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Abstract. Dextrin/starch-graft-poly(butyl acrylate-co-styrene) copolymers have been synthesized by radical graft copolymerization and their structure and mechanical properties are reported. High molecular weight grafted chains formation is
favored, leading to a low degree of substitution of starch hydroxyl groups. Wide-Angle-X-ray Scattering (WAXS) analysis
indicates that all materials are amorphous and Transmission Electron Microscopy (TEM) investigations reveal a two-phase
morphology. This is further confirmed by the presence of two glass transitions, one related to the starch/dextrin macromolecules and sensitive to water content, and one assigned to the grafted polymers that is composition dependent. Water uptake
is controlled by dextrin/starch content but diffusivity increases with the butyl acrylate ratio. The mechanical behavior is dependent on monomer ratio, and water content. Increasing butyl acrylate ratio improves the ductility of the sample while materials become brittle as soon as styrene ratio is predominant in the grafted chains. While no effect of molecular weight of
starch substrate on structure and thermal behavior is evidenced, dextrin-based materials are slightly more ductile than starchbased ones. The interest of using dextrin instead of starch is further highlighted by a lower viscosity of the reactive medium,
together with an improved processability, as structural materials can be obtained over a wider range of composition than
with native starch.
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1. Introduction

Starch can be plasticized with external plasticizer
such as water [7], polyols like glycerol [8], glycols
[9], amides [10] or ionic liquids [11] notably. Plasticized starch is used for packaging and agricultural
purposes. However, some shortcomings such as plasticizer migration induce an evolution of its properties
with time and thus limit its applications. To overcome
some of these drawbacks and to achieve desired
product properties, the natural polymer can be modified by physical, chemical or enzymatic routes including blending [12, 13], chemical functionalization

Biobased polymers have received considerable attention over the past recent years, due notably to environmental concerns. Among these, starch is a promising starting material due to its availability and low
cost, and thus this polymer has been the subject of
numerous studies extensively reviewed [1–5]. However, starch has limited processing ability and exhibits some drawbacks such as a strong hydrophilic
character and poor mechanical properties as compared to conventional synthetic polymers [6].
*
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(98%) was purchased from Alfa Aesar. Hydrochloric
acid fuming (37%) was obtained from Merck. Acetone (technical), chloroform (reagent plus) and tetrahydrofuran (analytical grade) were purchased from
Fisher. All the reactants and solvents were used as
received. Distilled water was used for all experiments.

such as esterification and etherification [14, 15] and
graft copolymerization [16]. Graft copolymerization
is generally a very versatile way of functionalization
providing access to materials displaying a broad combination of properties according to polymers compositions involved [17, 18]. In particular, the graft
copolymerization of vinyl monomers onto starch
may lead to starch-based materials with interesting
properties [19]. Hydrophobic polymers such as polystyrene and poly(butyl acrylate) can be grafted on
the starch backbone. The synthesis of starch-graftpoly(butyl acrylate-co-styrene) was conducted with
different radical initiators on native [20], acetylated
[21] or oxidized starch [22, 23]. These modifications
lead to the formation of starch-based materials displaying improved hydrophobicity and mechanical
properties.
Although the synthesis of starch-graft-poly(butyl
acrylate-co-styrene) has already been reported in the
literature, scarce data are available regarding the structure, thermal and mechanical properties of the resulting materials. Additionally, even if different types of
chemically modified starch (native, acetylated, oxidized) were studied, the grafting of butyl acrylate
and styrene on a dextrin, i.e. a low molecular weight
carbohydrate produced from the hydrolysis of starch,
has not been reported to date. The use of dextrin, instead of its native precursor is expected not only to
lower the viscosity during the copolymerization
process, but also to allow the design of materials displaying original properties.
The goal of this study is to characterize the structure,
thermal properties and mechanical behavior of dextrin/starch-graft-poly(butyl acrylate-co-styrene) with
various contents of butyl acrylate and styrene. Styrene
was chosen for its hydrophobicity and stiffness while
butyl acrylate was selected for its flexibility at room
temperature. The combination of such monomers in
various ratios should allow adjusting properties to the
targeted applications. The influence of the weight
average molecular weight (Mw) of the starch substrate
on the resulting properties of the materials is also investigated.

2.2. Methods
2.2.1. Synthesis of dextrin/
starch-graft-poly(butyl acrylate-co-styrene)
Dry dextrin (30 g) or starch (9 g) was gelatinized in
water (in 120 and 140 ml respectively) by heating at
95 °C for 30 minutes. The temperature was then decreased to 85 °C. Sodium persulfate (1 mol% vs. dextrin/starch), butyl acrylate and/or styrene (100 wt%
vs. dextrin/starch) were then added dropwise for
1 hour. The grafting polymerization was carried out
for additional 30 minutes. At the end of the reaction,
the solution was poured in acetone and left during
24 h under magnetic stirring. The product was filtered and dried overnight. The ungrafted poly(butyl
acrylate-co-styrene) was removed by Soxhlet extraction in chloroform during 24 h.
The reactions with dextrin as the substrate were performed in round-bottom flask reactor whereas the
grafting syntheses with native starch were performed
in jacketed reactor vessel (anchor blade). The change
of reactor was required considering the higher viscosity of starch compared to that of dextrin. In a roundbottom flask, the stirring was not powerful enough
to achieve a homogenous medium leading of a grafting percentage below 10%.
The grafting parameters were calculated according
to Equations (1) and (2):
Grafting percenta QGP V !%$ =
weight of grafted polymer
= weight of dextrin/starch $ 100

(1)

Grafting efficiency QGE V !%$ =
weight of grafted polymer
=
$ 100
weight of monomer

(2)

2.2.2. Determination of molecular weights of
grafted polymers
Dextrin/starch-graft-poly(butyl acrylate-co-styrene)
samples were not soluble in commonly used SEC
solvents. Thus, the molecular weights of the grafts
were determined by Size Exclusion Chromatography
(SEC) after acid hydrolysis according to literature

2. Experimental section
2.1. Materials
Dextrin of maize (Mw = 300 000 g/mol) and potato
starch were supplied by Roquette Frères (Lestrem,
France). Butyl acrylate (99%) and styrene (99%)
were purchased from Aldrich. Sodium persulfate
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The following method was applied to determinate
the butyl acrylate/styrene ratio in the grafted chains.
First, the signal between 0.7 and 1 ppm was chosen
as the calibration base: I0.7–1 ppm = 3H (CH3 corresponding to butyl group of the butyl acrylate unit).
The signal between 6.4 and 7.6 ppm was then integrated and assigned to the 5 aromatics protons of the
styrene unit. The grafting percentages for the butyl
acrylate (BA) and styrene (St) units were obtained
according to Equations (3) to (6):
Mass ratios:

procedure [24]. Dextrin/starch-graft-poly(butyl acrylate-co-styrene) (0.75 g) was stirred in 300 ml of
0.5 M hydrochloric acid for 6 h under reflux. The resulting polymer was filtered, washed with distilled
water and dried in an oven at 30 °C for 24 h.
The size exclusion chromatography apparatus (SEC,
1260 series, Agilent Technologies) is equipped with
Shodex KF-G pre-column and three Shodex columns
in series (KF-805, KF-803 et KF-802,5), a Refractive Index Detector and a viscometer calibrated with
polystyrene standards in tetrahydrofuran (THF) as
the eluent (1 ml/min, 40 °C).
2.2.3. Determination of butyl acrylate/styrene
ratio in the grafted chains by 1H Nuclear
Magnetic Resonnance (NMR) analysis
Dextrin/starch-graft-poly(butyl acrylate-co-styrene)
copolymers were not soluble in deuterated Dimethylsulfoxide (DMSO-d6) as soon as the styrene
ratio in the grafted statistical copolymer exceeded
40%. The 1H NMR analyses were thus performed on
grafted chains obtained after hydrolysis of dextrin/
starch-graft-copolymers (Figure 1). The grafted chains
are indeed soluble in a mixture of DMSO-d6/ Chloroform (CDCl3) (50/50) after stirring for a few hours
at 80 °C. The advantage of carrying out the NMR
analysis in this solvent composition is to shift the
chloroform signal from 7.26 to 8 ppm, thus avoiding
the superposition of the aromatic signals of styrene
with that of chloroform.
1
H NMR spectra of the grafted chains recovered
after hydrolysis (4–5 mg) were recorded on Bruker
Avance 400 MHz instrument (delay time = 4 s and
number of scan = 32) at room temperature in a mixture of DMSO-d6/CDCl3 (50/50, 0.5 ml) as the solvent. The chemical shifts were calibrated using the
residual signal of DMSO-d6.

X
rBA = X 1+BAX $ 100
1BA
2St

(3)

X2St
rSt = X +
X2St $ 100
1BA

(4)

where
X1BA =

I0.7 - 1 ppm
$ MBA
3

(5)

X2St =

I6.4 - 7.6 ppm
$ MSt
5

(6)

2.2.4. Structural and morphological
characterizations
200 µm thick films were prepared by compression
molding (P = 200 bars, T = 165 °C, t = 10 min). Prior
to any characterization, all films were stored at 20 °C
under 57% relative humidity (RH) for one week in
order to reach moisture content equilibrium.
Wide-Angle-X-ray Scattering (WAXS) experiments
were carried out on a Genix microsource (XENOCS)
equipment using the Cu Kα radiation (λ = 1.54 Å).
Primary beam was collimated and monochromatized
by a FOX2D-12Inf optic (Xenocs, France), and the
WAXS patterns were collected on a CCD VHR detector (Photonic Sciences). The experiments were
conducted at room temperature in transmission mode
on the compression molded films. Standard corrections were applied to the WAXS patterns before their
treatments. The intensity profiles were obtained by
360° azimuthal integration of the 2D WAXS patterns
using the fit2D software®.
Transmission Electron Microscopy (TEM) was performed on a Philips CM120 operated at 120 kV
(CTM, Lyon, France). Ultrathin slices (~70 nm) were
cut using an Ultra-cut cryo-microtome. Temperature
of the diamond knife was fixed at room temperature

Figure 1. 1H NMR spectrum of the grafted chains of poly
(butyl acrylate-co-styrene) obtained after acid hydrolysis. Solvent: 50/50 mixture of DMSO-d6/
CDCl3 (400 MHz).
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and –65 °C for the dextrin-graft-poly(styrene) and
dextrin-graft-poly(butyle acrylate) films, respectively. The slices were then stained by exposure to the
vapor of Ruthenium tetroxide (RuO4) for the dextrin-graft-poly(styrene) sample and of Osmium tetroxide (OsO4) for the dextrin-graft-poly(butyle acrylate)
sample in order to achieve contrast of the grafted
chain domains from the dextrin phase.

2

2C = 2 C
D 2
2t
2x

(7)

where C is the moisture content at a specified time
t, and x the direction of diffusion.
The details of the solution of this equation as well as
the determination of the diffusion coefficient from
the experimental data are already reported in literature. To summarize, Fickian diffusion is expressed
according to Equation (8):

2.2.5. Thermal analysis
Thermal properties were determined by means of
Differential Scanning Calorimetry (DSC) experiments carried out on a DSC Q2000 (Thermal Analysis) instrument calibrated with a high purity indium
sample according to standard procedures. The samples of approximately 15 mg were put in sealed pans
and analyzed in the temperature range from –90 to
200 °C at a heating rate of 10 °C/min under nitrogen
atmosphere.

M
C Q t V - C0
= Mt = 4
C3 - C0
3
r

Dt
e

(8)

where C0 the initial concentration of water, C(t) the
concentration at time t, C∞ the concentration at equilibrium, M(t) and M∞ the mass at time t and at the
equilibrium state respectively, D the diffusion coefficient, and e the thickness of the film. At short times,
Equation (8) provides a linear dependence of the normalized mass intake M(t)/M∞ as a function of t
and the diffusion coefficient D is then determined
experimentally from the slope of this curve.

2.2.6. Water vapor uptake and diffusivity
Water vapor uptake was determined at room temperature using TA Instruments Q5000 Dynamical Vapor
Sorption (DVS). Before each analysis, samples were
dried at 60 °C and 0% Relative Humidity (RH) until
their weight was stable (relative weight variation
∆w < 10–2% for 15 min). Samples were then stabilized at 20 °C under various moisture conditions (30,
50 and 80% RH) with the same equilibrium criterion
(∆w < 10–2% for 15 min).
During vapor sorption at constant temperature, we
considered that the process follows the second Fick’s
law. Taking into account sample geometry (thickness
~0.1 width), the case of one-dimensional diffusion is
assumed (water molecules penetrate through thickness and a negligible amount through the edges) so
that the second Fick’s law (Equation (7)) may be expressed as follows:

2.2.7. Uniaxial tensile behavior
Mechanical behavior was studied in uniaxial tensile
mode using an Instron 4466 apparatus. Experiments
were performed at an initial strain rate of 10–2 s–1 at
room temperature under various moisture contents.
Specimens with gauge width and length 5 mm×
24 mm were cut off the dextrin/starch copolymers
films by laser cutting.

3. Results and discussion
3.1. Synthesis of dextrin/starch-graftpoly(butyl acrylate-co-styrene)
The graft copolymerization reaction scheme is represented on Figure 2. The mechanism of free radical
polymerization using sodium persulfate as radical

Figure 2. Grafting of poly(acrylate butyle-co-styrene) on dextrin/starch.
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(butyl acrylate-co-styrene) copolymers onto starch
or dextrin, starting from a 50/50 wt % of dextrin or
starch/monomers ratio, are presented in Table 1. The
grafting percentages obtained are high (GP = 72–
97%) and quite similar regardless of the nature of the
substrate, except for the grafting of polystyrene onto
native starch. Formation of the ungrafted copolymer
is not favored in the medium. However, one may note
that the grafting percentages tend to decrease on all
substrates when styrene content is larger than its acrylate counterpart. This phenomenon may be attributed
to the slower polymerization kinetics resulting from
the lower solubility of styrene vs. butyl acrylate in
water. Regarding the reactions conducted with styrene
as the only monomer in the medium, a drop in the
grafting percentage on starch substrate down to GP =
48% was observed. Two phases were observed after
30 minutes of reaction: an aqueous phase in which the
polymer was grafted onto starch and a hydrophobic

initiator can be divided in three steps: initiation, propagation and termination that are presented in Figure 3 [24]. During the initiation step, radicals are
formed on dextrin by hydrogen transfer to the initiator. In aqueous medium, persulfate decomposes into
several radical species upon heating able to react
with dextrin. Dextrin radicals react further with the
double bond of the vinyl monomer (styrene or butyl
acrylate), leading to a dextrin-grafted monomer radical that induces polymerization. Termination reaction can occur by combination or disproportionation
of two reactive chains. Similar mechanism is operating in the case of starch.
One of the objectives of the study is to modify starch
or dextrin, while maintaining a mainly biobased material. The 50/50 wt% of dextrin or starch/monomers
fraction was the higher biopolymer ratio leading to
suitable material. Entries representative of the grafting
reactions of poly(butyl acrylate), polystyrene or poly

Figure 3. Mechanism of grafting by free radical polymerization.
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Table 1. Grafting results and molar average molecular weight of dextrin/starch-graft-poly(butyl acrylate-co-styrene)a.
Substrate

Dextrin
(Mw = 300 000 g/mol)

Native starch
(Mw = 106–107 g/mol)

% BA/% St
(introduced in the feed)

GPtotalb Weight ratio of BA/St
[%] units in grafted chainsc

Sample name

Mn grafted chainsd
[g/mol]

Đe

100/0

D-g-PBA

97

100/0

75/25

D-g-P(BA-co-St 75/25)

88

75/25

Insoluble in THF
168 100

6.2

50/50

D-g-P(BA-co-St 50/50)

72

49/51

125 200

3.6

25/75

D-g-P(BA-co-St 25/75)

74

23/77

162 000

3.0

0/100

D-g-PS

91

0/100

123 300

3.5

100/0

S-g-PBA

86

100/0

75/25

S-g-P(BA-co-St 75/25)

97

75/25

Insoluble in THF
074 390

9.8

50/50

S-g-P(BA-co-St 50/50)

91

49/51

051 300

4.7

25/75

S-g-P(BA-co-St 25/75)

77

27/73

041 620

3.1

0/100

S-g-PS

48

0/100

038 780

7.6

a

Heating of dextrin/starch at 95 °C for 30 min in water and then grafting reaction occurred at 85 °C for 1 h 30 (including 1 h of addition),
sodium persulfate (1 mol% vs. dextrin/starch)
b
grafting percentages were calculated by gravimetry
c
ratios of BA or St units in grafted chains were determined by 1H NMR analysis in DMSO-d6/CDCl3 (50/50) (cf. § 2.2.3.)
d
Mn of grafted chains were determined by SEC (40 °C, THF, PS standards) after acid hydrolysis
e
Đ = Mw/Mn

after hydrolysis, as reported in the experimental part
(§ 2.2.3.). It can be seen that the composition of the
graft follows the monomer feed.
Mn of the grafted chains determined by SEC display
values ranging from 3.8·104 to 7.4·104 and 1.2·105 to
1.6·105 g/mol (Table 1) in the case of starch and dextrin respectively. From a structural point of view, these
results indicate that Mw of the grafted chains is almost of the same order of magnitude (×1.5 to 3.4) as
that of the dextrin (Mw = 300 000 g/mol) but lower in
the case of starch (Mw = 106–107 g/mol typically). The
differences observed on molecular weight values could
be due in part to the fact that the reactions are not
carried out in the same reactor for the two kinds of
substrates (cf. experimental part). The influence of the
butyl acrylate/styrene (BA/St) ratio on the molecular
weights of the grafted chains has to be considered

one in which the homopolymer was formed and
which was fed with styrene during the addition of
the monomer.
The solubility of the dextrin/starch-graft-poly(butyl
acrylate-co-styrene) copolymers depends on the composition of the grafts. They were found to be insoluble in common NMR solvents for styrene/acrylate
ratios greater than 40%. A typical 1H NMR spectrum
is presented in Figure 4. The signals characteristic of
the dextrin can be found between 3 and 6 ppm, with
notably the anomeric proton at 5 ppm. Signals representative of the synthetic part can also be detected,
notably the aromatic protons of styrene between 6.5
and 7.5 ppm and the –CH3 of butyl acrylate around
0.7 ppm. Due to the insolubility of several dextrin/
starch-graft-poly(butyl acrylate-co-styrene) copolymers, the composition of the grafts was determined

Figure 4. 1H NMR spectrum of dextrin-graft-poly(butyl acrylate-co-styrene) (BA/St = 75/25), in a 50/50 mixture of DMSO-d6/
CDCl3.
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Table 2. Degree of substitution and average number of glucose units between two grafted chains of dextrin/starch-graftpolystyrene copolymers.
GP
[%]

M na
[g/mol]

DPnb

DS (·10–3)c

Average number of glucose units
between two grafted chainsd

Dextrin

91

123 300

1185

1.2

834

Native starch

48

38 780

372

2.0

497

Substrate

a

Mn determined by SEC (40 °C, THF, PS standards)
DP = Mn/MSt with MSt: molar weight of styrene unit
c
DS = number of grafted chains per glucose units = (nmolar St units/DPn)/nmolar glucose units with nmolar glucose units = mstarch/Mglucose and
nmolar St units = mSt units/MSt = [(GP [%]/100)·mstarch]/MSt
d
Average number of glucose units between two grafted chains = [nmolar glucose units/(nmolar St units/ DPn)]–1
b

0.01 considering a theoretical quantitative decomposition of the initiator.

with caution, as molecular weights are determined
using polystyrene standards. It also appears that the
dispersities are very broad (Đ = 3–10).
Regarding macromolecular structure, the formation
of a few long grafted chains is favored at the expenses of numerous short grafted chain developments.
The determination of the exact Mn value is only possible for dextrin/starch-graft-polystyrene copolymers due to the fact that the polymer grafted has the
same chemical nature as the SEC standard (Table 2).
A very low degree of substitution (DS) of dextrin/
starch OH functions (DS < 0.002) is obtained for
dextrin/starch-graft-polystyrene, which corresponds
to an average of ca. 500 to 800 glucose units between
two grafts. The low DS can be at least partially linked
to the amount of initiator introduced in the reaction
medium. For 1 mol % initiator vs. dextrin/starch, the
maximum value of degree of substitution is around

3.2. Structural analysis of dextrin/starchgraft-poly(butyl acrylate-co-styrene)
Structural characterization of starch-graft-poly(butyl
acrylate-co-styrene) materials as well as of the reference native starch is reported in Figure 5. The
WAXS profiles of pure polystyrene (PS) and pure
poly(butyl acrylate) (PBA) are also reported for the
sake of comparison.
By contrast to the native potato starch which displays
a B-type semi-crystalline structure (dotted brown
curve), the gelatinized starch exhibits an amorphous
structure as revealed by the broad halo centered
around 2θ = 20° (black curve). This result shows that
the thermal treatment (starch in excess water heated
at 95 °C for 30 min) was sufficient to completely

Figure 5. WAXS profiles of native and gelatinized starch and starch-graft-poly(butyl acrylate-co-styrene) films.

241

David et al. – eXPRESS Polymer Letters Vol.13, No.3 (2019) 235–247

of Tg2 and the calculated one from a simple law
of mixture considering the weight ratio of styrene
and butyl acrylate monomers in the grafted chains
and taking a Tg value of –44 and 100 °C for the corresponding homopolymers. This is in agreement
with a statistical microstructure, as suggested by
the previous X-ray diffraction study and by the
values of the reactivity ratios of the comonomers
(styrene (1)/butyl acrylate (2) r1 = k11/k12 = 0.7–
0.9 and r2 = k22/k12 = 0.17–0.30) [29]. Care has to
be taken however, as the experimental conditions
of [29] differ from ours.
In order to reinforce these findings, DSC experiments
were conducted on samples stored under 20 °C and
80% RH. As can be seen in Figure 6b, Tg1 decreases
from 55 to –8 °C as for the pure gelatinized dextrin
while Tg2 remains unchanged. These observations are
in good agreement with the assignment of the glass
transitions previously proposed. The grafted chains
composed of hydrophobic groups are thus insensitive to moisture while the decrease of Tg1 is related to
the plasticization effect of water on the dextrin chains
due to the higher amount of water sorbed at higher
relative humidity.
Starch-graft-poly(butyl acrylate-co-styrene) materials exhibit similar thermal behavior: two glass transitions are observed in the same temperature range
as in the case of dextrin-based materials stored under
the same conditions.
Observation of two glass transitions is an indication
of a phase separation. According to Utracki [30], distinct glass transitions may be observed as soon as the
domain size exceeds 30 nm. Observations by transmission electron microscopy were carried out on
dextrin-graft-poly(butyl acrylate) and dextrin-graftpolystyrene samples and images are reported on Figure 6c and Figure 6d. Two co-continuous phases are
evidenced whatever the nature of the grafted chain.
These observations are quite consistent with the previous results obtained by thermal analysis. It is worth
mentioning that the sizes of the butyl acrylate chains
rich domains are smaller (≈50 nm) than the ones related to polystyrene rich domains (≈200 nm). Further
investigations are necessary to determine the origin
of this phenomenon.

destroy the crystalline structure of the native starch
and that no retrogradation has occurred during the
cooling and film elaboration steps. All starch-graftpoly(butyl acrylate-co-styrene) samples are fully
amorphous, as evidenced by the broad halo towards
2θ = 20° whatever the BA/St ratio. Note that an additional broad peak is observed around 2θ =7 and 10°
especially in the case of samples with 100% butyl
acrylate and 100% styrene contents, respectively.
These observations indicate the presence of an additional characteristic length in the materials. Several
authors which have already reported this kind of diffractograms for polystyrene [25, 26], poly(acrylate)
and poly(alkyl methacrylate) [27, 28] attribute the
origin of this additional peak to a scattering signal
related to the lateral groups of the same size and almost regularly spaced.
To summarize, the main amorphous halo located
around 20° results from the contribution of both the
gelatinized starch and the grafted chains, while the
second scattering peak at lower Bragg angle is related to the packing of the aromatic groups in the case
of polystyrene and of the ester groups in the case of
poly(butyl acrylate). The disappearance or decrease
in intensity of this peak for the intermediate BA/St
ratios indicates a loss of this characteristic length,
which may suggest that the grafted chains are rather
composed of random copolymers.
Similar trends are observed for dextrin-graft-poly
(butyl acrylate-co-styrene) copolymers revealing
that molecular weight of the substrate has no major
impact on the molecular organization of materials.

3.3. Thermal properties and morphology
As presented in Figure 6a, thermograms of the dextrin-graft-poly(butyl acrylate-co-styrene) samples
stored at 20 °C and 50% RH exhibit two glass transitions (Tg):
– The first one (Tg1) is located around 55±3 °C,
whatever the composition of the grafts. For the
sake of comparison, gelatinized dextrin sample
stored under the same conditions displays a Tg in
the same temperature range which suggests that
Tg1 is related to the dextrin backbones.
– The second one (Tg2) occurs between –44 and
100 °C depending on the composition of the grafts.
In particular, the Tg2 value increases with the
amount of styrene. This thermal event may be attributed to the grafted chains. Note that a good
agreement is obtained between the measured value

3.4. Water uptake and diffusivity as a
function of grafted chain composition
Water sorption and diffusivity data of the dextrin-graftpoly(butyl acrylate-co-styrene) films are gathered in
242
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Figure 6. DSC curves of gelatinized dextrin and dextrin-graft-poly(butyl acrylate-co-styrene) samples stored under 20 °C
and a) 50% RH and b) 80% RH and TEM micrographs of c) dextrin-graft-polystyrene d) dextrin-graft-poly(butyl
acrylate).
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Table 3. Water uptake of sample at room temperature as a function of the relative humidity, and water diffusion coefficient
D at 50% RH and 20 °C (values between brackets represent the water uptake by weight of dextrin).
Material
Dextrin
D-g-PBA

30% RH

50% RH

80% RH

D·10–14
[m2·s–1]
50% RH

5.2

8.4

14.7

0.06

3.1 (6.2)

4.6 (9.2)

8.2 (16.4)

0.91

D-g-P(BA-co-St 75/25)

3.2 (6.4)

4.8 (9.6)

8.5 (17.0)

0.35

D-g-P(BA-co-St 50/50)

3.5 (7.0)

5.3 (10.6)

8.7 (17.4)

0.21

D-g-P(BA-co-St 25/75)

3.3 (6.6)

5.1 (10.2)

8.1 (16.2)

0.15

D-g-PS

2.9 (5.8)

4.0 (8.0)

6.5 (13.0)

0.11

Further investigations are necessary to better understand this behavior.
Starch-graft-poly(butyl acrylate-co-styrene) samples
display similar behavior. This result may be not surprising considering that the amount of water sorbed
is rather controlled by the starch phase and that diffusivity is mainly influenced by the glass transition
of the (butyl acrylate-co-styrene) phase.

Table 3. The values between brackets correspond to
the water uptake per weight fraction of dextrin in the
sample. Dextrin-graft-poly(butyl acrylate-co-styrene)
films sorb lower water content than pure dextrin sample and as expected, the water sorbed by the films
increases with relative humidity. However, as shown
in Table 3, the amount of water sorbed normalized by
weight fraction of dextrin is similar to that of pure
dextrin, regardless of the composition. This result is
not surprising considering that grafted chains are
rather hydrophobic and that the substitution degree
is very low. The number of sorption sites (–OH
groups) per α-D-glucose cycle may be considered to
be equal to three, as in pure dextrin. It seems that the
amount of water sorbed in dextrin-graft-poly(butyl
acrylate-co-styrene) films is controlled by the dextrin weight fraction. By contrast, the composition of
the grafted chain has an important impact on the
water diffusivity. As shown in Table 3, the diffusion
coefficient D gradually decreases with the BA/St ratio
of the grafted chain. For example, D decreases by a
factor 10 between dextrin-graft-poly(butyl acrylate)
and dextrin-graft-polystyrene samples. This result
may be related to the Tg of the grafted chains, since
the poly(butyl acrylate) and polystyrene have a glass
transition temperature of about –44 and 100 °C respectively. This indicates that the more flexible the
grafted chain, the easier the water diffusion is.
Note that the diffusion coefficient value for dextrin,
which is of the same order of magnitude as the one
reported in literature for starch [31], is low compared
to those of dextrin-graft-(butyl acrylate-co-styrene)
materials. The glass transition of polystyrene being
higher than the one of dextrin stored under ambient
conditions, this shows that others parameters play a
role in diffusivity. In particular, it may be suspected
that there is lower amount of free volume for pure
dextrin due to more compact H-bond network compared to dextrin-graft-(butyl acrylate-co-styrene).

3.5. Mechanical behavior as a function of
grafted chain composition and relative
humidity
Nominal stress-strain curves of dextrin-graft-poly
(butyl acrylate-co-styrene) films uniaxially drawn at
20 °C and 50% RH are presented in Figure 7. Similar
results are obtained with starch-based samples. Note
however that it was not possible to produce tensile
specimens in the case of starch-graft-poly(butyl acrylate) and starch-graft-poly(butyl acrylate-co-styrene
75/25) due to their severe brittleness. Table 4 summarizes the tensile strength and the strain at break
(ε break) as a function of composition. In order
to gain a better understanding of the mechanical

Figure 7. Nominal stress-strain curves of dextrin and dextrin-graft-poly(butyl acrylate-co-styrene) under uniaxial drawing at 20 °C, 50% RH at strain rate of
10–2 s–1.
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Table 4. Mechanical properties of dextrin-graft-poly(butyl
acrylate-co-styrene) under uniaxial tensile at 20 °C
at 50% RH and at 80% RH.

response of materials, the draw temperature Td is
considered by comparison to Tg1 and Tg2 of samples,
corresponding respectively to the glass transition
temperature of the dextrin/starch and poly(butyl
acrylate-co-styrene) phases as defined previously.
Several interesting features may be drawn from Figure 7 and Table 4:
1. Regardless of composition, all materials are rather
brittle, with a strain at break below 6%. It is worth
reminding that under these experimental conditions, the dextrin/starch phase is in the glassy
state (Tg1 = 55±3°C as reported in Figure 6a) while
the poly(butyl acrylate-co-styrene) phase can either be in the rubbery or in the glassy state depending on the composition of the grafted chains.
These results show that even when the poly(butyl
acrylate-co-styrene) phase is in the rubbery state,
materials exhibit poor drawability, suggesting
that the overall mechanical behavior is rather
controlled by the dextrin/starch phase in this case.
2. As long as the grafted chains are in a rubbery state,
a slight influence of the grafted chain composition may be noticed. In particular, addition of
styrene tends to increase the stiffness while increasing the butyl acrylate tends to improve the
stretchability at the expense of the stress level.
Note that an improvement of both tensile strength
and strain at break is observed in the case of dextrin-graft-poly(butyl acrylate-co-styrene(50/50))
compared to pure dextrin which makes it potentially interesting for future applications.
3. When both starch/dextrin and poly(butyl acrylate-co-styrene) phases are in the glassy state, materials are extremely brittle as expected. Note that
in this case, tensile strength values have to be
taken with caution, because experiments were extremely difficult to perform.
4. The effect of molecular weight of the starch substrate on mechanical behavior is not obvious in
the case of experiments conducted at 50% RH.
To better understand the role of each phase on the
overall response of the material, uniaxial tensile tests
have been performed at room temperature and
80% RH. In that case, the dextrin/starch phase is in
the rubbery state. Results are summarized in Table 4.
Despite important standard deviation, as long as Tg2
is lower than 20 °C, i.e. both phases are in the rubbery
state, a ductile behavior characterized by a strain at
break of up to 100% is observed. By contrast, materials remain brittle as soon as Tg2 of the grafted chains

50% RH: Tg1 (dextrin/starch) ~55 °C
Material
D-g-PBA

Tg2 (grafted chain)
[°C]
–44

S-g-PBA
D-g-P(BA-co-St 75/25)
S-g-P(BA-co-St 75/25)
D-g-P(BA-co-St 50/50)
S-g-P(BA-co-St 50/50)
D-g-P(BA-co-St 25/75)
S-g-P(BA-co-St 25/75)
D-g-PS

1
24
59
99

S-g-PS

Strength
[MPa]

ε break
[%]

2.1 (±0.4)

1.8 (±0.5)

–

–

4.5 (±1.1)

6.0 (±2.0)

–

–

17.7 (±3.7)

2.4 (±0.7)

15.3 (±4.9)

3.9 (±1.2)

6.6 (±1.8)

0.4 (±0.1)

7.6 (±3.5)

2.5 (±0.7)

2.5 (±0.2)

0.5 (±0.2)

4.9 (±1.0)

2.6 (±0.8)

80% RH: Tg1 (dextrin/starch) ~–5 °C
Material
D-g-PBA
S-g-PBA
D-g-P(BA-co-St 75/25)
S-g-P(BA-co-St 75/25)
D-g-P(BA-co-St 50/50)
S-g-P(BA-co-St 50/50)
D-g-P(BA-co-St 25/75)
S-g-P(BA-co-St 25/75)
D-g-PS
S-g-PS

Tg2 (grafted chain)
[°C]
–44
1
24
59
99

Strength
[MPa]

ε break
[%]

1.5 (±0.3)

5.3 (±2.9)

–

–

2.6 (±1.0) 97.0(±80.0)
–

–

9.7 (±3.7) 27.0(±25.0)
13.2 (±1.2) 13.5 (±8.8)
8.7 (±1.6)

1.5 (±0.3)

9.8 (±2.8)

0.7 (±0.2)

7.7 (±1.6)

1.3 (±0.2)

7.6 (±1.7)

1.7 (±0.4)

is higher than the draw temperature. It seems that in
this case, the poly(butyl acrylate-co-styrene) phase
governs the mechanical behavior of the material.
To sum up, it seems possible to tune the mechanical
properties by adjusting the water content in the dextrin phase and the grafted chain composition. In particular, as soon as one of the two phases is in the
glassy state, this phase controls the mechanical response.
Similar trend is observed for starch-graft-poly(butyl
acrylate-co-styrene) samples. However, in the case
of ductile response (i.e. as soon as both phases are
in the rubbery state), comparison of starch-based samples to dextrin-based ones reveals that the latter tend
to display a higher strain at break, revealing the advantage of using dextrin when optimization of stretchability is targeted.

4. Conclusions
The synthesis of dextrin/starch-graft-poly(butyl acrylate-co-styrene) with different ratios of BA/St was performed on two different starch substrates displaying
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[4] Mekonnen T., Mussone P., Khalil H., Bressler D.:
Progress in bio-based plastics and plasticizing modifications. Journal of Materials Chemistry A, 1, 13379–
13398 (2013).

various Mw. During the grafting copolymerization,
formation of long grafted chains (Mn = 3.8·104–
1.7·105 g/mol) is favored during the grafting copolymerization, resulting in a low degree of substitution
(DS < 0.002). Thermal and structural analysis have
shown that dextrin/starch-graft-poly(butyl acrylateco-styrene) materials are fully amorphous and confirm the formation of random poly(butyl acrylate-costyrene) copolymers. TEM microscopy observations
have revealed that materials are organized into two
co-continuous phases with domain sizes of several
tens of nanometers. One phase is mainly composed
of starch/dextrin macromolecules characterized by a
Tg sensitive to moisture, while the second phase refers
to the grafted polymer with a glass transition temperature dependent on the BA/St ratio. Water uptake is
governed by the amount of dextrin/starch inside the
sample and diffusivity increases with the BA/St ratio.
Mechanical properties are highly dependent on the
rubbery/glassy state of both phases. As soon as one
of the phases is into the glassy state, it controls the
overall behavior of the material. For a defined starch
substrate, water content and grafted chain composition appear as the key parameters for tailoring the mechanical response of the materials. Interest in using
dextrin instead of starch is highlighted in this study.
Due to the lower viscosity of the reactive medium,
the use of dextrin allows to graft synthetic polymers
under less harsh conditions, while affording similar
properties. In addition, the improved processability
allows further the film elaboration over a wider range
of compositions. Potential applications for these new
materials could be as compatibilizers with various
starch/synthetic hydrophobic polymers blends.
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