higher concentration of 13% (wt.%) waterstarch-PAAm gel, the storage modulus (G’) at 1 rad/s frequency became
about 230 Pa, an increase of about seven times. While the phase shifts for
the 13% water-starch-PAAm gel were in the range of 7.7°C-23.9°C which
were similar to those for the 5% water-starch-PAAm. The storage (G’)
moduli curves for the water-starch-PAAm gels were slightly frequency
dependent; while the curves of loss moduli (G”) were more frequency
dependent than that of storage moduli (G’) (Figure 1a). The phase shifts
for all measured water-starch-PAAm copolymer gels were in the range
of 6.9°C-32.9°C. The linear rheological properties of the DMSO-starchPAAm copolymer gels were also concentration dependent; the higher of
the concentration of the DMSO-starch-PAAm, the higher its viscoelastic
modulus (Figure 1b). For the 5% (wt %) DMSO-starch-PAAm gel, the
storage modulus (G’) at 1 rad/s frequency was about 31 Pa, which was
similar to that of the water-starch-PAAm gel. The phase shifts for the 5%
DMSO-starch-PAAm gel were in the range of 2.3°C to10.1°C. For the
higher concentration of 13% (wt. %) DMSO-starch-PAAm gel, the storage
modulus (G’) at 1 rad/s frequency became about 100 Pa, an increase of
more than three times. However, this was one half that of the waterstarch-PAAm gel. While the phase shifts for the 13% DMSO-starchPAAm gel were in the range of 1.6o to 6.8°, which were smaller than those
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for the 5% DMSO-starch-PAAm. The storage (G’) moduli curves for the
DMSO-starch-PAAm gels were almost independent of frequency while
the curves of loss moduli (G”) were slightly frequency dependent (Figure
1b). These curve shapes were similar to those for rubber-like gel materials
[14]. Comparing the moduli curve shapes for the DMSO-starch-PAAm
and water-starch-PAAm gels, the water-starch-PAAm gels exhibited
relatively more fluid-like behaviour than the DMSO-starch-PAAm gels.
With the same concentration, the moduli values for the DMSO-starchPAAm gels were similar but lower than those for the water-starch-PAAm
gels. This implied that DMSO-starch-PAAm should have smaller average
molecular weight or size compared with water-starch-PAAm considering
the same material with the same concentration only in different media
(DMSO and water). This result is consistent with the molecular weight
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kinetics that the gel formed [15]. These results supported the fact that
both of the water-starch-PAAm and DMSO-starch-PAAm gels were
physical gels and the measured concentrations were in the range of near
critical concentration since their power index number were around two.
This result supported that the chain-chain interactions or cross-linking
for both water-starch-PAAm and DMSO-starch-PAAm were physical
interactions instead of chemical or covalent cross-linking.

2

101

10

0

10

-1

0

1

10

2

10

3

10

10

ω (rad/s)

B

stated earlier in this report. The phase shifts for all measured DMSOstarch-PAAm copolymer gels were in the range of 1.0°C-10.1°C, which
were much smaller than those for the water-starch-PAAm. This result
indicated that the DMSO-starch-PAAm copolymer was more solidlike than water-starch-PAAm. The linear viscoelastic properties shown
above indicated that water-starch-PAAm and DMSO-starch-PAAm
graft copolymers exhibited different behaviours, which suggested that
water-starch-PAAm and DMSO-starch-PAAm should have a structural
difference. The rational explanation is that DMSO-starch-PAAm contains
many short chains of polyacrylamide, but water-starch-PAAm contains
fewer long chains of polyacrylamide at the same concentration. Many
short polyacrylamide chains and starch chains of the DMSO-starchPAAm should have more chain-chain interaction contact points or
physical cross-linking knobs compare to the water-starch-PAAm; while
water-starch-PAAm should have fewer chain-chain physical interaction
contact points or physical cross-linking knobs due to having fewer long
polyacrylamide chains. Therefore, the DMSO-starch-PAAm copolymer
gels exhibited more solid-like behaviour with the smaller phase shifts.

To further explore the evidence of whether the water-starch-PAAm
and DMSO-starch-PAAm copolymer gels are physical gels or chemically
cross-linked networks, we conducted stress relaxation measurements.
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Figure 1: Linear viscoelastic properties of frequency sweep experiment for the
water-starch-PAAm (a) and the DMSo-starch-PAAm (b) graft copolymer gels.
Storage modulus (g’) or loss modulus (g”) as function of frequency at 25°C
with 1% strain. Filled symbols: g’, opened symbols: g”. (, ): 5% (wt.%), (,
): 9% (wt.%), (, ): 13% (wt.%).
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Figure 2: The storage modulus (g’) values measured at 1 rad/s as function of
concentration for the water-starch-PAAm and the DMSO-starch-PAAm graft
copolymer gels at 25°C. (): water-starch-PAAm graft copolymer gels. ():
DMSO-starch-PAAm graft copolymer gels. The line is the fitting with the power
law model.
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The stress relaxation measurements for the water-starch-PAAm and
DMSO-starch-PAAm copolymer gels are shown in Figure 3. The stress
relaxation experiment showed that both water-starch-PAAm and
DMSO-starch-PAAm copolymer gels had a long relaxation time. They
were not fully relaxed after more than 3000 s. This result supported again
that both water-starch-PAAm and DMSO-starch-PAAm copolymers
are physically cross-linked gels, not chemically cross-linked ones even
though they have long relaxation times. Because if a network is tightly
cross-linked chemically, there should rarely be seen any relaxation,
and relaxation time should be infinite. This result is also consistent
with the above conclusion that both water-starch-PAAm and DMSOstarch-PAAm copolymers are physical gels that the power law model
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predicted. Comparing two copolymer gels relaxation rate, we can see
that the water-starch-PAAm gels clearly relaxed faster than the DMSOstarch-PAAm gels (Figure 3).The reason can again be explained by the
fact that the DMSO-starch-PAAm gel had more physical cross-linkers
due to it having many short polyacrylamide chains versus few long
chains in the water-starch-PAAm gel. Thus, the DMSO-starch-PAAm
gel was relatively more rigid and more difficult to relax, while the waterstarch-PAAm gel had fewer physical cross-linkers due to containing
fewer long polyacrylamide chains. Thus, the long chains of the waterstarch-PAAm gel will be relatively easy to diffuse by each other and
easier to relax.
The strain sweep measurements of three concentrations of waterstarch-PAAm and DMSO-starch-PAAm copolymers gels are presented
in Figure 4. The linear range of 5% and 7% (data not shown for the
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Figure 3: Stress relaxation measurements for the water-starch-PAAm (a) and
the DMSO-starch-PAAm (b) graft copolymer gels after being subject to a 1%
strain at 25°C (): 5% (wt.%) water-starch-PAAm gel. (): 9% (wt.%) waterstarch-PAAm gel. (): 13% (wt.%) water-starch-PAAm gel. (): 5% (wt.%)
DMSO-starch-PAAm gel. (): 9% (wt.%) DMSO-starch-PAAm gel. (): 13%
(wt.%) DMSO-starch-PAAm gel.
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Figure 4: Strain sweep experiment for the water-starch-PAAm (a) and the DMSOstarch-PAAm (b) graft copolymer gels with 1 rad/s frequency at 25°C. (): 5%
(wt.%) water-starch-PAAm gel. (): 9% (wt.%) water-starch-PAAm gel. (): 13%
(wt.%) water-starch-PAAm gel. (): 5% (wt.%) DMSO-starch-PAAm gel. (): 9%
(wt.%) DMSO-starch-PAAm gel. (): 13% (wt.%) DMSO-starch-PAAm gel.
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In order to better understand the processing behaviour, the nonlinear steady shear viscoelastic properties for both water-starch-PAAm
and DMSO-starch-PAAm copolymer gels were studied. All of the
studied materials exhibited shear-thinning behaviour over the entire
measured shear rates (Figure 5). Shear-thinning rheological behaviour
can be characterized by a power law constitutive equation [23]. The
power law equation may be written as
η=K γ

where η is the shear viscosity, K is the front factor, γ is the shear
rate, and n is the power law exponent. The value of n is less than one
for material shear-thinning behaviour. We used Equation 3 to fit shearthinning viscosity for all measured samples. The experimental data
were very well fitted by the power law constitutive equation (Figures 5a
and 5b). The results of the fits are summarized in Table 1. From Table 1,
we can get the impression that water-starch-PAAm and DMSO-starchPAAm copolymer gels possess almost the same power law exponent
of 0.31 and 0.35, respectively. Therefore, water-starch-PAAm and
DMSO-starch-PAAm copolymer gels should have very similar shear-

5% (wt.%) water-starch-PAAm gel

K (Pa-sn)

n

R2

12.2

0.31

0.99

7% (wt.%) water-starch-PAAm gel

49.5

0.31

0.95

9% (wt.%) water-starch-PAAm gel

78.6

0.31

0.99

11% (wt.%) water-starch-PAAm gel

132.5

0.31

0.99

13% (wt.%) water-starch-PAAm gel

293.2

0.31

0.99

5% (wt.%) DMSO-starch-PAAm gel

5.9

0.35

0.99

7% (wt.%) DMSO-starch-PAAm gel

19.5

0.35

0.99

9% (wt.%) DMSO-starch-PAAm gel

38.4

0.35

0.99

11% (wt.%) DMSO-starch-PAAm gel

67.2

0.35

0.96

13% (wt.%) DMSO-starch-PAAm gel

230.5

0.35

0.99

Table 1: Power law model fitted parameters for the non-linear viscoelastic properties
of the water-starch-PAAm and DMSO-starch-PAAm graft copolymer gels.
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7% sample) of the water-starch-PAAm gels were small, around 10%
of the shear strain; while the linear range of >9% of the water-starchPAAm gels increased to about 20% (Figure 4a). The linear range of
all measured concentrations of the DMSO-starch-PAAm copolymers
was small, around 10% of the shear strain (Figure 4b). These results
indicated that the water-starch-PAAm gels were networks - so called
“weak” gels [15] at lower concentrations, but became so called
“strong” gels [15] at higher concentrations. The DMSO-starch-PAAm
copolymers were “weak” gels at all measured concentrations. A “weak”
gel is cross-linked together by linkages that are relatively stronger and
more permanent than entanglements. While a gel formed by chainchain entanglement is the characteristics of a “strong” gel. However, a
“weak” gel is extremely susceptible to disruption, while an entangled
“strong” gel can have a linear range to 20% or more. Cross-linkers can
be classified as covalent or physical junctions. For the water-starchPAAm copolymers, the chain-chain entanglements were not strong
enough at the lower concentrations due to dilution, so the networks
were “weak” gels. However, the water-starch-PAAm copolymers’
chain-chain entanglements became stronger and stronger with the
increasing concentration; thus the networks were “strong” gels at
higher concentrations. For the DMSO-starch-PAAm copolymers, the
networks were dominated by the physical cross-linking by the short
chains; therefore they were “weak” gels at all measured concentrations.
The linear rheological properties that we investigated above for both
water-starch-PAAm and DMSO-starch-PAAm copolymers gels are
similar to those for some of the cosmetic gels [16-18] and wound healing
materials [19-22]. The behaviour of the gel could be manipulated and
controlled by concentration, preparations with water or DMSO.
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Figure 5: The non-linear viscoelastic properties of the steady shear
measurements for the water-starch-PAAm (a) and the DMSO-starch-PAAm
(b) graft copolymer gels at the temperature of 25°C. Symbols are experiment
results. Dashed lines are fitted with power law model. (): 5% (wt.%) waterstarch-PAAm gel. (): 9% (wt.%) water-starch-PAAm gel. (): 13% (wt.%)
water-starch-PAAm gel. (): 5% (wt.%) DMSO-starch-PAAm gel. (): 9%
(wt.%) DMSO-starch-PAAm gel. (): 13% (wt.%) DMSO-starch-PAAm gel.

thinning extent. These results suggested that water-starch-PAAm and
DMSO-starch-PAAm copolymer gels should have similar behaviour
during processing. The viscosities of both water-starch-PAAm and
DMSO-starch-PAAm copolymer gels were concentration dependent;
the greater the concentration, the higher the viscosities (Figure 5). The
non-linear rheological properties that we investigated above for both
water-starch-PAAm and DMSO-starch-PAAm copolymer gels are
also similar to those for some of the cosmetic gels [16-18] and wound
healing materials [19-22]. Thus, both linear and non-linear viscoelastic
behaviours studies in this work suggest that water-starch-PAAm and
DMSO-starch-PAAm copolymer gels should be good candidates for
cosmetic and wound healing materials.
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Conclusion
The linear and non-linear rheological properties for water-starchPAAm and DMSO-starch-PAAm copolymer gels were investigated.
Both materials exhibited viscoelastic solid behaviours; and their
properties could be manipulated by concentration and preparation
method. Both kinds of gels were physical gels, which followed the
physical gel power law model. The stress relaxation studies also
supported that both materials were physical networks. The linear and
non-linear viscoelastic behaviours for both water-starch-PAAm and
DMSO-starch-PAAm copolymer graft copolymer gels were similar
to those of some cosmetic and wound healing gels, which suggested
that these modified starch materials would be good candidates for
application in cosmetic and skin wound healing products.
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