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Blends of soy protein (SP) and a semicrystalline polylactide (PLA) were prepared using a twin-screw extruder.
The melt rheology, phase morphology, mechanical properties, water resistance, and thermal and dynamic mechanical
properties were investigated on specimens prepared by injection molding of these blends. The melt flowability of
soy-based plastics was improved through blending with PLA. Scanning electron microscopy revealed that a co-
continuous phase structure existed in the blends with soy protein concentrate (SPC) to PLA ratios ranging from
30:70 to 70:30. SPC/PLA blends showed fine co-continuous phase structures, while soy protein isolate (SPI)/
PLA blends presented severe phase coarsening. At the same SP to PLA ratios, SPC/PLA blends demonstrated a
higher tensile strength than SPI/PLA blends. The water absorption of soy plastics was greatly reduced by blending
with PLA. The compatibility was improved by adding-5 phr poly(2-ethyl-2-oxazoline) (PEOX) in the blends,

and the resulting blends showed an obvious increase in tensile strength and a reduction in water absorption for
SPI/PLA blends. The compatibility between SP and PLA was evaluated by mechanical testing, dynamic mechanical
analysis (DMA), water absorption, and scanning electron microscopy (SEM) experiments. Differential scanning
calorimetry (DSC) revealed that PLA in the blends was mostly amorphous in the injection molded articles, and
SP accelerated the cold crystallization and could increase the final crystallinity of PLA in the blends.

Introduction polyesters, the compatibility between SP and several biodegrad-
) able polyesters was greatly increa8eMlethylene diphenyl
As a renewable plant-based polymer, soy protein (SP) hasdjisocyanate (MDI) was found to increase the tensile strength
attracted intensive research interests in nonfood industrial of the SP/PCL blend¥ On the other hand, blends of SP and
applicationsi™> When adequate water and heat are present, SPpoly(hydroxyl ester ether) exhibited acceptable mechanical
can gelate and undergo conventional melt processing like aproperties without using a compatibilizer, due to strong hydrogen
thermoplastic. However, strong intra- and intermolecular inter- ponding between the two componehtSP plasticizing condi-
actions of SP result in high melt viscosity that makes the melt tjons also showed a significant influence on the compatibility

processing, such as extrusion and injection molding, very petween SP and polyestérOther SP plastics, such as SP/
difficult unless a sufficient amount of plasticizers and processing py 1213 Sp/lignini4 and SP/chitif516 have also been studied.

. 4 o
aids are add_e& Although water serves as an eff'c'e“F PLA is a corn starch-based thermoplastic polyester that has
plasticizer during the melt processing of SP, it evaporates during attracted extensive studies for biomedical devices and biode-

processing and storage. The properti_es of the resulting pmduc%radable plastics. Depending on tHer)- andp(—)-lactic acid
change with the humidity of the environment. Low molecular monomer ratio as well as the molecular weight, PLA can be

weight polyols '.E’UCh as glyce_rol, et_hylt_ene glycol, propylene totally amporphous or up to 80% crystalline, showing compa-
glyco_l,_ sacchandesg,ﬁ and their der_lvauves can be used as;pie mechanical strengths to many synthetic polymers. How-
plast|C|zgrs for Sp." ~ but the rgsulltllng materials ShOW.IQW ever, its relatively high price, low heat distortion temperature,
mechanical properties due to a significant amount of plasticizers. and postprocess embrittlement remain as major obstacles for
Other processing aids, such as sodium tripolyphosphate forbroader applications. Therefore, PLA has often been blended
interrupting soy protein ionic interactiohSor sodium sulfite with other polymers or mixed V\'/i'[h fillers for cost reduction

as a reducing agent to bf?’a" the disulﬂde bohdere alsp and/or performance improvement (e.g., with stdféjnorganic
employed. These processing aids do improve the MOIStUre ars 19 and natural fiber fl239).

resistance of SP-based plastics. Nevertheless, they have a very
limited effect on flowability improvement. Blending SP with
other hydrophobic thermoplastics is an alternative to increase
the processability and moisture resistance of the SP products
Using a small amount of maleic anhydride (MA) grafted

In this study, blends of SP and PLA were investigated. The
main objective of this study was to improve the processibility
and water resistance of SP-based plastics through blending with
PLA. It was also an attempt of this study to demonstrate that
soy protein, the abundant residual from soybean oil crushing,
* Corresponding author. Tel.: (509) 335-8723; e-mail: jwzhang@wsu.edu. can also be used for PLA _blends, as starch has already _been
t Wood Materials and Engineering Laboratory. used for PLA blends. In this study, morphology, mechanical

* Department of Chemistry. and thermal properties, and water absorption of the SP/PLA
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blends were investigated. Effects of poly(2-ethyl-2-oxazoline)
(PEOX) as a compatibilizer for the SP/PLA blends were

evaluated. PEOX is regarded as a derivative polymeric homo-

logue of the aprotic polar solventy,N-dimethylacetamide
(DMAC), which is considered as a broadly compatible polymeric
solvent or compatibilizing agent for many polymétdt shows
high miscibility with many synthetic polymers including poly-
(vinyl chloride), polystyrene, polypropyleriépoly(vinyl alco-
hol),2® poly(hydroxyl ether of bisphenol A chitosar?®
poly(ethyleneeo-methacrylic acidf® etc. PEOX is an amor-
phous polymer and slightly basic due to its tertiary amide
structure?2 SP1 and SPC are usually prepared by precipitation
at its isoelectric point (ca. pH 4.3)which makes them slightly
acidic. Therefore, the acitbase interaction could contribute
to the compatibilization. Other polymepolymer interactions,
such as hydrogen bonding and iedipole and dipole-dipole
interactions, might also contribute to the reduction of the
interfacial tension and the improvement of compatibitfty28

Experimental Procedures

Materials. Two commercial grades of SP, soy protein isolate (SPI)

Zhang et al.

testing. The testing was performed on an 8.9 kN, screw-driven universal
testing machine (Instron 4466) equipped with a 10 kN electronic load
cell and mechanical grips. The tests were conducted at a crosshead
speed of 5 mm/min with the strain measured by a 25 mm extensiometer
(MTS 634.12E-24). All tests were carried out according to the ASTM
standard, and five replicates were tested for each sample to obtain an
average value.

Thermal Analysis. Thermal analysis was performed on the injection
molded samples. The samples were shaped into stripsx (25¢< 1.3
mm?) using a milling machine. Unless stated otherwise, all specimens
were conditioned in 50% RH and Z& for 7 days prior to testing.
Dynamic mechanical analysis (DMA) was conducted using a Perkin-
Elmer DMA-7 (Norwalk, CT) with a three-point bending fixture. The
samples were scanned frorb0 to 180°C at 2°C/min with a fixed
oscillation frequency of 1 Hz. The static and dynamic forces were
0.0020 and 0.0022 N, respectively. Each sample was analyzed in
duplicate. Differential scanning calorimetry (DSC) was conducted on
a Mettler Toledo DSC 822e instrument. The specimens were crimp-
sealed in 4Q:L aluminum crucibles. All specimens were heated from
20 to 185°C at 10°C/min and kept isothermal for 1 min and then
cooled to 25°C at 10°C/min. To study the effects of moisture on
glass transition and crystallization of PLA, specimens were equilibrated
in chambers of different RH at Z& for 7 days. Saturated salt solutions

and concentrate (SPC), were used in this study. SPI (Supro 760) waspf LiCI, MgCl,, Mg(NOs)., NaCl, and KNQ, giving RH of 11, 32,

obtained from Protein Technologies International (St. Louis, MO). It

contained ca. 92% protein (dry basis), less than 1% carbohydrate, 4.7%
moisture, and 4% ash. SPC (Arcon F) was from Archer Daniels Midland

50, 75, and 93%, respectively, were used for this study.

Rheological Analysis.Dynamic rheological properties of the SP/
PLA blends were assessed using a strain-controlled rheometer (Rheo-

Company (Decatur, IL) with a formulation of ca. 69% protein (dry metric Scientific, RDA Ill). Tests were performed on the extruded blend

basis), 20% carbohydrate, 3% fat, and 9% moisture. Semicrystalline

PLA was a commercial product (Natureworks PLA 4032D, Natural-
works) with a weight-average molecular weight of 207 kDa and
polydispersity of 1.74. PEOXMw ~ 500 000 Da) was obtained from
Aldrich. All other chemicals used in this study were of reagent grade.
All polymer materials and chemicals were used as received.
Preparation of Blends.SPI or SPC was formulated prior to mixing
with PLA and the compatibilizer. The formulated SP contained SPI or
SPC (100 parts, dry weight), sodium sulfite (0.5 parts), sodium
tripolyphosphate (1 part), lubricant (0.8 parts), glycerol (2 parts), and
water (10 parts). The ingredients were mixed in a high speed mixe

corotating twin-screw extruder (Leistritz ZSE-18HP) equipped with a
volumetric feeder. The diameter of the screw was 17.8 mm with a
length-to-diameter ratio (L/D) of 40. Since the preformulated SP

samples using a parallel-plate geometty<25 mm). A dynamic time
sweep test was conducted to assess the thermal stability of the blends.
Considering the susceptibility of thermal degradation of soy protein
and the melting temperature of PLA, the testing temperature was set
at 175°C. PLA extruded at the same condition as the blends was used
as a control. The sample was loaded between the parallel plates and
melted at 175C for 3 min. The parallel plates subsequently compressed
the sample to 1 mm thick prior to each test. A strain sweep test was
initially conducted to determine the linear viscoelastic region of the
materials. A dynamic frequency sweep test was performed to determine

r . . .
. . ; _ the dynamic properties of the blends. The strain and frequency range
(Henschel Mixers American, Inc., Houston, TX), stored in sealed plastic Y prop g y rang

bags, and left overnight at room temperature to equilibrate. This
preformulated SP, PLA, and PEOX was then compounded using a .

used during testing were 5% and 8300 rad/s, respectively. Steady-
state shear tests at the same temperature were also conducted to
investigate the viscosityshear rate relationship. The shear rates ranging
from 0.05 to 50 I/s were employed.

Phase Morphology.Scanning electron microscopy (SEM) was used
to examine the phase structure of the blends. The injection molded

contained 10 parts of water, the compounding extrusion temperature A 3 o o
tensile specimens were cryofractured in either a longitudinal or

was set as low as possible to reduce the degree of PLA hydrolysis. e £ th : . -
The barrel of the extruder had seven heating zones. From the feeder igransverse direction of the specimens. To obtain a better observation

the die, the temperatures were set at 90, 100, 125, 145, 160, 160 and)f the phase structure, some fractured surfaces were extracted with
1550(:' respectively. The die temperatur;a Wa’s IES,and ’the s’crewl chloroform and then rinsed with hot water to remove the PLA phase
speed ’of 60 rpm was employed for all compounding. There is an or extracted with a solvent to remove the SP phase. The solvent for SP

atmosphere venting port in the third heating zone and a vacuum venting €Xiraction was prepared by making a solution of 0.1 M Na&au 8
port in the last heating zone. Since the extrudate was fragile, it was M urefg uﬁ'ng a buffer c.ontamrgh?ﬁ mM &H?(‘ and 32',6 mM &-h'l
discharged to open air and granulated using a granulator afterward.HPo“' The PLA extraction with chloroform took a few minutes, while

The compounds were then dried at @0 for 8 h before injection the SP e_xtraction With a buffer solution took from 10 min to severa_ll
molding. The blends containing 30:70, 50:50, and 70:30 (w/w) SP/ hours, with longer times needed for SPC/PLA blends and blends with

PLA were prepared. For some blends, 1, 2, 3, and 5 phr PEOX (on the higher PLA contents. The extracted surfaces were dried and sputter

basis of total weight of dry SP and PLA) were added to study the c0ated with gold prior to examination.

compatibilization effect. Water Absorption. A water absorption test was conducted following
Preparation of Test SpecimensStandard tensile (ASTM D638,  the ASTM D570-81. The samples were dried at°&0for 24 h prior

type Ill) test samples were prepared by injection molding (Sumitomo to the test and then_ |mmer_sed in distilled water at room temperature.

SE 50D) of the previously prepared blends. The temperatures of the The percentage weight gain was taken as the water absorption value.

three zones of the barrel and nozzle were set at 150, 165, antC170
respectively. The mold temperature was°@) and the cycle time was

Five replicates were tested for each sample.
Molecular Weight Measurements.The PLA molecular weight was

40 s. These specimens were also use for thermal analysis, phasenonitored by gel permeation chromatography (GPC) before and after

morphology, and water absorption testing.
Mechanical Properties. All the tensile samples were conditioned
in 50% relative humidity (RH) and 23C for 7 days prior to tensile

compounding. The GPC system was equipped with a Hitachi L-6200A
gradient pump, a Polymer Labs PL-Gelfn mixed column, and a
Hitachi L-3350 RI detector. Chloroform was used as the eluent étD%/
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Figure 1. Dynamic time sweep of PLA and SP/PLA (30:70) blends. © (radls)
w = 2 rad/s, strain = 5%, and temperature = 175 °C. 1.0E+07 _
flow rate of 1 mL/min. The GPC system was calibrated using ® . é é § &
monodisperse polystyrene standards. 1.0E+06 | .4 é &
Lerixdt
Results and Discussion o 1OE+05 X % X xxx% HE
o . v o
Rheological Properties. Figures 1-3 give the dynamic =~ © 4 e.0, | : o « SPCIPLA (30170)
rheological properties of PLA and its SP blends. At ' °
PLA showed a constant viscosity (complex) and storage ° * SPCIPLA (80150)
modulus during the entire experimental time. SPC/PLA blends ~ 1-0E+03 1 ° * SPIPLA (30170)
also maintained almost constant values up to 400 s. These results 0 x SPIPLA (50150
suggest good thermal stability of PLA and its SPC blends within 4 gg+02 °PLA
the experimental period (Figure 1). On the other hand, the 0.01 01 1 10 100 1000
viscosity and storage modulus of SPI/PLA blends experienced o (radls)
an obvious decrease with time, indicating thermal degradation
of the sample. It is known that PLA is susceptible to hydrolysis. ~ 1.0E+07 N
The water added to SP during the blend preparation would © At i;
hydrolyze PLA. GPC analysis showed an approximate 13% = ; xXsoo
decrease in the weight-average molecular weight of PLA after ~ 1-0E+06 1 i X HO
extrusion blending for both SPI/PLA and SPC/PLA blends. It IVIVIIVES E $°
was also noticed that although the extrudates were carefully 3 saaat tto
dried prior to injection molding, the molecular weight of PLA = 1.0E+05 1 Lt o’
further decreased in the subsequent injection molding process,‘D o’ + SPCIPLA(30/70)
with SPI/PLA showing a larger decrease than SPC/PLA. It is . ° = SPC/PLA (50/50)
not clear if this is due to the high content of soy protein in SPI,  1:0E+04 1 ° + SPIIPLA (30/70)
which directly caused PLA degradation, or to the degradation x SPI/PLA (50/50)
products of soy protein that accelerated PLA degradation. o PLA
Nevertheless, rheological testing revealed that the viscosity of ~ 1-0E+03
the blend system was substantially higher than that of neat PLA, 0.01 0.1 1 10 100 1000
and SPI/PLA blends showed higher viscosity than SPC/PLA o (radls)
blends (Figures 2a and 3). Figure 2. Dynamic frequency sweep of PLA and SP/PLA blends.
PLA displayed terminal behavios( 0 w64 andG" O w) Strain = 5% and temperature = 175 °C.

very close to the theoretical predictio®' (0 w? andG" 0 w)
for a typical narrow distribution linear polymer (Figure 2b,c). a SPI (or SPC)/PLA ratio varying from 30:70 to 70:30 (w/w).
Blending SP with PLA caused a drastic deviation of the terminal These SEM micrographs were taken on the cryofractured
behavior and resulted in much highgt, G', andG" in the surfaces that had been extracted with either buffer solution or
low frequency range angl at low shear rates. These changes chloroform to expose the PLA or SP domain, respectively (see
indicated that the addition of SP greatly increased the molecular Experimental Procedures). In general, SEM micrographs of SPI/
interactions of the blend system, and the movement of molecularPLA blends revealed severely coarsened phase structures for
chains was hindered remarkably. This high intermolecular both domains, while SPC/PLA blends showed a much finer
interaction was likely attributed to the high polarity of SP. phase structure for both domains. In fact, the phase coarsening
Rheology tests were not operated on preformulated SP becausén SPI/PLA blends revealed in this study showed a similarity
the SP or even SP/PLA blends with 30% PLA were not able to with other SP blend system43:39The phase structure of SPI/
flow and be pressed properly between the parallel plates of thePLA blends was complex (Figure 4). The SPI domain appeared
rheometer under the experimental conditions. The high viscosity to be continuous in all three blends, while the PLA domain
and poor flowability of SP was due to the lack of a large amount percolated in the SPI phase. It is well-recognized that the
of plasticizer(s). morphology of a polymer blend depends on several factors,
Phase Morphology. Figures 4 and 5 show the phase including interfacial adhesion, phase volume ratio, viscosity ratio
structures of SPI/PLA and SPC/PLA blends, respectively, with of the components, and processing conditi&nd’ The mainCDV
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1.0E+06 ogy. Table 1 shows the mechanical properties and water
D, absorption of SP/PLA (70:30 w/w) blends containing different
e b, amounts of PEOX. The tensile strength of the SPI/PLA blend
1.0E+05 - XX X X X x x x & ¥, without a compatibilizer was 12.4 MPa, which was even lower
fex than that of highly plasticized SP sheets (e.g., 14.1 MPa for a
0 N N sheet containing 23% glycerd)This result suggested poor
@ 1.0E+04 1 N compatibility between SPI and PLA. The addition of 1 phr
s PEOX resulted in a significant increase in tensile strength and
‘ a decrease in water adsorption, suggesting that PEOX functioned
1.0E+03 1 « SPC/PLA (30/70) . as a compatibilizer for SPI/PLA blends. However, the further
s SPI/PLA (30/70) - increase of PEOX concentration led to only slight improvements
x PLA in strength and water resistance of the SPI/PLA blends. Adding
1'°E+°20 o1 0'1 1 1‘0 100 PEOX to the SPC/PLA blend also improved its performance,

but to a lesser extent compared to SPI/PLA blend. For
uncompatibilized blends, SPC/PLA had a higher tensile strength
Figure 3. Steady shear viscosity of SP/PLA blends. Temperature = (19.3 vs 12.4 MPa) and modulus (4.43 vs 3.96 GPa) than SPI/
175 °C. PLA, indicating a better compatibility in the former system.

On the other hand, the high moduli and low elongations of both

mechanism governing the morphology development is the ends were largely unaffected by the compatibilizer, reflecting
balance between droplet break-up and coalescén&P the characteristic high rigidity for both PLA and SP.

contains ca. 90% soy protein, which is highly polar and
hydrophilic, while PLA is hydrophobic. This leads to poor
interfacial adhesion between the two phases. The low interfacial
adhesion, as well as high viscosity disparity between SPI and
PLA, played an important role in the phase coarseffig36-3"
Although the water contained in preformulated SP gelated and
plasticized SP when heated, the viscosity of SP was still much
higher than PLA as observed from rheology tests. The SP/PLA
viscosity ratio is therefore believed to be much larger than 1,
which is not favorable for a fine phase dispersion in a blend

Shear rate (s™)

Increasing the PLA concentration in the blends resulted in
increases in tensile strength (Figure 8a), with SPC/PLA blends
demonstrating a higher tensile strength at all concentrations than
SPI/PLA. The superior performance of SPC/PLA blends to SPI/
PLA blends was likely attributed to the better compatibility
between PLA and SPC than between PLA and SPI. These results
are consistent with the findings in the phase morphologies of
these two blend systems, where SPC blends demonstrated a
much finer co-continuous phase structure than SPI blends. The
system®’ The viscosity of the SPI component was so high that higher carbohydrate_cp_ntent in SPC than SPI might contribute
the coalescence of SPI outperformed its break-up during to the better compatibility bet_ween SPC.; and PLA and leads to
processing, and hence, it tended to remain as a continuoug"€r Phase structures and a higher tensile strength. Because both
phase®237 On the other hand, the relatively low viscous PLA PLA and SP_gre r_|g|d polymers and show brittleness without
domain was easy to break-up and disperse in the SPI domainProPer plasticization, all the SP/PLA blends showed low

and once it dispersed in the highly viscous SPI phase, it was elongation at break and low tensile toughness. SEM micrographs
difficult for it to diffuse in SPI32 (not shown) of the tensile fracture surfaces of the blends all

In contrast. SPC/PLA blends exhibited a much finer co- ilustrated typical brittle failure. The blends containing 70 parts

continuous phase structure in the SPC/PLA ratio (w/w) ranging ©f SP generally showed poor water resistance, absorbing more

from 30:70 to 70:30 (Figure 5). This fine phase structure of than 12 wt % of water withi 2 h (Table 1); water absorption
SPC/PLA blends might be the result of improved interfacial t€StPeyod a2 himmersion were not recorded for these blends

adhesion between the two phases and lower viscosity of spcbecause of the severe swelling and deformation of the samples.
phase than that of SPI phase due to weaker intermolecularNevertheless, water absorption was dra_matically dec_reased when
charge-charge interactions. Since SPC contains much less the SP concentration was reduced (Figure 8b). With 30 parts
protein (ca. 50%) than SPI (ca. 90%) but more carbohydrates,Of SPin the blends, the SPC/PLA blend demonstrated superior
the interfacial adhesion between SPC and PLA might be higherwater resistance to the SPI/PLA blend. For example, the SPC/
and facilitate the formation of a fine phase structihe better ~ PLA (30:70 w/w) blend absorbed only 1.7 and 4.55 wt % of
compatibility between SPC and PLA than that between SP and Water for a 24 and 72 h immersion, respectively, while for the
PLA was proven in the DMA testing discussed next. same periods, the SPI/PLA (_30:70 wi/w) blend absorbed 2.9 and
Figure 6 shows PLA phase morphology in the blends along 16.6 wt % of water, respectively.
the longitudinal direction. It is clear that the PLA phase was  Dynamic Mechanical Properties.As the addition of PEOX
aligned along the flow direction, with SPI/PLA showing a higher resulted in a finer phase structure of the blends (Figure 7) and
degree of orientation than SPC/PLA. This is probably due to increased tensile strength and water resistance (Table 1),
the higher viscosity of SPI than that of SPC, which kept the particularly for the SPI/PLA blends, its addition also influenced
shear deformed PLA phase from recovery. The effect of PEOX the dynamic mechanical properties of the blends. Neat PLA was
on phase morphology is illustrated in Figure 7. The samples almost amorphous after sample preparation (see Crystallization).
were cryofractured without etching. The SPI/PLA blend without It became very soft when the temperatures were above its
PEOX showed large domain sizes, and the addition of PEOX o-transition (peak at ca. 70C) and hence showed a large
resulted in a finer structure, indicating improved mixing. In  damping peak at the transition in a DMA thermogram (inset in
contrast, the SPC/PLA blend showed a more homogeneousFigure 9a). Since a severe deformation (bended) of the neat PLA
phase structure than SPI/PLA, and the addition of PEOX further specimen occurred at temperatures abovd jtthe scanning
improved interfacial adhesions so that local plastic deformation was therefore stopped at 8C. The damping spectrum of SPI
(surface roughening) was observed. (containing 2 phr glycerol) showed a steady increase in
Mechanical Properties and Water Absorption.The proper- temperature from ca. 110C but did not yield a typical
ties of a polymer blend are strongly influenced by its morphol- a-transition peak within the experimental temperature rae%ev
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(b1) (b2)

(c1) (c2)

Left: PLA domain right: SPI domain

Figure 4. SEM micrographs of SPI and PLA phases in blends containing 3 phr PEOX. (al and a2) SPI/PLA = 70:30 (w/w); (b1 and b2)
SPI/PLA = 50:50 (w/w); and (cl and c2) SPI/PLA = 30:70 (w/w). Samples were fractured in transverse directions; surfaces were etched with
a buffer solution to remove SP or with CHCIs to remove PLA. CDV
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(cl) (c2)

Left: PLA domain Right: SPC domain

Figure 5. SEM micrographs of SPC and PLA phases in blends containing 3 phr PEOX. (al and a2) SPC/PLA = 70:30 (w/w); (b1 and b2)
SPC/PLA = 50:50 (w/w); and (c1 and c2) SPC/PLA = 30:70 (w/w). Samples were fractured in transverse directions; surfaces were etched with
a buffer solution to remove SP or with CHCIs to remove PLA. CDV
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UOTIOAIIP MO],]

SPI/PLA (50/50 w/w) SPC/PLA (50/50 w/w)

Figure 6. SEM micrographs of PLA phase in different blends containing 3 phr PEOX. (Surfaces were extracted with a solvent to remove SP.)
Samples were fractured in longitudinal directions; surfaces were etched with a buffer solution to remove SP.

Table 1. Mechanical Properties of SP4/PLA Blends and Effect of Poly(2-ethyl-2-oxazoline)

sample PEOX (phr)® strength (MPa) elongation (%) modulus (GPa) water uptake (%, 2 h)

SPI/PLA (70:30 w/w) 0 1244+ 2.0 1.3+01 3.96 + 0.22 182+ 1.6

1 18.1 + 2.0 1.8+0.3 3.82+£0.29 14.8 + 0.2

3 194+15 19+0.1 3.73+£0.25 12.7+1.0

5 201+ 1.7 19+01 3.75+0.18 1214+1.2
SPC/PLA (70:30 wiw) 0 19.3+ 0.6 1.7+0.1 4.43 +£0.28 151+1.0

1 203+ 1.0 1.8+0.1 452 +0.26 13.8+ 04

3 220+ 1.2 19+01 4.38 £ 0.16 1554+ 05

5 225+ 1.2 21+0.2 4.25 +0.10 1514+04
PLA 63.1+ 16 3.8+04 3.43 +0.09

a SP was based on its dry weight in the formulated mixture (see Experimental Procedures). » PEOX is added on the basis of per hundred resin (total
weight of SP and PLA).

(inset in Figure 9a). Accordingly, the' of SPI displayed an  to the improved compatibility between the two domains with
obvious drop in the same temperature range (Figure 9b).the addition of PEOX. It might also be the consequence of
Previous studies indicated that thgof dry SPI is in the vicinity miscibility of SPI and PEOX. PEOX is amorphous withl'g

of 140°C?38 and that its value could be lowered by moisture of ca. 37°C. The SPI/PEOX (90:10 w/w) plasticized with 15
absorptiof or by adding plasticizer($)36.11.38Therefore, it is phr glycerol blend displayed a singlg at ca. 88.5°C (DSC
believed that the changes in tarandE’ of the neat SPI in this  analysis), while the PLA/PEOX blends showed two distinct glass
region were due to the glass transition of SP. The large deviationtransitions corresponding to that of individual components (data
of the decrease ilt’ (~ 2 times) for the neat SP during the not shown). It is interesting to note that the blends demonstrated
o-transition from the decrease i (~ 10° order) for conven- a higherE’ than both PLA and SPI at temperatures below the
tional plastics in the same transition might be the consequencea-transition of the PLA domain. This change might be related
of a certain degree of cross-linking of 8Rinder the conditions  to the lower equilibrium moisture absorption of SP in the blends
in this study and strong molecular interactions of SP. It looks than SP in the neat form, making the SP stiffer in the blends
as if the neat SP showed higher damping @an 0.5) values than in the neat form.

up to 110°C than neat PLA, which displayed a fairly low Figure 10 demonstrates the effect of the moisture level in
damping (tand < 0.1) except at itsu-transition (~60—85 the blends on the dynamic mechanical properties. It is reasonable
°C).39.4042The damping peak of PLA in the blends was greatly to believe that most of the moisture in the blend would remain
reduced because the SP component was still in the glassy statén the SP phase for its high polarity, and reducing the moisture
in the a-transition range of PLA. In Figure 9a, two transition level would decrease the SP damping peak and shift it to a
peaks can be observed for SPI/PLA blends without PEOX. The higher temperature. As compared with specimens conditioned
first one corresponds to the-transition of the PLA domain, at 50% RH, which contained ca. 4 wt % moisture (based on
and the second peak is likely attributed to tréransitions of SPI weight), the damping peak of SPI for the specimen
the SPI domain in the blends. With the addition of PEOX, the conditioned at 0% RH that contained ca. 0.5 wt % moisture
o-transition of the SPI domain was shifted toward to lower decreased dramatically (Figure 10a) and shifted outward.
temperatures (i.e., thetransition temperature of the SPI domain  Accordingly, theE' of the latter in the same temperature range
was shifted from ca. 100C (peak value, no PEOX) to ca. 93  was higher than the former, indicating a more elastic response.
°C (peak value, 5 phr PEOX), while that of the PLA domain Furthermore, the specimen conditioned at 50% RH was scanned
showed little change with PEOX). This change might be due a second time after cooling from the first scan. Sinceétgv
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0 phr PEOX 3 phr PEOX
SPI/PLA (50/50 w/w)

0 phr PEOX 3 phr PEOX

SPC/PLA (50/50 w/w)

Figure 7. Cryo-fractured surface without etching, showing the effect of PEOX on morphologies of the SP/PLA (50:50 w/w) blends. Samples
were fractured in transverse directions.

moisture in the blend was almost completely evaporated during of PLA that occurred within this temperature range during a
the first scan, the-transition of SPI in the second scan appeared DMA temperature sca#.1841The cold crystallization of PLA

at a higher temperature and probably overlapped with the was confirmed by DSC thermograms (Figure 12) as discussed
melting transition of PLA. The deformation of the PLA phase in the next section. The lack of a similar recoveryghin the

was substantially restricted after PLA crystallization and SPI second scan of DMA of the blend (Figure 10b) further supports
stiffening during the first scan. Consequently, the damping of this argument because the cold crystallization had been com-
PLA was greatly reduced in the second scan as shown in Figurepleted in the first scan. As compared with SPI/PLA blends, the
10a. Likewise, the loss oE' with temperature was also SPC/PLA blends exhibited higher compatibility as demonstrated
remarkably reduced since PLA crystallized and the SPI phaseby the closer and broader damping peaks (Figure 11). The
became stiffer. In Figures9L1,E' reached a minimum between addition of PEOX in the SPC/PLA blend had little effect on
the two a-transitions and then recovered as the temperature the transitions. These results are consistent with the mechanical
increased further. This is attributed to the cold crystallization properties reported in Table 1. cDV
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Figure 8. Tensile strength and water absorption of SP/PLA blends PLA a_nd_ substantially increased the CrySta"init)_/ Of PLA. The
with different SPC (or SPI)/PLA ratios. very similar AH¢c. and AH, values for neat PLA indicate that

PLA was primarily amorphous since it was not able to crystallize

Crystallization. Figure 12 shows the DSC thermograms of when it was rapidly cooled during the injection molding. On
SP/PLA blends; the testing samples were from the injection the other hand, all blends showed largét, thanAH values,
molded tensile specimens. Table 2 gives the summary of theindicating a certain degree of crystallinity of the PLA in the
DSC results from the first heat scan, revealing the glass blends promoted by the presence of SP. The bimodal endother-
transition and crystallization status of the PLA component of mic transition (~140-160 °C) is the melting of PLA in the
the blends in the injection-molded specimens. An exothermic blend. The melting peak at lower temperatured40—-150°C)
peak, attributed to the cold crystallization during the temperature was due to the melting of crystals with less perfection in the
increasé, 18342 was observed for each blend and the neat boundary regions, which subsequently recrystallized and re-
PLA. The recovery in the storage modulus found in DMA tests melted at a higher temperatufe.
(Figures 9-11) coincided with this peak. As compared to neat  The PLA in all blends (Table 2) showed a slightly lowky
PLA, the cold crystallization of PLA in the blends took place (~ 1.4—4 °C) than that of neat PLA. In addition, the cold
at much lower temperatures and exhibited narrower peak widths.crystallization temperaturel{) and the melting temperature
Furthermore, PLA in the blends showed a substantially higher (T,) of PLA in the blends showed similar decreases in
AHcc (or AHp) than that of neat PLA (Table 2). These results comparison with that of neat PLA. These are mainly attributed
suggest that SP induced and accelerated the crystallization ofto the residual moisture in the blends. The absorbed (or residual)

Table 2. Cold Crystallization and Melting of PLA in the Molded Samples of Different SP/PLA Blends? Containg 3 phr PEOX?

cold crystallization melting T, (°C)
blends symbol ratio (w/w) T4 (°C) Tec (°C) AH? (J/g) 1 2 AHm? (J/9)
SPC/PLA a 70:30 58.3 113.2 21.2 146.2 153.2 26.8
b 50:50 57.8 105.9 27.3 143.8 152.9 33.1
c 30:70 57.9 104.1 26.0 144.6 153.9 28.4
SPI/PLA a' 70:30 54.7 103.3 24.2 141.7 153.8 30.5
b’ 50:50 56.9 100.8 23.9 142.3 151.6 29.3
c 30:70 54.9 94.5 28.4 140.7 151.6 33.4
Neat PLA d 59.3 123.7 12.6 154 12.7

aData are baded on the first heating scan of the samples prepared by injection molding. » Data corrected for the percentage of PLA in the blend.

Ccbv
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Figure 11. Effect of PEOX content on dynamic mechanical properties
of SPC/PLA (70:30 w/w) blends.

Temperature (°C)

Figure 10. Effect of moisture level on dynamic mechanical properties
of the SPI/PEOX/PLA (70:3:30 w/w/w) blend.

moisture plasticizes PLA molecules and increases the flexibility
of the molecules, resulting in lowered crystallization and melting c
temperatures. Further support for this argument can be found
in Figure 13, which gives the DSC thermograms (first heat scan)
of the SPI/PLA (70:30) blend containing 3 phr PEOX condi-
tioned at environments of different relative humidity for 7 days.
The DSC results clearly indicated that tlig Tcc, and Ty, of

PLA in the blends decreased continuously with the increase in

moisture content (% RH increasing). cold ostalzation___
jﬁ/_/,\ﬁ_
Conclusions , , , , ,
40 60 80 100 120 140 160 180

SP/PLA blends were successfully prepared by extrusion Temperature (°C)

mixing. SP plastics showed increased flowability and proces- Figure 12. DSC thermograms of different SP/PLA blends. Thermo-
sibility after blending with PLA and could be injection-molded ~9rams were based on the first heat scan performed on samples from

with only small amounts of processing aids. Study of the melt %i?gozn molded specimens. The sample compositions are listed in
rheology suggested there were strong molecular interactions in '

the melts of the blends attributed to the SP. The blend system

showed substantially higher viscosity than neat PLA, particularly components substantially reduced the water absorption of SP.
at low shear rates. Investigations of plasticization and formula- When the SP/PLA ratio was 30:70 (w/w), SPC/ PLA and SPI/
tion will be necessary to optimize process and product proper- PLA blends absorbed only 1.7 and 2.9 wt % water for a 24 h
ties. A co-continuous phase morphology was found in the SPC/immersion, respectively. PEOX can be used as a compatibilizer
PLA blends with a broad range of compositions. Phase in the blends, leading to improved mixing of the two phases.
morphology, DMA results, and mechanical properties indicated Mechanical properties and water resistance of SP/PLA blends
that SPC had a higher compatibility with PLA than SPI, which were improved after compatibilization, and the effect was more
resulted in finer phase structures and higher mechanical proper-significant on the SPI/PLA blend than on the SPC/PLA blend.
ties of SPC/PLA blends. The mechanical properties of SPC/ All blend samples showed low elongation at break and failed
PLA blends were enhanced greatly with the increasing PLA in brittle fracture in tensile testing, which leaves a space for
contents, while the mechanical properties of SPI/PLA blends toughening and plasticization in future investigation. The PLA
demonstrated only limited increases. The presence of PLA component in the blends was found to be highly amorpho%g{/
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Figure 13. DSC thermograms of the SPI/PEOX/PLA (70:3:30 w/w/
w) blend conditioned at different environments. Thermograms were
based on the first heat scan performed on samples from injection

40 60 80 160

molded specimens.

injection molded articles due to the rapid cooling in the mold.

SP induced and accelerated cold crystallization of PLA in the

blends, resulting in a higher PLA crystallinity. This suggests

that mechanical properties of the blends could be manipulated
under postprocess thermal treatments to suit different applica-

tions.
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