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Comparative study on starch modification

with lactic acid and poly(lactic acid)

Summary — In the present study, we report on starch modification with L-lactic acid or poly(L-lactic
acid) (PLA) with low molecular weight (M, = 3000), with potential uses in biomedical area. Molecular
weights of copolymers obtained from starch and lactic acid were higher than that of copolymer
obtained from starch and PLA. Unmodified starch showed greater stability than the two copolymers.
We can notice that starch modified with L-lactic acid shows higher solubility than starch modified with
PLA, although the latter is soluble in most organic solvents used.
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POROWNAWCZE BADANIA SKROBI MODYFIKOWANE] ZA POMOCA KWASU MLEKOWEGO
I POLI(KWASU MLEKOWEGO)

Streszczenie — Opisano metode modyfikacji skrobi za pomoca kwasu mlekowego lub poli(kwasu
mlekowego) (PLA) o stosunkowo matym ciezarze czasteczkowym (My = 3000). Otrzymane kopoli-
mery scharakteryzowano metoda IR (rys. 1). Ciezary czasteczkowe wyznaczone metoda chromato-
grafii zelowej sa wieksze w przypadku kopolimeréw z kwasem mlekowym niz kopolimeréw z PLA
(rys. 2, tabela 1). Stwierdzono, ze stabilno$¢ termiczna skrobi niemodyfikowanej jest lepsza niz zsyn-
tetyzowanych kopolimeréw (rys. 3 i 4, tabela 2). Oceniono wptyw modyfikacji na rozpuszczalnos¢é
w wodzie i ré6znych rozpuszczalnikach organicznych (tabela 3) i wykazano, ze skrobia modyfikowana
za pomoca kwasu mlekowego jest lepiej rozpuszczalna w wodzie niz niemodyfikowana oraz modyfi-
kowana PLA.

Stowa kluczowe: skrobia, kwas mlekowy, poli(kwas mlekowy), kopolimery skrobi, stabilnos¢ ter-

miczna, rozpuszczalnosé.

Starch is a non-expensive biopolymer available from
annually renewable resource. It can be found in plants
(rice, wheat, corn, potatoes) as a mixture of two polysac-
charides: amylose, the nearly linear polymer consisting
of o-(1,4)-anhydroglucose units, and amylopectin, a
highly branched polymer of 0-(1,4)-anhydroglucose
units crosslinked through o-(1,6) linkages. Starch mole-
cule has two types of important functional groups: OH
group which is able to undergo substitution reactions
and C-O-C linkage responsible for the molecular chain
braking. The OH group has a nucleophilic character and
by reaction with different reagents it is possible to obtain
a series of compounds of modified properties. Chemical
and physical properties of starch have been widely in-
vestigated due to its ease to be converted into a thermo-
plastic and then be used in different applications. In or-
der to compete with non-degradable plastics, grafting or
blending starch with a synthetic hydrophobic polymer is
a suitable route to improve its properties. Systems con-
sisting of polyethylene-ethylene/acrylic acid copoly-
mer-starch differing in starch content (20—47 wt. %) [1],
were prepared by extrusion to be used for package
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manufacturing. Graft copolymerization of starch with
vinyl monomers (acrylonitrile, acrylamide, methacry-
lamide, acrylic acid, methacrylic acid) was examined,
and the effect of monomers and initiators concentration,
time and temperature on grafting percentage and graft-
ing efficiency were studied [2-8]. It is preferred over
physical blending, since chemical linkages provide di-
rect linkage between starch and synthetic polymers.
Esters of starch that can be processed as thermoplastic
materials were prepared by substitution reactions of
starch with alkenylsuccinic anhydrides. The effects of
starch concentration, starch/anhydride ratio, pH, tem-
perature and reaction time on the esterification efficiency
were determined [9]. Biodegradable, high moisture-resis-
tant crosslinked starch was synthesized with adipic acid
and acetic acid anhydride [10]. Long chain esters of starch
with degrees of substitution ranging from 0 to 3 have
hydrophobic properties; they could be used as substi-
tutes for oil based plastic materials [11]. By gelatinization
of native starch with formic acid followed by treatment
with fatty acid chlorides, the hydrophobicity and the me-
chanical resistance of starch esters increased with fatty
chloride chain length [12]. The syntesis of aliphatic poly-



426

POLIMERY 2006, 51, nr 6

ester-grafted polysaccharides (starch) can be done by
in—situ polymerization of a cyclic ester monomer (e-ca-
prolactone) in the presence of starch and an organometal-
lic catalyst initiator, wherein the ring-opining polymeri-
zation is conducted viz bulk polymerization of the ester
monomer, preferably in the absence of solvents [13]. The
grafting reactions were characterized by very short reac-
tion times of the order of a few minutes to achieve com-
plete conversion of monomer. Biodegradable composi-
tions, particularly these using poly(e-caprolactone)-
-grafted starch are suitable for use in a number of applica-
tions including biodegradable moldings, sheets, films or
foam structures and are processed by any of the melt
processing methods employed in the plastics industry.

Biodegradable polyesters and copolyesters derived
from o-hydroxy acids, lactones and lactides such as:
poly(glycolic acid) (PGA), poly(lactic acid) (PLA),
poly(malic acid) (PMA), poly(e-caprolactone) (PCL)
[14—20], were used in biomedical applications as bioab-
sorbable bone plates and other surgical fixation devices,
surgical sutures and carriers for controlled release of
drugs. PLA were most frequently studied in orthopedic
applications as they are biodegradable, nontoxic, nonim-
munogenic and showed high tensile strength. To im-
prove some of their mechanical properties, PLA were
blended with more flexible polymers such as PCL.

There has been also a growing interest in the synthe-
sis and use of block copolymers consisting of PLA, PGA
or PCL blocks associated with one or more hydrophilic
chains to obtain drug delivery systems [21].

Poly(lactic-co-glycolic acid) oligomers (PLGA) of
faster biodegradation in comparison with their high mo-
lecular weight polymers, suitable for short term drug
delivery applications, were synthesized [22]. Thermo-
plastic blends of corn starch with some biodegradable
synthetic polymers i.e.: PCL, PLA or cellulose acetate
have also potential to be used in biomedical applications
[23]. Starch and PLA were melt blended in the presence
of methylene diphenyl diisocyanate (MDI) [24]. The
blend with 45 wt. % of wheat starch and 0.5 wt. % of
MDI gave the highest tensile strength of about 68 MPa
and 5.1 % elongation in comparison with pure PLA
(62.7 MPa tensile strength and 6.5 % elongation). Also
storage modulus and water absorption increased signifi-
cantly with starch content.

In our paper we present data regarding the synthesis
and characterization of some copolymers obtained by
grafting corn starch with lactic acid or with poly(lactic
acid) using manganese acetate as a catalyst in polycon-
densation reactions.

EXPERIMENTAL
Materials

Corn starch (Amidex S.A. Tg. Secuiesc, Romania),
with 24—28 % of amylose content (M, = 2.0 - 10*—

1.4 - 10°) and 72—76 % of amylopectine content (M,, =
8.6 - 10°—4.6 - 10%), humidity 2.0 %, acidity 2.0 (deter-
mined using 0.01 NaOH solution), proteins and lipids
1.0 %, ash 0.25 %.

L(+)-lactic acid (Fluka, Switzerland), 90 wt. %
aqueous solution of density 1.20 g/mL were used as re-
ceived.

Manganese acetate, dimethylformamide (both anal.
grade, Fluka, Switzerland), methanol, acetone (both lab.
grade, S. C. Petrom S.A., Ploiesti, Romania) and toluene
(lab. grade, S. C. Arpechim S.A., Pitesti, Romania) were
used without further purifications.

Syntheses
Poly(lactic acid)

PLA of low molecular weight was prepared by poly-
condensation of L-lactic acid in the presence of manga-
nese acetate (0.40 wt. %) as a catalyst. The temperature of
the reaction was maintained at 104—110 °C (2.5 h),
140—150 °C (3 h) and 175—180 °C (1 h). The reaction
took place under nitrogen pressure and secondary reac-
tion products (water, lactide) were removed when we
used an equipment of distillation. The reaction product
presented raised viscosity and the yield of reaction was
about 76 %.

Copolymer 1

The modification reaction of starch was carried out
by dissolving it in L-lactic acid (90 wt. % aqueous solu-
tion). The molar ratio starch/L-lactic acid was 1/5.4 and
as a catalyst manganese acetate was used in amount
0.8 wt. % in relation to the initial components. We as-
sumed the molecular weight of the glycosidic unit was
M=162. A reaction vessel was equipped with a stirrer,
reflux condenser, thermometer, heating mantle, dosage
system of the components and valve for nitrogen.
Starch (0.06 moles; 9.72 g) was introduced into the reac-
tion vessel containing 0.32 moles (29.16 g) of L-lactic
acid in stirring aqueous solution. After complete dis-
solving of starch, the adequate quantity of catalyst in
2 mL of distilled water was introduced. The tempera-
ture was raised to 85—90 °C, the reaction took place
under N stream and reflux for 9 hours. Then, heating
was stopped and stirring was continued, when tem-
perature reached 40—45 °C. The obtained reaction pro-
duct was next precipitated in acetone (8—10 °C) and
washed with dioxane for unreacted starch removal. The
obtained copolymer was filtered, vacuum dried for
72 hours at 50 °C, then was ground. We obtained a
white color product, the yield of reaction was 21 %. The
yield depends greatly on the solvent used for precipita-
tion. Among the solvents or mixtures of solvents tested
acetone proved to be more efficient. In the same condi-
tions we synthesized another copolymer (copolymer
1A), but the reaction time was only 5 hours. The yield of
reaction in this case was 27 %.
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Copolymer 2

Starch modification with PLA of low molecular
weight was carried out by grafting reaction in solution
using solvent mixtures. The molar ratio starch/PAL
was 20/1. Starch (3.3 g) was dispersed in 20 mL of
DMF/water or DMF/methanol mixture (1/1) under
stirring at 60 °C, while separately 3.3 g of PLA
(M,;=3140) was dissolved in 10 mL of DMF/toluene
(2/1 mixture). After mixing of the two solutions, the
aqueous solution of catalyst of manganese acetate
(CH3COO0);Mn-4H,0 (0.8 % in relation to initial compo-
nents) was added. The reaction took place in two stages:
in the first stage the mixture was maintained for 8.5
hours at 85—90 °C with reflux, then the temperature
was raised for 3 hours at 110 °C and developed with
solvents and secondary products removal (about
18 mL). After cooling at laboratory temperature, the re-
action mixture was precipitated with 200—250 mL of
acetone and a white color precipitate was obtained. Af-
ter decantation and centrifugation at 5000 rpm. the pro-
duct was washed with water, dried under vacuum at
50—60 °C for 72 hours, then it was ground. The yield of
reaction was 54 %.

Method of testing

IR spectra were recorded using a Specord M80 spec-
trophotometer (Germany). The samples were homoge-
nized and pressed on KBr pellets.

The molecular weight of starch modified with L-lac-
tic acid was determined by gel permeation chroma-
tograph (GPC) technique at ambient temperature. The
system was equipped with an adjustable flow capacity
and constant rate pump LC 1120 type and an evapora-
tive mass detector PL-EMD 950 type. It was fitted out
also with columns PL-gel 5 um MIXED-D and PL-gel
5 um MIXED-C packed with polystyrene/divinylben-
zene copolymer. PL-polymer, polystyrene standards
(580—316 500) were employed. Dimethylformamide
was used as a mobile phase at a flow rate of 0.7
mL/min.

Thermogravimetric analyses (TG and DTG) were car-
ried out using a derivatograph Q-1500 D (MOM Buda-
pest, Hungary) at the following conditions: the weight of
the sample 50 mg, the heating rate 10 deg/min, the
maximum heating limit 700 °C, reference material
OL-A1203.

The solubility of starch and of starch modified with
L-lactic acid and PLA of low molecular weight was de-
termined in different organic solvents at room tempera-
ture. Solutions of 1 wt. % concentration were prepared
by stirring of the samples on a magnetic stirrer for 2—3
hours, then were filtered on qualitative paper and
weighed. Samples that contained after filtration and dry-
ing more than 60 % of the initial quantity were consi-
dered as insoluble, between 2—60 % as partial soluble,
and less than 2 % as soluble.

RESULTS AND DISCUSSION

Starch was modified by grafting with L-lactic acid or
PLA to obtain copolymer 1 and copolymer 2, respec-
tively. PLA of low molecular weight was synthesized by
melt polycondensation of L-lactic acid. Starch function-
alization was applied to modify its hydrophilic character
and improve solubility in water and several organic sol-
vents. The synthesized copolymers were used in the
form of chemical and physical conjugates with some
drugs as ampicilline or acetylsalicylic acid [25]. IR spec-
tra of unmodified starch and synthesized copolymers
are presented in Fig. 1.
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Fig. 1. IR spectra: 1 — starch, 2 — PLA, 3 — starch/lactic
acid, 4 — starch/PLA

In the case of copolymers starch/L-lactic acid (co-
polymer 1) and starch/PLA (copolymer 2) the presence
of some very wide absorption bands at 3400 em is ob-
served, characteristic to OH group and to water ab-
sorbed (bands specific to starch) and for PLA this band
has a more reduced frequency. The ester group at 1730
cm’! present in the synthesized copolymers confirms the
condensation reaction of lactic acid or PLA with starch.
The presence of PLA as homopolymer in the synthetized
product is excluded, as it is soluble in acetone and was
removed by precipitation. In copolymer starch/L-lactic
acid, the intensity of this band is more pronounced than
in copolymer starch/PLA. This difference may be
caused by different ratio starch/lactic acid in the initial
mixture (lactic acid excess in the first case) that leads to
the formation of more ester groups. Between 1550—1610
em™! the presence of some intense bands characteristic
for the COO- group were recorded. For starch most illus-
trative bands were recorded at 960—1190 cm™ on ac-
count of the vibration of C-O linkage that existed in the
glicosidic ring C-O-C and in the C-OH groups. These
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Fig. 2. GPC curves of the synthesized: a) PLA, b) copolymer 1, c) copolymer 1A, d) copolymer 2

bands were also found in the synthesized copolymers,
demonstrating the presence of the glicosidic linkage. In
the IR spectrum of the unmodified starch the presence of
an absorption band at 1650 cem™! was observed, charac-
teristic to the OH group from the absorbed water, band
that was not observed in the synthesized copolymers.

Table 1. Molecular weights of polymers, determined by GPC

Sample Solvent My Mz/My
poly(lactic acid) DMF 3140 12
copolymer 1 DMF 6909 1.2
copolymer 1A DMF 10 176 1.3
copolymer 2 DMF 6088 12

The molecular weights of polymers obtained deter-
mined by GPC are presented in Table 1, and the corre-
sponding chromatograms in Figure 2. From the data pre-
sented in Table 1 we observe that the molecular weights
of the copolymers obtained from starch and lactic acid
(copolymers 1 and 1A) are higher than that of copolymer
2 obtained from starch and PLA. The polycondensation
reaction of starch with PLA took place at a higher tem-
perature than in the first case, thus promoting starch

hydrolysis and lowering its molecular weight. Gene-
rally, the degree of polydispersity (M,/M,) was rela-
tively low with values 1.2—1.3. The chromatograms re-
corded for the synthesized copolymers presented uni-
modal distributions of the molecular weights.

Table 2. Thermal behavior of starch, PLA and copolymers

Sample T})o % | Ts0%, | Wazoa20) | Ea, |Reaction Wiz~
C °C % J/mol | order %
starch 210 290 70 274 3.0 80
poly(lacticacid) | 138 | 214 | 92° | 7680 | 12 95
copolymer 1 176 261 74 58.60 1.0 100
copolymer 2 104 241 67 118.29 1.4 100

2 Wa20-420 — weight loss is recorded at 220—420 °C.
) Wiz — weight losses at 420 °C.
* weight loss recorded at 105—288 °C.

Data concerning the thermal behavior of the unmodi-
fied starch and of the synthesized copolymers are pre-
sented in Figure 3 and Table 2.

It was ascertained that the unmodified starch pre-
sented better thermal stability than the two copolymers,
while PLA showed the lowest thermal stability, espe-
cially in the temperature interval where the weight
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Fig. 3. Dependence of weight losses on temperature as a result

of thermal oxidative decompositon

losses were 50 %. The reduced thermal stability in the
case of starch grafted with L-lactic acid or PLA could be
explained by the hydrolysis reactions that took place
and led to breaking the glicosidic linkages of starch and
lowered the molecular weight. The copolymer modified
with L-lactic acid showed better thermal stability up to
340—350 °C. Actually this was observed also in the case
of molecular weights determined by GPC for the two
copolymers. Copolymer 1 presented higher molecular
weight. By thermal oxidative decomposition of the co-
polymers and of a starch, we noticed the existence of
2—3 thermal decomposition processes with different
rates of weight losses. In each case we noticed the pre-
sence of a main process where weight loss took place
with a maximum rate. Activation energies (E,) of decom-
position reactions and the reaction order were deter-
mined in each case for the main decomposition process,
using Siwaminthan and Modhavan, Coats and Redfern
methods [26, 27]. The general equations used were:

gi_Aexp( J[ "@-a)-Ina-0)"] M

log[l- (1-o)*™"] 1o AR 230 E,
BE ' RT 2)

@-n)-T?
where: o0 — conversion degree (ratio of the weight loss at time
“t” and at the end of the process), A — pre-exponential factor,
T — temperature, E, — activation energy of decomposition,
R — gas constant, n — reaction order, m, p — exponents of
the conversion function, § — heating rate.

The values of the two parameters (E, and n) were
lower for the copolymers in comparison with the un-
modified starch (Table 2).

In Figure 4 we present the variation of the activation
energy as a function of the conversion of thermal decom-
position reactions. In all cases, we noticed a sudden fall-
ing-down of the activation energy to a conversion of
0.20, except PLA where this parameter was not signifi-
cantly modified (it remained almost constant during the
whole process). At a conversion higher than 0.2, the va-
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Fig. 4. Dependence of activation energy on conversion degree
during thermal decomposition reaction

riation of the activation energy lowered with a much
reduced rate, while in the case of starch we could notice
a rapid growth of the activation energy, due to different
thermal stability.

Table 3. Solubility of copolymers in organic solvents

Solvent Solubility*)
solubility
Solvent i !
parameter | giapch | SOPO | €OPO" | pra
(cal/cm®)!/? lymer 1 |lymer 2

Water 23.4 ps s i i
Dimethylsulfoxide 14.5 ps s s s
Dimethylformamide 121 i s ps s
Acetone 11.9 i i i s
Ethyl ether 10.6 i i ps ps
Methylene chloride 9.7 i ps i ps
Chloroform 9.3 i ps i ps
Toluene 8.9 i ps i ps
Dioxane 7.9 ps i ps s

s — soluble; ps — partially soluble; i — insoluble.

Starch solubility in organic solvents in comparison
with starch modified with L-lactic acid or PLA is pre-
sented in Table 3. Tests were made using solvents of dif-
ferent values of the parameter of solubility, the products
were dissolved under stirring at laboratory temperature.
The study did not aim to determine the degree of solu-
bility at higher temperatures, as we intended to use the
synthesized products as matrices for drug delivery sys-
tems.

From the data presented in the Table 3 we notice an
improvement in the solubility of copolymers in compari-
son with starch, especially when solvents of higher va-
lues of the parameters of solubility than 10 (cal/ cm?)1/2
were used. Also, we can notice that starch modified with
L-lactic acid presents higher solubility than starch modi-
fied with PLA, although this is soluble in most organic
solvents used. The development of the reaction and
choice of components influence the characteristics of the
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resulted copolymer and consequently its solubility in or-
ganic solvents. As by this grafting reaction starch be-
comes soluble in several organic solvents and water, it
can be used as a carrier for chemical or physical conjuga-
tion with some active substances that will be sub-
sequently delivered by a sustained or controlled mecha-
nism.
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