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ABSTRACT

Inthisarticle, graft copolymerization of styrene (St) onto cassavastarchvia
potassium diperiodacuprate (I11)—starch redox system as an initiator was
investigated in an alkaline medium. The graft copolymer was characterized
with Fourier-transforminfrared spectraanalysis (FTIR), thermal gravimetric
analysis(TGA), X-ray diffraction (XRD) and scanning el ectron mi croscopy
(SEM). FTIR spectraindicated the presence of PSt-g-starch copolymer. XRD
analysis exhibited insignificant changes in crystalline structure and degree
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of crystallinity. SEM micrographsalso showed PSt adhering onthestarch. A
mechanism was proposed to explain the generation of radicalsand theinitia-
tion. The effects of reaction variables were investigated, and the grafting
conditions were optimized. The value of the overall activation energy of
styrene-starch polymerization (49.4kJ/mol) and the equation of the polymer-

ization rate were obtained, Rp=k-C1% (St)C*® (Cu (l11)).
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INTRODUCTION

Inthelast three decades, there has been tremen-
dousinterest in bioplastic and biodegradable polymers.
Starch can beeasily degraded by microorganisms, soit
issuitablefor blending with bioplasticsand biodegrad-
ablepolymers. Variouspolymer synthesized by starch
and thermopl astic polymer have been reported. Unfor-
tunately, themechanical propertiesof theseblendsare
very poor dueto theincompatibility and hydrophilic
nature of starch. For thispurpose, graft polymerization
of thermopl astic polymersonto starchisan excellent
method for preparing composites of starch with syn-
thetic polymerg™.

In 1958, Mino and Kaizerman reported that
Cerium(1V) asinitiator could not giveastyrene-g-garch,
but agraft copolymer could be obtained when styrene
ismixed with an activemonomert?, Fanta, Burr, Doane,
and Russdll, prepared starch graft copolymerswith sty-
reneusing 60Co irradiation have been reported®. They
also reported that starch-g-polystyrene could be ob-
tained by persulfateinitiationin the slurry state. Cho
and Lee prepared PSt-g-starch copolymer by emul -
sion polymerization. Recently, 0ozonewas used to syn-
thesize starch graft with poly(styrene-co-n-butyl acry-
late) latexes'. Kaewta Kaewtatip, Varaporn
Tanrattanakul prepared PSt-g-starch copolymer via
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suspension polymerizationusing PPSasinitiator®®. And
Graaf, Janssen synthesized PSt-g-starch copolymer
using benzoyl peroxide and PPS asthethermal initia-
tord”.

To the best of our knowledge, thereisno report on
graft copolymer of starch and PSt using potassium
diperiodacuprate (111)—starch redox system as an ini-
tiator. In recent years, we have aso obtained some
achievementson thehomopol ymerization and graft co-
polymerization of vinyl monomersinitiated by super-
normd vaencetransition metal§%19. And we prepared
PSt-g-casein copolymer using potassium di periodato-
nickelate(1V) asinitiator!™. Inthispaper, graft copoly-
merization of St onto starch hasbeeninvestigatedin
detail, using DPC-starch redox pair asinitiator andin
andkalinemedium. High grafting efficiency indicated
that potassium diperiodacuprate(l11)—starch redox sys-
temwasan efficient initiator for thisgraft copolymer-
ization. At the sametime, somestructure and proper-
tiesof graft copolymerswere characterized by SEM,
IR and TGA. A tentative mechanism is proposed to
explaintheformation of radicalsandtheinitiation.

EXPERIMENTAL

Materials

Cassavastarch waskindly supplied by Biaozhun
Ltd., Tianjin. Styrenemonomer (from Beijing reagent
Ltd) was used after inhibitor was extracted with 5%
sodium hydroxide aqueous sol ution and ditilled water
sequentidly. Theinhibitor-freestyrenewasdried with
anhydrous calcium chloride and stored at 4°C. DPC
was synthes zed and measured according to thereported
procedure*?, The concentration of DPC was obtained
by itsabsorption at A=414nm using a shimadzu UV-
265 spectrophotometer (Japan). The concentration of
base DPC was calculated as 3.65x102mol/L.

Prepar ation of PS-g-starch copolymer

Inatypical experiment, thegraft copolymerization
was carried out as follows: a required amount of
pregel atinized starch was dissol ved inwater ina50 mL
conical flask. Theflask was stoppered and deaerated
sufficiently by sparging with nitrogen and were equili-
brated at required temperature with constant stirring.
Then the monomer was injected, followed by DPC
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aqueous solution, and thetotal volumeof thereaction
mixture was made up to 28 mL with distilled water.
After arequired reaction time, thereactant was cooled
and neutraized by agueousacetic acid solution and then
it was poured into excess of methanol to precipitatethe
crude copolymer. Theprecipitated product wasfiltered
through weighed sintered glassfunnel, washed to neu-
tra with methanol and dried to aconstant wei ght under
vacuum at 60°C. Polystyrene homopolymer wasre-
moved by Soxhlet extractionwith toluene. Theextrac-
tionwasdoneat 120°C for 24 h. The PS-g-starch co-
polymer was kept inthe desiccator after itwasdriedin
avacuum oven at 60°C until aconstant weight.

Characterization of PS-g-starch copolymer

The products beforeand after Soxhlet extraction
werewel ghed and characterized by varioustechniques.
The percentage parameters, such as PG, GE, and PC
weredefined and calculated asfollows:

PC /%= [total weight of P/ weight of & char ged] x100
GE /% =[weight of PS grafted/ total weight of PS] x100
PG/ %=[weight of PS grafted/ weight of starch] x100

TheFourier Transform Infrared Spectrometer BIO-
RAD wasused to determinethe presenceof PStinthe
graft copolymer. Thedried powder samplesweremixed
with potassium bromide and pressed into discshape. A
scanning e ection microscope (K'Y KY-1006) was used
to observethe presence of PSt on starch. Several drops
of pregelatinized starch sol ution or PSt-g-starch solu-
tion weredropped to coverdlip and then aired forming
film. Thefilmswere coated with gold prior to observa-
tion. Thermal properties were evaluated by
thermogravimetricanaysis(PerkinElmer TGA 7). TGA
analysiswas operated at aheating rate of 10°C/min
from 50 to 600°C under nitrogen atmosphere. Semi-
cryddlinestructureof pregel atinized sarch wasdetected
by usngaY-4Q X—ray diffractioninsrument (Dandong
Ray Apparatus Corporation, China). The X-ray dia-
gramswere made with Ni-filtered Cu Karadiation at
30KV and 20mA.

RESULTSAND DISCUSSION

Graft copolymerization on starch
The Cu(lIl) issolublein water and attacksthe OH
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TABLE 1: Theeffectsof reaction variableson graft parameters

Number  Time(min) Ratio of St/starch [DPC] pH Temperature(°C) TC PG GE
18 90 54 438x10° 1235 45 32% 49% 50%
22 120 54 4.38x10° 12.35 45 39% 73% 55%
3? 150 54 4.38x10° 12.35 45 53% 180% 56%
42 180 54 4.38x10° 1235 45 75% 255% 56%
52 210 54 4.38x10° 12.35 45 75% 255% 55%
1° 150 54 438x10° 1235 40 33% 62% 35%
2° 150 54 438x10° 1235 50 70% 250% 62%
3 150 54 438x10° 1235 55 89% 285% 65%
4 150 54 438x10° 1235 60 80% 210% 52%
1° 150 54 250x10° 12.35 45 30% 42% 30%
2° 150 54 3.63x10° 12.35 45 32% 115% 52%
3° 150 54 4.05x10° 12.35 45 46% 168% 63%
4 150 54 512x10° 12.35 45 40% 120% 55%
1¢ 150 2.2 438x10° 1235 45 50% 10% 12%
2 150 33 438x10° 1235 45 56% 73% 40%
3 150 47 438x10° 1235 45 57% 180% 75%
4 150 6.2 438x10° 1235 45 40% 80%  35%
1° 150 54 4.38x10°  10.50 45 2% 110% 40%
2° 150 54 4.38x10° 11.15 45 45% 130% 44%
3* 150 54 4.38x10° 11.82 45 47% 160% 49%
4° 150 54 4.38x10°  12.62 45 40% 145% 54%

group of starch, causing free-radicasonthestarch mol-
ecules. Thenthesefree-radica swill initiatethe double
bondsof vinyl monomersto obtain graft copolymer. In
the present study, variousconditionswereinvestigated,
and the grafting conditionswere optimized.

TABLE 1 numberailludtratestheinfluenceof reac-
tiontimeon grafting parameters. It can be seen that GE
keeps unchanged during the course of the reaction,
whereas PG and TC increase steadily with prolonging
thereaction timeup to 180 min, and then maintain a
plateau, whichisin consistent with thegeneral rule of
conventional radica polymerization. So the optimized
reactiontimeis 180 min. Thegrafting reactionswere
carried out at different temperatures between 40°C and
65°C, keeping the other variables constant. Asshown
inTABLE 1 numberb, TC, GE and PGincreasseinthe
beginning up to 55°C and decreaseto someextent with
further increase of temperatureto 65°C. Theimprove-
ment in TC, GE and PG may bedueto the higher rate
of decomposition of initiator with increasing reaction
temperature, aswell asthe quickened diffusion and
mobility of themonomer molecule. Thedeclineof TC,

GE and PG with further increasing temperature can be
explained astheenhanced radical terminationreaction
through oxidation by DPC and theincreased chance of
chaintransfer reaction. Similar result wasreported, the
maximum grafting efficiency in graft copolymerization
of starch and PMMA with PSt was at 50°C!*3, Singh
and Sharmaal so showed the optimum temperaturein
preparation of PSt-g-starch copolymert®4.,

Whentheother factorsare kept invariable, the ef-
fect of DPC concentration on graft parametersisshown
in TABLE 1 numberc. With increasing DPC concen-
tration, PC, GE and PG increase. However, beyond
the optimum DPC concentration of 4.38x10-3mol/L,
they arefound to decrease. Theinitia increasing trend
may be dueto thefact that in this concentration range,
DPC attacks the characteristic group OH of starch
backbone directly, and creates agreat deal of grafting
stes, whichwill initiatethe grafting in the presence of
S. Asaresult, PC and PG grow sharply. However, an
excessof DPC will acceleratetheoxidetion of radicas
by DPC, whichwill result to chain termination, hence
PC, PG and GE decline.
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Figurel: Kineticsof polymerization: LgC(S) vsLgRp
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Figure5: TheX-ray diffraction spectraof sarch and PS -g-
starch

Theeffect of St-to- starch Ratio on graft copoly-
merizationisdepictedin TABLE 1 numberd. Itisob-
served from these datathat GE and PG increaseini-
tidly withtheincreasing S-to-starch Ratio, but beyond
St/starch=4.7, GE, PG decreases. Theinitial increas-
ing trend of GE and PG may be explained asfollows:
theincrease of St’s amount assists in the proximity of
monomer to thegrowing chainsand activesiteson the
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Figure2: Kineticsof Polymerization: LgC(Cu(l11)) vsLgRp
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Figure4: ThelR spectraof grafted copolymer PS-g-starch
and purestarch
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Figure6: TGA thermogramsof starch and PS -g- starch

starch. With anincreasein St-to-starch Ratio, GE and
PG increase. Becausethetotal volumewasfixed, the
water volumewill decreaserdatively withtheincress-
ing amount of St. So the DPC concentration in aque-
ous phaseincreased. DPC react not only with reactant
to produce radica sinitiating polymerization, but also
with radica sterminating pol ymerization. When DPC
concentrationistoo large, theresult isthereduction of
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Figure7: SEM micrographsof thestarch and starch-g-PS
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GE and PG. Theoptimal St-to-starchratiois4.7.

Potassium hydroxideand hydrogen chlorideareem-
ployed to maintain required alkalinity in thereaction
solution. TABLE 1 numbere showstheeffect of pH on
graft parameters. Inthe studied pH range, graft param-
eterschangedwith pH increasing. They increased dightly
firstly and then decrease to some extent. Thesecan be
explained asfollows: two formsof DPC, H31062- and
H31063-, have different activation. In alkali aqueous
solution, theratio of the two forms change with pH,
which directly influencesthe amount of radicalspro-
ducedinthereaction system. It isfound that the opti-
mum pH is 12.35.

Kineticsof polymerization

For studying thekineticsof the polymerization, the
corresponding datawere dealt with in some scope of
our experiment. Therelationship between C and Rp
werein agreement with therule of the polymerization
initiated by redox systems of DPC/starch, which were
showninfigure 1 andfigure 2 respectively. Thedopes
indicated that Rp was proportional tothe1.09and 0.5
power of [ St] and [DPC]. The equation of the poly-
merization rate can bewritten asfollows: Rp=k-C*®
(St)CO% (Cu(ll)).

The effect of temperature on the Rp wasinvesti-
gated. FromtheArrheniusplot (Figure 3), theoverall
activation energy wascal culated as49.4kJmoal.

Characterization of graft copolymer

ThelIR spectraof grafted copolymer PSt-g-starch
aongwith purestarchisshowninfigure4. Compared
with pure starch (b), the final product (a) showed a
combination of both PSt’s and cassava starch’s char-
acteritics. Thepesksof CH stretching (2933 and 2881
cmt), CO stretching (1190-950 cm™?) and the peak of
OH stretching at 3444 cm'* of starch were observed.
Another, the peaks of PSt: CH stretching of aromatic
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ring (1601, 1490, 760 and 700 cm*) and C=C in aro-
matic ring (2000-1700 cm™) were detected too. The
result indicatesthat PSt-g-starch copolymer wasde-
rived inthe present system.

Inorder toidentify changesin crystallinity, the X-
ray diffraction spectraof starch and PSt-g-starch were
measured, which areshowninfigure5. Inthefigure5a,
pregel atinized starch had an aculeate X -ray diffraction
peak in 17.10, even though thestarch’s crystallization
degreewas only 23%. The gel atinization reaction de-
stroyed intermol ecular hydrogen bonding of cassava
starch, resultinginadeclinein crystallization degree.
However, the sharp peak reved ed to usthat therewas
dill relative perfect crystalinepart. Inthefigure 5b, the
sharp X-ray diffraction peak disappeared. In other
words, therdative perfect crystdline part wasdestroyed
after grafting reaction. Theseindicated theincorpora
tion of St haschanged thecrystal structureof starch.

TGA thermogramsof polymersareshowninfigure
6. Theweight lossfrom 50 to 110°C of starch could be
theresult of water evaporation and has been reported
by otherg>18, The graft copol ymers showed two-step
degradation processincluding the characteristicsof bath
PSt and starch (Figure 6b). Thefirst step wasthe deg-
radation temperature of starch. The second stepwasin
the degradationtemperature of PSt. The TGA results
confirmed the achievement of graft copolymerizationin
the present sudy and dso indicated theincreasein ther-
mal stability of starch with PSt-g-starch copolymer. In
addition, thehigh percentage of weight loss (PSt 78%)
confirmed the high percentage grafted and thisiscon-
sisted with above experiment data.

SEM micrographs of the starch and starch-g-PSt
are shown infigure 7aand b. It can be seen that the
surface of starchissmooth. Thiscan beascribed tothe
destroyable starch’s crystal structure, caused by gelati-
nization reaction. When pregel atinized starch solution
wasaired, themoleculechain curled withthewater va-
porizing from the starch and formed smooth film. The
similar smooth surface can befound inthefigure 7b.
However, wea so find some unshaped partsin thefig-
ure 7b. These unshaped partsare PSt. Asweall know
that the compatibility of PSt/starch blendsisvery poor.
But wedo not find any dit between thestarch and PSt.
Onthe contrary, theinterface of PSt and starchiscom-

patible.
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Theaforementioned featuresindicated the presence
of PSt-g-starch copolymer. And the graft copolymer is
efficdentinimprovingthecompatibility of sarchand PS.
Theinitiation mechanism of graftingreaction

TheFTIR spectrum reved sthat PSt hasbeen grafted
onto starch. It may be assumed that DPC react with
the characteristic groups OH on the starch backbone
to originate macro-radicalsfirstly and theninitiate St
grafting polymerization. Theinitiation mechanismmay
beshownasfollowing:

(Vavavavy)

| +cu)_y |

OH + cu(lly

+ Hzo
n H,C=CH

NaVAVAV )
O
Q

[Vavavavel

Graft |
e o—éHzc—cpml\y\.r‘(Graft copolymer)
n

Initiate

CONCLUSION

Thesynthesisof polystyrenegrafted cassavastarch
was carried out from styrene monomer and cassava
starch using potassium diperiodacuprate (111)—starch
redox sysemasaninitiator. Theoptimum condition was
S/starch Ratio of 4.7, reactiontimeof 3h, [Cu(l11)] of
4.38x10-3, reaction temperature of 55°C and pH of
12.35. Themaximum percentage of grafting could reech
285%. Thevdueof theoverdl activation energy of sty-
rene-starch polymerization (49.4kJmol) and theequa-
tion of the polymerization rate were obtained, Rp=
k-C1.09 (St) C0.50 (Cu(IIl)). The formation of the
polystyrene grafted on cassavastarch wasinvestigated

—= Pyl] Peper

by FTIR technique. Theresults obtained from SEM,
TGA and XRD confirmed the presenceof polystyrene
grafted on cassavastarch. A mechanismwas proposed
to explainthegeneration of radicalsand theinitiation.
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