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Abstract

This paper reports on the synthesis of aliphatic polyester-grafted starch by in situ ring-opening polymerization @R@pjaéctone in
the presence of starch-like polysaccharides that may be granular or plasticized, or a mixture of these, wherein the in situ ROP is conducted in
the bulk, i.e. in the absence of solvents. The polymerization is initiated from the starch phase with the amylose/amylopectin hydroxyl
functions in the presence of a catalyst such as Sn¢QOat)by adequate modification/activation of the surface hydroxyls into titanium or
aluminium alkoxides, thereby promoting grafting and good interfacial adhesion between the two starch/polycaprolactone (PCL) phases.
Evidence for coupling of the active initiator species onto the starch hydroxyls, aluminium alkoxides for instance, is shown by an aluminium
peak in the X-ray photoelectron spectroscopy scan of a starch surface reacted with triethylaluminium. Good interfacial adhesion is confirmed
by scanning electron microscopy images of surface fractures and by selective extraction experiments in toluene, which is a good solvent for
solubilizing the non-grafted PCL chain®.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction phobicity of starch-like materials. A physico-thermal route
to improving the melt processability of starch is by the use
During the last two decades, considerable effort has goneof an external plasticizer to solvate the starch granules and
into the development of biodegradable polymers, polymer enhance the room-temperature flexibility of the final prod-
blends and composites using starch [1]. The melt-processinguct [6]. In a typical plasticized system with starch, diffusion
characteristics and mechanical properties of unmodified of the plasticizer out of the product when exposed to low-
starch polymers are very poor compared with those of typi- humidity conditions and diffusion of water into the product
cal synthetic polymers. Some of the problems associatedunder high-humidity conditions are inevitable results. This
with starch-based compositions include thermal decomposi- causes embrittlement of the product due to loss of plasticizer
tion of starch before melting, water absorption and poor (low humidity) and problems associated with the retention
mechanical properties [2,3]. Physical or chemical modifica- of product shape, texture and form due to excess absorbed
tion of the starch molecule or granule is a viable alternative water (high humidity). These effects are detrimental espe-
to solving some of these problems. cially when water is used as a plasticizer, but are prevalent
Physical modifications include coating the starch gran- even in non-water-based starch formulations that incorpo-
ules with hydrophobic sizing agents similar to those used rate hygroscopic plasticizers such as glycerol, urea, poly(-
in the paper industry (such as rosin and silanes), or physi-vinyl alcohol) and other related materials.
cally coating the end product with hydrophobic materials ~ Chemical modification of starch includes grafting reac-
like low-molecular-weight waxes and natural resins (zein, tions and non-degradative substitution of the hydroxyls on
rosin, shellac, etc.) and higher-molecular-weight non-polar the starch with functional groups like esters, ethers, isocya-
polymers [4,5]. Crosslinking of the starch granules is nates, anhydrides and the like [6—8]. A humber of starch
another physical modification route to improving the hydro- derivatives with varying degrees of substitution have been
prepared, primarily for food applications and more recently
* Corresponding author. for structural applications. Starch graft copolymers
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produced from various monomers, including styrene, lactone monomer-caprolactone, followed by in situ ring-
methyl (meth)acrylate, butyl acrylate, acrylamide and acryl- opening polymerization (ROP) of the bulk monomer (with-
onitrile, containing about 50% starch by weight, have been out solvents) in the presence of starch, leading to physical
prepared by a solution process in which the starch grafting and chemical grafting of the polyester chains onto starch.
was initiated by radiation in the case of styrene and by The polymerization is initiated from the starch phase with
cerium ions (C&") in the case of other monomers [9—11]. the amylose/amylopectin hydroxyl functions in the presence
These compositions were extruded directly without addition of a catalyst such as tin octoate, Sn(Qctr by adequate
of plasticizer or homopolymer to give useful products. How- maodification/activation of the surface hydroxyls in alumi-
ever, the reaction times for polymerization were of the order nium or titanium alkoxides. Use of bulk monomer for
of hours. Anionic polymerization of ethylene oxide on the ROP in the presence of starch, fast kinetics enabling
starch has also been reported [12]. Reactive extrusion ofthe use of an extruder for processing as will be reported
starch graft copolymers using starch macroradicals gener-elsewhere [14], control over the level of grafting that ranges
ated by shear inside an extruder in the presence of vinylicfrom 5 to 90 wt%, ease of control of final material
monomers and/or polymers was studied by Chinnaswamy properties, and enhanced interfacial adhesion leading to
and Hanna [13]. homogeneous encapsulation of the initially moisture-
The focus of this research is on the engineering of biode- sensitive substrate by a hydrophobic polyester shell, are
gradable compositions based on aliphatic polyester-graftedkey advantages afforded by the proposed process. Further-
starch-like polysaccharides obtained by mixing starch and amore, polycaprolactone (PCL) has the rarely met property

Equ. 1

Lewis acid catalyst : stannous octoate

Sn(Oct), Il
(Starch-OH + ¢CL @—m787M—» (Starch)—O‘EC——(CHz)5—O}H
m

Equ.2

Metal alkoxide (example with aluminum isopropoxide)
a) Exchange reactions between starch hydroxyls and Al(OiPr); catalytic amount

(Starchy—OH + AI(OiPr); =—= [(Starch)-O}Al(OiPr)“ + piPrOH
£ .
I

b) Ring-opening polymerization leading to polycaprolactone-grafted starch

1) e-CL
I + Al(OiPr) Starch)—O 1+ C— — iPrO — —
3 T)r (Starch) ‘E (CHpy)s O}H + 1Pr ‘EC (CH»)s O}

Equ.3

In situ generated metal alkoxide (from triethyl aluminum)

a) Initiator preparation

(Starchy—OH + AlEt; ——» [(Starch)—oE’-Anzt3p + poud
AlEt;_

I

b) Ring-opening polymerization leading to polycaprolactone-grafted starch

1) e-CL Il
I — (Starch)—O‘EC—'(CHZ)S_O}H
2) H,0 "

Scheme 1.
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of being miscible with a variety of polymers, e.g. poly(vinyl 2.2.2. Initiation of ROP by aluminium or titanium alkoxides
chloride), styrene/acrylonitrile, acrylonitrile—butadiene— [Scheme 1, equation (2)]

styrene, bisphenol-A polycarbonate, nitrocellulose and Inatypical experiment, 15 g of @fCL was added to 15 g
cellulose butyrate, and is also mechanically compatible of dried, granular or plasticized starch in a 250 ¢mound-
with polypropylene, polyethylene, natural rubber, poly(vinyl bottomed flask equipped with a stirrer and a rubber septum
acetate), ethylene/propylene rubber, etc. [15]. Therefore, and previously purged with nitrogen. A determined amount of
PCL-grafted polysaccharide-type substrates synthesizedinitiator—titanium tetrabutoxide, aluminium tri-sec-butoxide
by any of the pathways mentioned could be used as com-or aluminium isopropoxide solution in toluene—was then
patibilizers in composites of such substrates with various introduced via a conditioned syringe at the desired tempera-
matrix resins, wherein the matrix of the composite is a ture. Polymerization was stopped by fast cooling to room
component that is miscible or mechanically compatible temperature and monomer conversion determined by selective

with PCL. It is also worth pointing out that PCL is a bio-
compatible and biodegradable aliphatic polyester, well
known for a valuable set of properties such as non-toxicity
for living organisms, resorption after an appropriate period
of implantation and good ultimate mechanical properties
[16].

2. Experimental
2.1. Materials

e-Caprolactone monomer obtained from Aldrich was
stored over 3 Amolecular sieves and purged with nitro-
gen. Commercial industrial-grade corn starch having a
particle size of about 1m, plasticized or not, was used
and dried either in a forced convection oven at 90=C40
for no longer than 20 h or in a vacuum oven@.1 mmHg)
at 90C for 20 h. Catalysts and initiators used were from
Aldrich; they were used as received or after appropriate
treatment. Tin octoate [stannous 2-ethylhexanoate;
Sn(Oct)] and titanium tetrabutoxide (Ti(OnBu)) were
used as received, without further purification. Triethyl-
aluminium (AIEt;) was obtained in a toluene solution
(1.9 M). Freshly sublimated aluminium isopropoxide
[AI(QiPr) 5] was dissolved in dry toluene obtained by
distillation after refluxing over calcium hydride. The
concentration of the aluminium alkoxide solutions was
measured by complexometric titration of the aluminium
atom by EDTA at pH 4.8, after hydrolysis of the aluminium
alkoxides by 1.0 M HCI.

2.2. Polymerization procedures

2.2.1. In situ ROP of-CL catalysed by Sn(Ogt)Scheme 1,
equation (1)]

In a typical experiment, 15 g @fCL was added to 15 g of
dried, granular or plasticized starch in a 250 ¢mound-

precipitation of the polymeric fraction and starch in heptane.

2.2.3. In situ synthesis of aluminium alkoxides by reaction of
starch hydroxyl functions and AlEand initiation of thee-
CL ROP (Scheme 1, equation (3)]

In a typical experiment, 15 g @fCL was added to 15 g of
dried, granular or plasticized starch (50/50 wt/wt) in a
250 cm 2 round-bottomed flask equipped with a stirrer, an
oil valve for removal of volatiles and a rubber septum, and
previously purged with nitrogen. A determined amount of
triethylaluminium in toluene solution was then introduced
via a conditioned syringe at room temperature. The reaction
medium was then heated to the desired temperature. Poly-
merization was stopped by fast cooling to room temperature
and monomer conversion determined as before. The effi-
ciency of the in situ synthesis of the aluminium alkoxides
onto the granular starch was proved by the presence of an
aluminium peak in the X-ray photoelectron spectroscopy
(XPS; Perkin—Elmer PHI 5400 XPS) scan of the starch sur-
face reacted with Al&t

2.3. Determination of polyester grafting efficiency and
interfacial adhesion

Selective extraction of the non-grafted PCL chains was
performed in toluene at room temperature. Crude product
(2 g) was added to 25 ml of dried toluene. After 24 h at
room temperature, the insoluble fraction was filtered off,
washed with toluene and dried under vacuum
(~0.1 mmHg) until constant weight was reached. The inso-
luble part contains both starch and the polyester chains that
were physically and/or chemically grafted on it.

The interfacial adhesion of the starch/PCL composites
was checked by scanning electron microscopy (SEM,;
JEOL JSM-6400) images of the insoluble fraction in toluene
and compared with the lack of interfacial adhesion in simple
extruded blends of PCL (Tone P-787 from Union Carbide)
and granular starch. All samples were mounted on alumi-

bottomed flask equipped with a stirrer and a rubber septumnium stubs and coated with gold with a sputter coater.

and previously purged with nitrogen. A determined amount
of Sn(Oct) was then introduced via a conditioned syringe at

the desired temperature. Polymerization was stopped by fast3. Results and discussion

cooling to room temperature and monomer conversion
determined by selective precipitation of the polymeric frac-
tion and starch in heptane.

Polycaprolactone-grafted starch substrates were synthe-
sized from bulk monomere-CL, and in the presence of
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starch by an in situ ring-opening polymerization, resulting corresponding alkoxide by the evolution of ethane [Scheme
in compositions with physical and/or chemical grafting. 1, equation (3a)]. According to the previously mentioned
Three different pathways were used, as represented by theing-opening polymerization mechanism [20,22], grafting
reactions shown in Scheme 1 [equations (1) to (3)]. The of polycaprolactone chains onto starch should be effectively
reactions were conducted at various temperatures rangingachieved through the covalent ester bridge resulting from
from 60 to 150C. In the first method, ring-opening poly- the initiation step [Scheme 1, equation (3b)].
merization ofe-CL was carried out by using a Lewis acid
catalyst such as tin octoate in the presence of granular or3.1.e-CL polymerization catalysed by Sn(Ogct)
plasticized starch. Initiation of the ring opening was
expected to proceed from the hydroxyl groups from the The first attempts to prepare starch/PCL compositions
starch phase [equation (1)]. Indeed, even though the (50/50 wt/wt) were performed by in situ ring-opening poly-
mechanism of ROP catalysed by Sn(Qdf not yet well merization ofe-CL catalysed by Sn(Oct)n the presence of
understood, it is well established that the actual initiation starch at a temperature ranging from 100 to °Ta0The
species are hydroxyl-containing compounds, e.g. alcohol orresults are summarized in Table 1. Whatever the polymer-
residual water [17-19]. In addition to chemical grafting of ization conditions, i.e. polymerization @fCL in solution
the PCL chains onto starch, an improvement of adhesion (10 wt%) or in bulk (without solvent) by starting from gran-
was also expected by the fact that the polyester chains areular or plasticized starch (samples 1, 2 and 5), ¢HeL
growing in close contact to the starch phase. monomer conversion is always higher than 98%. However,
In the second method, metal alkoxides such as aluminiumin the range of tin concentrations studied, very long reaction
isopropoxide, Al(OiPrj, and titanium tetrabutoxide, times, typically of several hours, are required to reach the
Ti(OnBu),, were considered as initiators of tkeCL poly- optimal monomer conversion, in agreement with the ther-
merization. It is expected that exchange reactions betweenmodynamic monomer equilibrium [17-19]. As could be
the metal alkoxide groups and hydroxyls from starch or expected, a temperature increase from 100 td@58am-
other chemical species added, e.g. hydroxyl-containing ples 3 and 15) results in a substantial decrease of the reac-
plasticizers, generate additional active alkoxide functions tion time (< 3 h).
[Scheme 1, equation (2a)] that can promote polymerization Chemical grafting of the generated PCL chains onto
of e-CL (Scheme 1, equation (2b)]. Very similar rapid starch, which was expected from initiation of the ROP by
exchange reactions between aluminium alkoxides and alco-the hydroxyl functions present at the starch surface [Scheme
hols were recently observed to occur and allowed to initiate 1, equation (1)], appears to be low as shown by the selective
the ROP ofe-CL and lactides from both species, i.e. alk- extraction of the crude composite in toluene solution (see
oxides and alcohol [20,21]. The so-called ‘coordination— Experimental). Actually, 52 to 57 wt% is kept insoluble in
insertion’ polymerization was under control leading to toluene after 24 h at room temperature, so that only 4 to
polyester chains of narrow molecular weight distribution, 14 wt% of the PCL chains remain attached to the starch
the mean degree of polymerization of which was determined surface, more likely through a carboxylic ester linkage as
by thee-CL monomer-to-(alkoxide/alcohol) molar ratio. shown schematically in equation (1) of Scheme 1. Such a
The third strategy is based on fixation of the aluminium low grafting level might be explained by a competitive
alkoxide functions onto starch by an in situ reaction between initiation with water contaminating the polymerization
metal alkyls like triethylaluminium and hydroxyl groups of medium and by the occurrence of intramolecular transester-
starch. The reaction equilibrium is shifted towards the fification side reactions, the so-called back-biting reactions,

Table 1
Synthesis of starch/polycaprolactone (50/50 wt%) compositions by in situ polymerizatiecepfolactone promoted by Sn(Ogct)
Sample ‘Sn’ content (wt%) Temperatufi€j  Reaction time (h)  Monomer conversion Extraction (wt%9
0/ a
06) Insoluble Soluble
1 0.4 100 20 99.5 54 46
2 0.4 100 20 98 53 47
3 0.2 150 5 99 57 43
4 0.7 150 5 98 53 47
5 0.25 150 3 >99.5 52 48

®As determined by selective precipitation of the polymeric fraction in heptane.

PAs achieved by solubilization in toluene (24 h at room temperature), filtration and drying of each fraction (inscétéateh+ grafted PCL chains; solubte
poly(e-caprolactone) homopolymer).

“In toluene (10 wt%).

“Tentative swelling of starch ie-caprolactone monomer by agitation af@Gor 16 h.

®Starch plasticized with 25 wt% glycerol in extruder.
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leading to the formation of cyclic oligomers [17-19]. Both the growing polymer and to better filler dispersion as a result
cases, either ROP initiation by absorbed water or back-bit- of the filler surface treatment.
ing reactions yield linear or cyclic PCL chains known to be
soluble in toluene. Even though the grafting efficiency is 3.2.e-CL polymerization promoted by Al(OiRrpr Ti (On
low, SEM images of the starch/PCL compositions obtained Bu),
by ROP catalysed by tin octoate exhibit a much better inter-
facial adhesion (Fig. 1) compared with simple blends of = The perfectly well controlled ring-opening polymeriza-
starch and polylactone (50/50 wt/wt), which are character- tion of e-CL initiated by Al(OiPr) in toluene or tetrahydro-
ized by a total lack of adhesion (Fig. 2). One explanation furan (THF) solution has been known for a long time [25].
could be found in the fact that the PCL chains are growing in The polymerization involves a ‘coordination—insertion’
a close contact to the starch granules, and partially from mechanism in which the aluminium atom of the initiator
their surface, resulting in better physical interaction is first coordinated to the carbonyl group of the monomer,
between the two phases. Similar observations have beerfollowed by its ring opening through a selective ester-bond
reported in the so-called polymerization-filling technique cleavage. Interestingly enough, Al(OiRHas again proved
in which aluminosilicate particles are surface-treated with to be very efficient in promoting homopolymerization of
a Ziegler—Natta type catalyst before in situ polymerization e-CL in the bulk, i.e. in the absence of any solvent (Table 2,
of ethylene [23,24]. As a rule, polymerization-filled compo- samples 1 and 2). In sharp contrast to the very slow kinetics
sites (PFCs) have an improved mechanical strength com-recently reported [21] in bulk polymerization of lactide
pared with their analogues prepared by melt blending. monomers initiated by AI(OiPg) the ROP ofe-CL is
Although direct evidence is lacking, the superiority of close to completion withinlessthan 5 min at 100Clearly,
PFCs was attributed to improved wetting of the filler by such fast kinetics allow the polymerization to be carried out
by reactive extrusion so that PCL can be continuously

C
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Fig. 1. SEM images of a PCL/granular starch composition (50/50 wt%)
prepared by in situ polymerization efCL as catalysed by Sn(Ogtfsee Fig. 2. SEM images of a simple blend of granular starch and PCL (50/
Table 1, sample 3). 50 wt%).
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Table 2
Synthesis of starch/polycaprolactone compositions by bulk polymerizatiercaprolactone, at 10G, promoted by metal alkoxides such as aluminium
isopropoxide and titanium tetrabutoxide

Sample M(OR), ‘M’ content Starch Reaction time  Monomer conExtraction (wt%§
(Wt%) version (%}
Content (%) Drying Insoluble Soluble
1 Al(OiPr)3 0.05 — — 5 min >99.9 — —
2 0.15 — — 3 min >99.9 — —
3 0.025 50 20 h/10@ 18h 0 50 0
4 0.025 50 6 h/90C/vacuum 24 h 0 50 0
5 0.15 50 20 h/10@ 20 min 30 52 13
6 0.15 50 20 h/9tc/ 40 min 18 — —
vacuum
7 1.0 50 20 h/9tC/ 3h 70 — —
vacuum
8 Ti(OnBu), 14 50 20 h/10tC 24 h 98.5 60 40

As determined by selective precipitation of the polymeric fraction in heptane.

PAs achieved by solubilization in toluene (24 h at room temperature), filtration and drying of each fraction (insofateh+ grafted PCL chains if any;
soluble= poly(e-caprolactone) homopolymer).

“Starch plasticized with 25 wt% glycerol in extruder.

produced under soft conditions. The effect of extrusion might find some explanation in either a detrimental hydro-
parameters, temperature and monomer-to-initiator molar lysis of the aluminium alkoxide functions by residual water
ratio on the ROP kinetics, monomer conversion, extent of or some trapping of the active species in the heterogeneous
transesterification side reactions and molecular parameterexchange reaction between the aluminium isopropoxide
of the PCL (number-average molecular weight, molecular functions and the starch hydroxyl groups. This exchange
weight distribution and melt viscosity) will be the topic of a reaction being in competition with the ring opening of the
forthcoming paper [14]. monomer, the aluminium content increases from 0.025 to
When the polymerization of-CL is carried out in the 0.15 wt% when the starch granules are dried at’CO@r
presence of granular or plasticized starch that has been pre20 h (sample 5). Under these conditioas;L can be poly-
viously dried either in a convection oven at 2G0or under merized effectively but only 30% monomer conversion is
vacuum at 98C, no polymerization occurs so that only reached after 30 min at 18D. More intensive drying of
liquid e-CL monomer is recovered even after reaction for granular starch (sample 6) or a further increase of the alu-
1 day (Table 2, samples 3 and 4). The total lack of reactivity minium content up to 1.0 wt% (sample 7) does not improve

Table 3
Synthesis of starch/polycaprolactone (50/50 wt%) compositions by bulk polymerizatiecapfolactone initiated by aluminium alkoxides generated in situ
by reaction between Algtand hydroxyl functions of granular or plasticized starch

Sample Al content  Starch Temperature Reaction time Monomer conExtraction (wt%Y
(wt%) - (°C) version (%}
Type Drying Insoluble Soluble

1 0.09 Plasticized 6 h/90C/vacuum 70 5 min 97 82 18
2 0.15 6 h/96C/vacuum 80 8 min >99.9° 85 15
3 0.3 6 h/90C/vacuum 80 6 min > 99.9° 81 19
4 0.3 6 h/90C/vacuum 110 13 min >99.9° 81 19
5 0.5 6 h/90C/vacuum 150 4 min > 99.9° 80 20
6 0.1 Granular 20 h/10C 80 23h 0 50 0
7 0.2 20 h/108C 150 36 min 0 50 0
8 0.3 20 h/100C 110 7 min 35 — —
9 0.1 20 h/9eC/vacuum 90 3 min > 99.9 95 5

10 0.3 Blend (10% G) 20 h/108C 100 15 min >99.9 68 32

11 0.3 Blend (25% G) 20 h/108C 110 24 min 75 — —

®As determined by selective precipitation of the polymeric fraction in heptane.

PAs achieved by solubilization in toluene (24 h at room temperature), filtration and drying of each fraction (insoftateh+ grafted PCL chains if any;
soluble= poly(e-caprolactone) homopolymer).

“Starch plasticized with 25 wt% glycerol in extruder.

4100 — X) wt% starch ancK wt% glycerol (G), withX = 10 or 25, blending before-caprolactone addition.

®Foam structure due to evolution of ethane during polymerization process.
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the polymerization rate substantially. Even in the presence cyclic PCL chains that are soluble in toluene. Indeed, tita-
of a large quantity of Al(OiPr), the initially high activity of nium tetrabutoxide is known for promoting such back-biting
the aluminium alkoxide functions is reduced markedly by reactions [17].

the presence of starch, so as it is reasonable to suspect a

trapping of the active species by a strong interaction with 3.3.e-CL polymerization promoted by aluminium alkoxides
the surface hydroxyl groups and a very slow alcohol—-alk- generated in situ on starch

oxide exchange reaction [21].

Titanium tetrabutoxide has been also checked for its  First experiments were carried out with starch previously
ability to exchange with the hydroxyl groups available at plasticized by 25 wt% glycerol (Table 3, samples 1 to 5).
the starch surface and promote the ROR-GfL (Table 2, Triethylaluminium in toluene solution was added at room
sample 8). Even though the polymerization takes place, it temperature to a plasticized starch suspensiore-@L
requires both a high content of titanium atoms (1.4 wt%) monomer (starck/CL = 50/50 wt/wt) before increasing
and a long reaction time to reach nearly complete monomerthe temperature rapidly up to 70 to T80 A very fast poly-
conversion. 20 wt% PCL chains are grafted onto the starch merization occurs so that a quantitative monomer vyield is
surface as attested by the selective extraction experimentreached within a few minutes, i.e. from 4 to 13 min.
The partial grafting might be in agreement with the above- Although the aluminium content (from 0.09 to 0.5) has no
mentioned uncompleted hydroxyl—alkoxide exchange reac- significant effect on the resulting composites, which are
tion resulting in a limited initiation from the starch surface, characterized by about the same level of polyester grafting
as proposed in Scheme 1, equations (2a) and (2b). But ongas high as 70 wt%), temperature plays a key role in the
cannot completely preclude the occurrence of intramolecu- composite morphology. At temperature higher thafC30
lar transesterification reactions leading to the formation of ethane evolution resulting from the reaction between

triethylaluminium and the hydroxyl groups available from

Y. G =0 .
@BSKYU X1608 2ree 18.8U CE094

16KY X40888 2703

@B3KU k32688 aral 10.6U CE094

X4800 2784 1.0 CE094

Fig. 3. SEM images of a PCL-grafted granular starch (50/50 wt%) prepared LBKY

by in situ polymerization oé-CL as initiated by aluminium alkoxide func- Fig. 4. SEM images of insoluble fraction in toluene of the PCL-grafted
tions fixed at the starch surface (see Table 3, sample 9). granular starch (see Fig. 3).
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both the plasticizer and starch, takes place simultaneouslypolymerization was observed when AlEtvas reacted
with the polymerization. As a consequence, a foam-like with granular starch previously dried at £@for 20 h
structure is formed rapidly, the porosity of which increases (Table 3, samples 6, 7 and 8). On the contrary, quantitative
with temperature. At 7, the polymerization is slow monomer conversion was reached within less than 3 min
enough to allow the ethane evolution to occur before any when the polymerization was conducted in the presence of
increase in viscosity of the reaction medium. Accordingly, a starch granules dried under vacuum {1thmHg) at 96C
fully dense composite is obtained. for 20 h (sample 9). Similar to the observations reported
As far as granular starch is concerned, the drying condi- previously for the initiation by Al(OiPr, residual water
tions proved to be of prime importance. No or limited should have a strong influence on the ability to generate
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Fig. 5. XPS spectrum of granular starch: (a) untreated and (b) after treatment with triethylaluminium in toluett at 85
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(or to maintain the activity) of the active aluminium alkox- agreement with the value commonly met in the literature
ide species at the substrate surface. In fact, it is well known [22,16].
that alkylaluminium can readily react with water molecules  Effective fixation of the active initiator onto the starch
with the concomitant formation of —[AlI(Alk)-O—]— alumi-  surface, i.e. the aluminium alkoxides generated in situ by
noxane derivatives. Even though the ring-opening polymer- reaction of AIEt with the surface hydroxyl functions, was
ization of lactones catalysed by methylaluminoxane has checked by XPS (Fig. 5a and 5b). For this purpose, AIEt
been reported [26,27], their activity is much lower than has been added to a granular starch suspension in toluene
the one determined in ROP promoted by aluminium trialk- (10 wt%) and the temperature increased up teC33fter
oxides and dialkylaluminium mono-alkoxides [20]. complete ethane evolution and cooling down to room tem-
In addition to the fast kinetics and quantitative monomer perature, the surface-treated starch was isolated by filtration,
conversion (sample 9), a very high level of grafting of PCL washed three times with dried toluene under nitrogen
chains is determined by the extraction experiment. 90 wt% atmosphere, and then dried overnight under vacuum. In
PCL chains remain attached to the starch granules. It isagreement with equation (3a) in Scheme 1, aluminium
worth pointing out that the resulting PCL-grafted starch peaks are detected in the XPS spectrum (Fig. 5b). Further-
composites show the ability to swell in most of the organic more, the recovered surface-treated starch granules were
solvents in which PCL is soluble, e.g. toluene, THF, reacted withe-CL (without any solvent) at 10C for
dimethyl formamide, trichloromethane, etc. One can see 2 min. The crude PCL-grafted starch (15/85 wt/wt) was
original applications as inexpensive and totally biodegrad- examined by SEM, which shows starch particles attached
able lypogels. In agreement with the high level of grafting, to stretched polyester threads (Fig. 6). Similar results have
very good interfacial adhesion is observed in SEM images been obtained from starch granules pre-blended with 10 or
of the crude PCL-grafted starch compositions (Fig. 3). The 25 wt% glycerol, before the CL polymerization at 100 and
scanned surface reveals individual starch granules well 110°C, respectively (Table 3, samples 10 and 11). However,
adhered to stretched PCL threads. From time to time onelonger reaction times were required for finally reaching
can distinguish some starch particles broken into two parts lower grafting efficiency.
and other ones completely coated by a tightly adherent poly-
meric layer. SEM observations achieved on the insoluble
fraction in toluene fully confirm the strong interfacial adhe- 4. Conclusion
sion since every starch particle is still embedded in a shell of
anchored PCL chains (Fig. 4). A key problem has been to  Polycaprolactone-grafted starch has been synthesized by
determine the molecular weight of the grafted PCL chains in situ ring-opening polymerization (ROP) efcaprolactone
since all attempts to either selectively destroy the starch in the presence of granular or plasticized starch. Polymeriza-
phase or to separate the covalently attached polyestertion was carried out in the bulk (without solvent) and was
chains, have failed. The only available data come from dif- initiated from the starch hydroxyl functions in the presence
ferential scanning calorimetry (d.s.c.) of the PCL-grafted of a catalyst such as Sn(Ogtpr by adequate modification/
starch which shows that the molecular weight of the PCL activation of the surface hydroxyls into titanium or aluminium
is high enough to allow the polyester chains to crystallize. alkoxides. The latter species, i.e. aluminium alkoxides gener-
Actually, the PCL-grafted granular starch (sample 9) is ated in situ by reaction of triethylaluminium with the starch
characterized by a melting temperature at°GQ9 in hydroxyl functions, proved to be the most effective in promot-
ing fast polymerization and also covalent grafting of the
! polyester chains onto the starch phase. The grafting efficiency
can be as high as 90 wt%. It results in very good interfacial
adhesion as attested by SEM observations achieved on sam-
ples before and after a selective extraction experiment in
toluene. Owing to the fast kinetics and the rather soft poly-
merization conditions, reactive extrusion in a twin-screw
extruder has been conducted. These results, as well as the
physico-mechanical properties of the extruded composites,
will be reported in the near future [14].

Acknowledgements

Ph. D. wishes to thank Professor Rralae (CERM at
University of Liege, Belgium) for stimulating discussions,

1KY X6BB0 2302 18U CE094

Fig. 6. SEM image of a PCL-grafted granular starch (PCL/statch5/ the Michigan State University and the Belgian FNRS for
85 wt/wt). financial support during his stay to East Lansing.



3100
References

[1] Narayan R. Biodegradable plastics. In: Opportunities for innovation:
biotechnology, NIST GCR 93-633. Gaithersburg, MD: National
Institute for Standards and Technology, September 1993:135.

[2] Harper JM. Extrusion of starch and starchy materials. In: Extrusion of
foods, ch. 11, vol. 2. Boca Raton, FL: CRC Press, 41.

[3] Blanshard JMV. In: Galliard T, editor. Starch properties and potential.
New York: Wiley, 1987:16.

[4] Doane WM, Swanson CL, Fanta GF. ACS Symp Ser 1992;476:197.

[5] Fanta GF, Bagley EB. In: Mark HF, Bikales NM, editors.
Encyclopedia of polymer science. New York: Wiley, 1970.

[6] Poutanen K, Forssell P. Trends in Polymer Science 1996;4:128.

[7] Vaidya UR, Bhattacharya M. J Appl Polym Sci 1994;52:617. (and
references cited therein).

[8] Roper H, Koch H. Starch/Stke 1990;42:123.

[9] Bagley EB, Fanta GF. Polym Eng Sci 1977;17:311.

[10] Pledger H Jr, Young TS, Wu G-S, Butler GB, Hogen-Esch TE. J
Macromol Sci—Chem 1986;A22:415.

[11] Weaver J, Fanta GF. In: Proc Tech Symp Nonwoven Product
Technol., 1974:169.

[12] Tahan M, Zilkha A. J Polym Sci, Part A-1 1969;7:1815.

[13] Chinnaswamy R, Hanna MA. Starch/8ta 1991;43 (10):396.

[14] Krishnan M, Dubois Ph, Narayan R., to be submitted.

P. Duboais et al. / Polymer 40 (1999) 3091-3100

[15] Brode CL, Koleske JV. J Macromol Sci—Chem 1972;A6:1109.

[16] Pitt CG, Marks TA, Schindler A. In: Baker R, editor. Controlled
release of bioactive materials. New York: Academic Press, 1980.

[17] Kricheldorf HR, Saunders-Kreiser I, Scharnagl N. Makromol Chem,
Macromol Symp 1992;32:285.

[18] Nijenhuis AJ, Rafler G. Acta Polym 1993;44:103.

[19] Zhang X, Wyss UP, Pichora D, Goosen MFA. J Macromol Sci—Pure
Appl Chem 1993;A30 (12):933.

[20] Dubois Ph, Ropson N, d@me R, TeyssiePh. Macromolecules
1996;29:1965.

[21] Degee Ph, Dubois Ph, "‘deme R. Macromol
1997;198:1973.

[22] Dubois Ph, Dege Ph, Ropson N, ‘38me R. Macromolecular
engineering of polylactones and polylactides by ring-opening
polymerization. In: Hatada K et al., editors. Macromolecular design
of polymeric materials, ch. 14. New York: Marcel Dekker,
1996:247.

[23] Howard EG, Lipscomb RD, MacDonald RN, Glazard BL, Tullock
CW, Collette JW. Ind Eng Chem Prod Res Dev 1981;20:421 and 429.

[24] Hindryckx F, Dubois Ph, ¥éme R, TeyssiePh, Garcia Marti M. J
Appl Polym Sci 1997;64:423 and 439.

[25] Ouhadi T, Stevens C, Teyssia. Makromol Chem Suppl 1975;1:191.

[26] Bero M, Kasperczyk J, Adamus G. Makromol Chem 1993;194:907.

[27] Hocking PJ, Marchessault RH. Polym Bull 1993;30:163.

Chem Phys



