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Phytagel and nano-clay particles were used to improve the mechanical and thermal properties and moisture resistance
of soy protein concentrate (SPC) resin successfully. SPC and Phytagel were mixed together to form a cross-
linked structure. The Phytagel-modified SPC resin (PH-SPC) showed improved tensile strength, modulus, moisture
resistance, and thermal stability as compared to the unmodified SPC resin. The incorporation of 40% Phytagel
and 20% glycerol led to an overall 340% increase in the tensile strength (over 50 MPa) and approximately 360%
increase in the Young's modulus (over 710 MPa) of the SPC resin. Nano-clay was uniformly dispersed into
PH-SPC resin to further improve the properties. The PH-SPC (40% Phytagel) resin modified with 7% clay
nanoparticles (CPH-SPC) had a modulus of 2.1 GPa and a strength of 72.5 MPa. The dynamic mechanical properties
such as storage modulus together with the glass transition temperature of the modified resins were also increased
by the addition of clay nanoparticles. The moisture resistance of the CPH-SPC resin was higher as compared to
both SPC and PH-SPC resins. The thermal stability of the CPH-SPC resin was seen to be higher as compared to
the unmodified SPC.

Introduction mechanical properties and lower moisture resistént&’
Polyphosphate has also been used to improve the stiffness and
In the past few years, biodegradable polymers have attractedmoisture resistance of soy protéfhlncorporating stearic acid
much attention due to the environmental problems caused byinto soy protein has also been shown to reduce the moisture
petroleum-based nondegradable matefidisin the future, sensitivity of SPI due to the inherent hydrophobic nature of the
polymers will not only have to be environmentally friendly and  stearic acid?
fully degradable, that is, “green”, but also will have to offer  Gellan is an exocellular heteropolysaccharide produced by
superior mechanical properties and thermal stability, if they have fermentatior® The native gellan is produced by the bacterium
to successfully replace conventional petroleum-derived plastics. species known aBseudomona®¥2°The native gellan produced
Soy protein has been considered to be one of the very from Sphingomonas paucimobilis composed of a linear
promising raw materials for obtaining commercially useful repeating tetrasaccharide sequence-gfucose b-glucuronic
plastics. Soy protein, which consists of 18 different polar and acid, and.-rhamnose in the ratio of 2:120.Gellan forms weak
nonpolar amino acids, is globular, reactive, and often water gels in water in the absence of salts. However, in the presence
soluble’® Soy proteins generally contain a wide range of of monovalent or divalent ions, a strong gel is formed through
molecular sizes. Based on the ultracentrifugal sedimentationionic and hydrogen bonds. Appropriate cations screen the
fractions, soy protein can be classified as 2S (S stands forelectrostatic repulsion between the ionized carboxylate groups

Svedberg units), 7S, 11S, and 15S fractidHsOut of these, and serve as cross-linking points to cross-link the polysaccharide
7S and 11S are the two major fractioffisThe 7S globulin helix structure?!22

fraction is a trimer of glycoproteins, known as(57 kDa),o' Gellan is commercially sold by Sigma under the brand name

(58 kDa), andf (42 kDa)''1? The 11S fraction consists of  of Phytagel, which is commonly used as a gelling agent

glycinin with a molecular weight of 326360 kDa*° substitute for agat®2°It can form a colorless high-strength gel

Two major drawbacks of soy protein, which have severely in water in the presence of cationic ions. In the presence of
limited its commercial applications, are its high brittleness and salts, carboxylate groups interact with the ions and act as cross-
moisture sensitivity:>314Soy protein contains several amino  linking points. Intra- and intermolecular hydrogen bonding can
acids containing hydrophilic groups, which make soy protein also be formed through the hydroxyl and carboxyl groups. The
products very moisture sensitive. Without plasticizer, the carboxyl groups on glucuronic acid can also react with the
brittleness of soy protein products makes it very difficult to amine, hydroxyl, and carboxyl groups present in soy protein
process. Because of its brittleness, both fracture strain andunder specific pH condition®. The hydroxyl and carboxyl
strength of soy protein are low. Extensive research has beengroups in Phytagel can also form hydrogen bonding with some
conducted to modify commercially available soy protein prod- hydrophilic groups on SP&.
ucts, such as soy protein concentrate (SPC) and soy protein Nanocomposites, with nanoparticles dispersed, have been
isolate (SPI}.~413-1° SPC contains 6872% proteins, 1921% studied extensively due to their capability to improve mechan-
carbohydrates, 46% moisture, 0.51.0% crude free lipids, cal, physical, thermal, and barrier properties with very low
3.4—-4.8% crude fibers, and 3:86.2% ashe$® Glutaraldehyde nanoparticle loading of 45 wt %24-28 For such composites,
has been used to cross-link soy protein molecules to increasemontmorillonite (MMT) and other clay nanoparticles have been
used by many researchéfs3® With a structure of stacked
* Corresponding author. E-mail: ann2@cornell.edu. platelets and one dimension of the platelet in the nanometer
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scale, MMT has a high aspect ratio when exfoliated. If the The SPC powder and Phytagel were first dispersed into distilled water
platelets are dispersed properly, its nanosize can provide aseparately and then mixed together using a magnetic stirrer. The uniform
significant amount of interface between the clay and the matrix mixture was precured at 7& for 25 min. Various amounts of dispersed
resin with only a small weight percentage of MMT. This clay slurry were directly introduced into the precuring mixture. Another

contributes to the excellent mechanical and physical propertiesS Min was needed to complete the precuring step and to obtain good
of the nanocomposited-33 nano-clay particle dispersion. The final solution with different clay

In the present research, SPC-based resin was modified in tWoloadlngs was dried into sheets and cured using the same procedure as

steps. In the first step, Phytagel was used to form a cross-hnked,descrIbeOI above for SPC .Sheets' . .

: . : . : All cured SPC and modified SPC resin sheets were conditioned at

interpenetrating network-like (IPN-like) structure with SPC. The o . L . -
ffect of Phvt | th hanical and th | " f21 C and 65% relative humidity (R.H.) for 72 h prior to characterizing

etiect o ytagel on thé mechanical an ermal properti€s of y,q;; tensile properties and moisture content. All other characterization

the SPC resin was studied. In the second step, the Phytagel

o i . ‘methods such as thermal properties and dynamic mechanical properties
modified SPC was further modified using nano-clay to form a1 conducted without conditioning the specimens.

nanocomposite and thus improve its properties. The nanocom-  cparacterization of Resin Properties. An Instron tensile tester
posite materlal Was.character'lzed for its mechanical and thermal(mode| 1122) was used to characterize the tensile properties of SPC
properties, and moisture resistance. and modified SPC resins. The effect of Phytagel content, nanoparticle
loading, and glycerol content on tensile properties was studied. Fracture
stress, fracture strain, and Young’s modulus of the modified SPC resins
were measured according to ASTM D 882-97. The test specimens
(strips) were cut to dimensions of 10 mm80 mm. The thickness of
the specimens varied between 0.12 and 0.13 mm. The gauge length
for tensile tests was set at 50 mm, and the strain rate was 0.5/min. All
specimens were conditioned according to ASTM 1776 atQJland
65% R.H. for 3 days before testing.
Moisture content was recorded to understand the moisture sensitivity
) . . of the modified SPC resins. A Brabender moisture/volatiles tester
Preparation of Nano-Clay and Phytagel-Modified SPC Resin. —(1,54e| 1153) was used according to ASTM D 2654-89a to obtain
Pure SPC resin was prepared by mixing SPC powder with distilled ;g4 re content. A 10-g specimen was used for this test. After being

and deionized water in a ratio of 1:15 by weight. To make SPC jyieq in the oven chamber for 24 h at 105, the specimen moisture
processable and reduce its brittleness, a specified amount of glycerol.,:ant was read directly from the scale.

was ad‘_’ed asa plastlmz_er. SPC SUSpEnsion was homoge_nlzed VId & Thermal stability of the modified SPC resins was characterized using
magnetic stirrer for 30 min. The suspension was then kept in a water a thermogravimetric analyzer (TGA), TA Instruments (model 2050,

bath at 7.5°C for“30 min. :!'his process is_ called the “procuring” of e, Castle, DE). A nitrogen environment was maintained during the
SPC resin. The “procured” SPC suspension (or slurry) was cast onto TGA study. The scanning temperature range was set to b5

Teflon-coated glass plates and dried in an air-circulating oven at 35 °C, and the specimens were scanned at a ramp rate ®€/Hin
°C for 16 h. The thickness of the sample sheets was controlled by '

spreading the SPC sample suspensioh wig solid content onto the

Experimental Section

Materials. SPC powder, ARCON S, was provided by Archer Daniels
Midland Co., Decatur, IL. Analytical grade of Phytagel was acquired
from Sigma-Aldrich Co., St. Louis, MO. Analytical grade glycerol was
obtained from Fisher Scientific, Pittsburgh, PA. Both chemicals were
used as received. Clay particles were obtained from Southern Clay
Products, Inc., TX, under the brand name of Cloisite"Na

Dynamic mechanical properties of all SPC resins were characterized

. using a dynamic mechanical analyzer (DMA, model-2980, TA Instru-
18 cmx 18 cm bowl-like Teflon-coated glass plate mold. Because of ments, Inc., New Castle, DE) using tension film clamps. Cured resin

thgflowl wscgirl;[y ;f tgeSsgChSUfp(;nsmn, It can st;:]r_esd n tk_:_‘; n:jo_lddsheets were cut into rectangular specimens of 25 mnb mm
uniformly and the drie sheets have very even thickness. 1he dnedyensions. The test specimens were not conditioned to avoid the

SPC sheets were finally hot pressed (cured) on a Carver hydraulic hot.

. influence of the loss of moisture from the sample films at high
press (model 3891-4PROAQO) for 25 min at T2Dunder a pressure temperature during testing. The tests were performed at 1 Hz frequency

of 7 MPa. Thicknesses of the cured SPC sheets varied between 0'1%Nhile maintaining an amplitude of 1&m. The specimens were scanned

and 0.13 mm. » . . from 35 to 250°C at a ramp rate of 3C/min. The dynamic mechanical
The Phytagel-modified SPC resin (PH-SPC) was prepared in a roperties such as storage modulus, loss modulus, and taare

similar way. Varying amounts of Phytagel (5%, 10%, 20%, 30%, 40%, getermined from the DMA plots as per the ASTM D4065-01. The glass
and 50%, all of the percentages in this research refer to the weight i ansition temperature was determined according to ASTM E1640-99.
percentage based on SPC) were dissolved in distilled water to form a Wide-angle X-ray diffraction (WXRD) was used to evaluate the

solution or weak gel, which was then added to the initial SPC ,nqnarticle dispersion. The general area detection diffraction system
suspension (with glycerol) prepared by the steps described above. The(GADDS, Bruker-AXS, Inc., Madison, W) was used at 45 kV and 40

precuring was achieved by reacting the mixture af@for 30 min. mA. The X-ray diffraction patterns of the resin specimens were obtained
The precured PH-SPC sheets were dried and cured using the SaM§,sing a Scintag)—0 powder diffractometer (PAD X, Scintag, Inc.,
procedures described as above for SPC. To study the plasticization eﬁechupertino, CA) with a solid-state intrinsic germanium detector. The
and_ find out thg optimum working percentage, glycerol was added in specimen films were scanned from tb 4C° at Z/min employing the
various proportions (5%, 10%, 12.5%, 15%, and 20%). Cu Ka X-ray radiation with a wavelength of 1.5405 A. THespacing
Before preparing the clay-modified PH-SPC nanocomposites (CPH- jnformation was recorded.

SPC), Cloisite Na particles were purified. The particles were first Nano-clay dispersion within the resin was also confirmed via a LEO
dispersed into distilled and deionized water using a magnetic stirrer 922 energy filtered transmission electron microscope (EFTEM). The
and ultrasonication. One gram of clay was dispersed into 200 mL of cpH-SpPC films were embedded in a potting epoxy resin and cut into

water by magnetic stirring for 10 h. The clay slurry was then further hin specimens by using a microtome. A 300 mesh copper grid was
ultrasonicated for 30 min to improve dispersion and further exfoliation. ,sed to hold the SPC specimens for TEM.

The resulted clay suspension (slurry) was stabilized for 1 week before
removing the nonexfoliated, larger aggregates that settled down. A

freeze-drier was used to get the purified nano-clay powder from the Results and Discussion
stabilized slurry. The purified clay powder was redispersed into the ) )
distilled water in a weight ratio of 1:100 to form a yellowish clay slurry, Effect of Phytagel on the Mechanical Properties and

which was stable due to the Brownian motion of the fully exfoliated Moisture Absorption of PH-SPC Resin. PH-SPC resin was
dispersed nanosized particles and ready for dispersion in SPC resinprepared with 20% glycerol (as a plasticizer) at a neutral BBV



Nano-Clay Reinforced Soy Protein Resin Biomacromolecules, Vol. 7, No. 10, 2006 2785

Table 1. Effect of Phytagel Content on the Tensile Properties and Table 2. Effect of Glycerol Content on the Tensile Properties and
Moisture Resistance of the Modified SPC Resins Moisture Resistance of PH-SPC Resin
phytagel fracture fracture moisture fracture fracture moisture
content stress strain modulus toughness content glycerol stress strain modulus content
(%) (MPa) (%) (MPa) (MPa) (%) (%) (MPa) (%) (MPa) (%)
0 14.7 (6.6)2 25.7 (6.0) 201 (4.5) 2.8(12.5) 16.7 20 50.1 (5.5)2 14.8 (4.2) 717 (4.6) 155
5 21.1(2.4) 22.7(4.3) 314(3.1) 3.1(54) 16.3 15 60.0 (3.9) 11.7 (6.3) 1154 (4.9) 14.7
10 26.1(12.5) 18.8(3.2) 406 (6.5) 3.5(11.2) 16.2 125 66.2 (4.5) 10.0 (7.4) 1675 (2.4) 14.4
20 349(4.6) 17.1(5.2) 538(6.1) 3.9(8.3) 16.0 10 60.0 (5.2) 7.8 (7.6) 1975 (2.6) 134
30 43.7(6.2) 15.9(5.1) 651(3.7) 4.5(8.6) 15.8 5 61.1 (6.7) 6.1 (8.5) 2222 (6.9) 13.1

40 50.1(55) 14.8(4.2) 717 (4.6) 4.8(7.2) 15.5

i 0,
50 52.4(3.1) 14.2(4.3) 742 (45) 4.9 (6.9) 155 2 Values in parentheses are CV%.

2 Values in parentheses are CV%. the increase in cross-link density due to the apparent extensive
interpenetration. The strong interaction between the two net-

The tensile properties and moisture content of the resin are listedworks also helps stress transfer from one network to the other
in Table 1. It can be seen from the data presented in Table lincreasing stiffness. Lodha and Netra¥&sihowed that, due to
that, as the amount of Phytagel increased from 0% to 40%, the formation of the IPN-like structure, Phytagel-modified SP!I
Young's modulus and fracture stress increased from 201 to 717resin was significantly stronger and stiffer than the pure SPI
MPa and 14.7 to 50.1 MPa, respectively. At the same time, the resin. A similar trend has been seen for SPC resin in this study.
fracture strain decreased from 25.7% to 14.8%. It was realized In addition, the toughness of the SPC increased with the addition
that further increase in Phytagel content did not lead to of Phytagel as well. The toughness of a polymer was determined
significant increases in the Young's modulus or the fracture by the area under the stresstrain curve. This area measures
stress. the energy required to fracture the material in tensile mode. PH-

The gellar-agarose system has been found to form a SPC with 40% Phytagel showed a toughness of 4.2 MPa, which
molecularly interpenetrating network (IPN)-like structdfen was about 71% higher than the SPC resin without Phytagel.
an IPN structure, polymer networks partially or completely ~ The moisture content of the modified SPC resin decreased
interpenetrate each other on a molecular scale. Although therefrom 16.7% to 15.5% (50% Phytagel). The moisture content of
is no covalent bonding between different networks, it requires pure Phytagel resin was measured to be 10.2%. The interaction
the breaking of polymer bonds to separate the cross-linked and cross-linking of polar groups, such as hydroxyl and carboxyl
polymers. Both SPC (or SPI) and Phytagel, separately, form groups, on Phytagel with SPC is believed to have decreased
cross-linked systen$:23 When mixed together, an interpen- the overall polarity and moisture sensitivity of the modified SPC
etrating network-like (IPN-like) structure can be forn#éd.he resin. Water has been shown to be a good plasticizer for soy
blend was uniform, and there was no evidence of any kind of protein polymers?” As a result, the reduction in moisture content
physical phase separation based on the visual observation owith the addition of Phytagel could be another factor to help
the stressstrain (tensile) curves. At high temperature, Phytagel, increase the stiffness of the PH-SPC.
in solution, is in the coil forn#> However, because of the polar Because further increasing Phytagel content reduced specimen
amino acids in soy protein, Phytagel can also form strong processibility, due to high viscosity, but did not increase the
interactions with SPC chains by hydrogen bonding and possibly tensile properties of PH-SPC resin significantly, 40% Phytagel
through covalent bondingf. The hydroxyl groups on rhamnose content was selected for further modification of PH-SPC with
and glucose provide the active sites for hydrogen bonding. The nano-clay.
carboxyl groups present in the glucuronic acid unit are capable Study of the Effect of Glycerol on the Mechanical
of reacting with hydroxyl and carboxyl groups in other Phytagel Properties and Moisture Resistance of PH-SPC Resin.
molecules as well as hydroxyl, carboxyl, and amine groups in Glycerol has been shown to be effective in plasticizing soy
SPC molecules to form covalent or hydrogen bonds during the protein resing 43839 |ts high polarity due to the hydroxyl
curing process. In addition, the carboxylates in Phytagel groups also increases the moisture absorption by the resin. Soy
molecules provide active sites for ionic linkages. As noted protein has both polar and nonpolar side chains. Polar groups
earlier, cationic ions are needed to form a gel structure for are responsible for the moisture sensitivity of soy protein
Phytagel®2°The ashes and other impurities present in the SPC products. The polar attractions also increase the stiffness and
seem to be sufficient to provide cationic ions to promote cross- brittleness of soy protein when no plasticizers are present.
linking so as to allow the formation of a gel. No additional Glycerol penetrates into the polymer structure and improves the
inorganic ions were employed in this research because a highlymobility of soy protein polypeptide chains, resulting in the
cross-linked structure would increase the brittleness of the plasticization effec#?
modified SPC, resulting in lower stress. SPC molecules can As mentioned earlier, for this study, Phytagel content was
penetrate into the gelled Phytagel structure and vice versa tomaintained at 40%. The effect of glycerol on the mechanical
form the IPN-like structure. Different SPC molecules are also properties and moisture absorption by PH-SPC resins is
capable of cross-linking with each other through hydrogen presented in Table 2. As the amount of glycerol in the resin
bonding, disulfide linkage, and other covalent bonding (e.g., was reduced from 20% to 12.5%, the Young's modulus and
ester) formed during the hot process. The stability of IPN fracture stress of the PH-SPC resin increased from 717 to 1675
structures depends on the relative cohesive energy densities oMPa and from 50.1 to 66.2 MPa, respectively, while the fracture
the two material$® The formation of strong hydrogen bonding strain did not change significantly. The highest fracture stress
between two materials stabilizes the entanglements. Glasswas observed for the specimen containing 12.5% glycerol.
transition studies using dynamic mechanical analysis did not Although further decreasing glycerol content from 12.5% to 5%
show phase separation. These results will be discussed later inncreased the modulus, the fracture stress decreased due to the
this paper. The enhancement in mechanical properties is due taeduced fracture strain of the specimens. As mentioned eagis{l
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Table 3. Effect of Nano-Clay Loading on the Tensile Properties (a) 4000
and Moisture Resistance of CPH-SPC Resin 1500
fracture fracture moisture -
clay stress strain modulus content
(%) (MPa) (%) (MPa) (%) o
0 66.2 (452  10.0(7.4) 1675 (2.4) 14.4 & 2000
5 70.6 (3.2) 9.8 (3.8) 1983 (5.7) 14.4 1500
7 74.5 (0.9) 9.5 (6.7) 2124 (2.1) 14.1 1000
10 71.4 (5.7) 8.6 (8.1) 2302 (2.2) 13.9
15 70.6 (4.4) 8.6 (6.7) 2442 (7.8) 13.9 500 A f\
20 69.0 (5.5) 7.3(7.5) 2608 (5.5) 13.7 0 .

1 o 1 16 21 26 31 36 41 46

2Values in parentheses are CV%.

(b) 8000 —

glycerol is very moisture sensitive. It is clear from Table 2 that

the reduction of glycerol content lowered the moisture content 700 i
of the PH-SPC. Once glycerol was reduced from 20% to 5%, oo :g]':;j [
the moisture content of the specimen was reduced to 13.0% —— Clay 15%
from about 15.5%. Lower moisture content is another factor  smo — Clay 20%
for the higher strength and modulus of PH-SPC resin. Our 0% Clay

preliminary study with other polysaccharides, for example, hi

chitosan, showed some improvements. Chitosan can form 3000
hydrogen bonds, but it is not capable of forming IPN-like
structure with SPC. Also, it cannot form ionic bonds.

2% Clay
/S% Clay
o 7% Clay

10% Clay

2000

Effect of Nano-Clay Loading on the Mechanical Proper- 1000 Ny j—-——*i;:’fg“f
ties and Moisture Resistance of CPH-SPC Nanocomposite o oAby s
Resin. The effect of nano-clay on the mechanical properties of | § " 16 21 2% 30 36

the resin is primarily determined by its degree of dispersion in Deg
the matrix?941Exfoliated nano-clay platelets (particles) have a Figure 1. (a) XRD pattern of Cloisite Na* clay powder and (b) XRD
thickness of approximately 1 nm with the other two dimensions Pattern of CP-SPC resin with different clay loadings [Y-axis = %
in the range of several hundred nanometers. This results in a™ensity. X-axis = goniometer angle].
large aspect ratio and high interfacial interaction between the
polar polymeric matrix and polar clay particles. The dispersion nano-clay particles. As shown in Figure 1, the peak obtained
of nano-clay in polymeric matrix also results in the high for pure clay at around°@isappeared in the CPH-SPC resins,
tortuosity for the polymeric molecules. These two factors indicating that the clay particles were exfoliated and dispersed
contribute to the increased mechanical properties of theinto CPH-SPC almost completely. The peak at aroufid 9
nanocomposite?® 33 In addition, in the present case, sodium corresponds to @ spacing of about 1.2 nm in nonexfoliated
ions in clay can also enhance the gelation effect of Phytagel (pure) clay. The breakdown of this layered structure of nano-
due to the screening of the electrostatic repulsion betweenclay resulted in the disappearance of this peak in CPH-SPC
carboxyl groups on Phytagel. resin. Even at the high clay loading of 20%, no clustering can
Table 3 shows the mechanical properties of the clay and be seen as indicated by the XRD plots. The hydrophilic property
Phytagel-modified (CPH-SPC) nanocomposite resin with dif- of both the clay and the SPC provides the strong interaction
ferent nano-clay loadings. For these nanocomposite resins,between the two phases and prevents clustering of the nano-
12.5% glycerol was used as a plasticizer. 40% Phytagel wasparticles, thus keeping the stable dispersion of clay nanoparticles
used in a neutral pH to prepare the CPH-SPC resin. The resultsn the CPH-SPC resin.
show that increasing the nano-clay loading primarily increases TEM images are the most direct measurements of the
the modulus of the CPH-SPC resin. For 20% clay loading, the dispersion of nanosized particles. Thin sections of CPH-SPC
Young’s modulus was 2.6 GPa as compared to 1.7 GPa for 0%specimens with 7% clay were observed using EFTEM. Two
clay loading. For 7% clay loading, the fracture stress was 74.5 TEM photomicrographs are shown in Figure 2 (with a scale
MPa as compared to 66.2 MPa for 0% clay loading. Further bar of 50 nm). As indicated by the TEM images, most of the
increase in clay loading reduced the fracture stress due to theportion of the clay particles is exfoliated. This confirms the XRD
decreased fracture strain of the specimens. The data in Table 3esults discussed earlier. The platelike nano-clay particles can
also show a steady increase in Young’'s modulus as well as atake any position in CPH-SPC as a result of their random
continuous decrease in fracture strain with increase in nano-distribution in the three-dimensional SPC resin. For those clay
clay loading as expected. Clay particle surface is negatively particles perpendicular to the specimen surface, single clay
charged, and, at neutral pH, soy protein is also negatively platelets were clearly observed.
charged. Although sodium ions in clay can screen the electro- TGA Analysis of the Modified Resins.The TGA thermo-
static repulsion, clay particles can also act as defects in thegrams of pure Phytagel, pure SPC (without Phytagel), PH-SPC
system so as to decrease the fracture strain. The reduction invith 20% Phytagel, and 40% Phytagel are shown in Figure 3.
fracture strain with nano-clay particle addition has been shown The onset decomposition temperattife) for pure SPC resin
in many polymerg4-28 was 212°C. The T4 was determined by extrapolating the
XRD and TEM Analysis of CPH-SPC Resin.Wide-angle tangents on two sides of the flexural point on the TGA
XRD was used to evaluate the clay particle dispersion in CPH- thermogram. The incorporation of 20% Phytagel increased the
SPC. Figure 1 shows the XRD patterns of pure Cloisitd Na Tgto 234°C, and PH-SPC with 40% Phytagel showetyaf
particles as well as CPH-SPC resins with various amounts of 242°C. The incorporation of relatively thermally stable Phytag%v
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Figure 3. TGA thermograms of pure SPC and PH-SPC resins. insulating effect of clay particles. This is due to the fact that

the clay particles are not affected by temperatures up to 450

in SPC resin leads to an improvement in the thermal stability °C.
of the IPN-like PH-SPC resin. The improvement in thermal Dynamic Mechanical Properties of the Modified Resins.
stability was directly related to the Phytagel content. The dynamic mechanical properties of the modified resins were

The weight loss of the specimen at 120 can be attributed characterized to study their storage modulus and changes in glass
mainly to the loss of moisture from the specimen. As seen from transition behavior.
Figure 3, Phytagel does not change the moisture sensitivity of The storage modulus of the SPC resins modified with
the PH-SPC significantly, which is consistent with the moisture different amounts of Phytagel and clay loadings, as a function
absorption results. of temperature, is presented in Figures 5 and 6, respectively.

TGA thermograms of the CPH-SPC containing 40% Phytagel The storage modulus of the PH-SPC resin increased with
and varying clay loadings are shown in Figure 4. Several Phytagel content, indicating a more solidlike behavior. This
researchers have reported that clay has the ability to increaseconfirms the tensile test results that showed the stiffness of the
the thermal properties of the modified polymer due to the SPC resin increased with the addition of Phytagel. At room
thermal insulatiorf2 Our results indicate that nano-clay particles temperature, the pure SPC specimen had a storage modulus of
do not have a significant effect on increasing the onset about 3 GPa. With the addition of 40% Phytagel, the storage
decomposition temperature of CPH-SPC. The weight fraction modulus of PH-SPC increased to more than 7 GPa. As can be
remaining (char) at temperatures above 2% however, seen from Figure 6, clay loading also increases the storage
increased with clay loading as would be expected due to the modulus significantly. With the addition of 7% clay, the sam&IBV
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0.35 Phytagel 0% addition of MMT nano-clay particles and Phytagel. Phytagel
. ——--;:ytaael 10% I incre_ased the mpdulus and fracture stress of_ PH-SPC resin by
'_'_"_'_'_'Phi:j o -.._./\ \ ) forming an IPN-like structure. PH-SPC resin with 40% Phytagel
0.25 | .. _ . phyragel d0% 10%Phytagel  / ﬁ;’; content showed a tensile strength of 50.1 MPa and a modulus
Phytagel 50% ! of 717 MPa. The thermal stability as well as moisture resistance
ol was also improved with the addition of Phytagel as compared
prec st to the unmodified SPC resin. The SPC resin modified with 40%
Phytagel and 7% clay had a modulus of over 2.1 GPa and a
strength of 74.5 MPa. The storage modulus improved with MMT
nano-clay particles and Phytagel. The glass transition temper-
ature of the modified resins also increased with Phytagel.
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