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I. Introduction

New environmental regulations, societal concerns, and a growing environmental
awareness throughout the world have triggered the search for new products and
processes that are compatible with the environment. Sustainability, Industrial
ecology, Ecoefficiency, and green chemistry are the new principles that are guiding
the development of the next generation of products and processes. Thus, new
products have to be designed and engineered from “conception to reincarnation™
incorporating a holistic “life cycle thinking approach”. The ecological impact of
raw material resources used in the manufacture of a product and the ultimate fate
(disposal) of the product when it enters the waste stream has to be factored into the
design of the product. The use of annually renewable resources and the
biodegradability or recyclability of the product is becoming an important design
criterion. This has opened up new market opportunities for developing
biodegradable and biobased products as the next generation of sustainable
materials that meets ecological and economic requirements -- ecoefficient
products.[1-3]

Currently, most products are designed with limited consideration to its ecological
footprint especially as it relates to its ultimate disposability. Of particular concern
are plastics used in single-use disposable packaging and consumer goods.
Designing these materials to be biodegradable and ensuring that they end up in an
appropriate disposal system is environmentally and ecologically sound. For
example, by composting our biodegradable plastic and paper waste along with
other "organic" compostable materials like yard, food, and agricultural wastes, we
can generate much-needed carbon-rich compost (humic material). Compost
amended soil has beneficial effects by increasing soil organic carbon, increasing
water and nutrient retention, reducing chemical inputs, and suppressing plant
discase. Composting is increasingly a critical element for maintaining the
sustainability of our agriculture system [4].
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ASTM, European (CEN), German (DIN), Japan (JIS) and ISO (International
Standards Organization) Standards have been developed or are under development
to evaluate biodegradability under different environmental/disposal conditions like
composting, soil, marine, wastewater treatment facility, and anaerobic digesters.
ISO has also formed a technical committee (ISO/TC 207) to address
standardization in the field of environmental management and brings to the
forefront the need for industry to address how their products and processes impact
the environment. It is expected that these Standards will have an impact on the
industry similar to ISO 9000. These and other programs like “Responsible Care”
will continue to drive industry towards ecoefficient products like biodegradable
plastics.

Biodegradable plastics and biobased products based on annually renewable
agricultural and biomass feedstocks can form the basis for a portfolio of
sustainable, ecoefficient packaging products that can compete and capture markets
currently dominated by products based exclusively on petroleum feedstocks.
Biodegradable plastic packaging products are under commercialization by several
small and major companies.

This paper provides a broad overview of the major technology developments to
manufacture eco-efficient, sustainable, biodegradable packaging plastics
specifically focusing on the technologies that this author has contributed to. In
addition, a brief summary of evolving worldwide Standards for biodegradable
plastics is reviewed.

I1. Biodegradable Plastics Technologies

Aliphatic polyesters and copolyesters
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Incorporation of an ester group on the backbone of the polymer opens up the
polymer to attack by nonspecific esterase secreted by soil microorganisms and
water (hydrolytic attack). In all probability both enzymatic and hydrolytic
mechanisms operate in varying degrees during the biodegradation process.
Ultimately the polymer chains are broken down into smaller molecules, which are
readily assimilated by soil microorganisms.
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Several biodegradable plastic film technologies based on aliphatic polyesters and
copolyesters have emerged spearheaded by Eastman Chemical, DuPont, BASF,
Mitsui Chemicals, Showa High Polymer. The following figure shows the general

copolyester structure. Aliphatic polyesters like poly(e-caprolactone) and poly(lactic
acid) are also viable biodegradable polyesters that are being marketed.

However, the problem with these polyesters is cost and rate of biodegradation.
Reactive blending with Starch ofters the advantage of cost reduction, enhanced rate
of biodegradation and the cco advantage of using a renewable agricultural resource.

Poly (Lactic acid) Polymers
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Hydrolysis of cornstarch yields simple sugars that can be readily fermented into
lactic acid. L-Lactic acid is produced by the bacterial fermentation of corn sugar
(D-glucose): CoH>04 = 2C3H,05, AGo(250C) = -136kJ/mol. There is considerable
commercial and R&D activity in the field of biodegradable plastics based on lactic
acid polymers. The basic chemistry involves step polymerization (condensation
polymerization) of lactic acid (a-hydroxy acid). Mitsui Chemicals (Japan) have
successfully reported on the preparation of high molecular weight poly(lactic acid)
polymer by the direct condensation route. Another route to high molecular weight
PLA is through the dilactone of lactic acid. The attached reaction scheme illustrates
the two approaches.

The fundamental technology and engineering development for PLA polymers that
currently forms the basis for the 10 MM pound PLA plant currently operated by
Cargill was developed by us [5-7]. With over 50 billion in annual sales, Cargill is
the largest privately held company in the US. Recently, Cargill formed a joint
venture with Dow Chemical Company to manufacture and sell PLA polymers. The
first commercial product, a thermoformed yogurt cup (Dannon) has aebuted in
Germany.
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Starch Esters
Structure of Starch Esters
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Random copolymer of mono, di, and trf substituted starch ester
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The first starch plastics in the marketplace were starch filled polyethylene. They
were only bio-disintegrable and not completely biodegradable in practical time
frames. Data showed that only the surface starch biodegraded leaving behind a
recalcitrant polyethylene material. Products made from these resins do not meet the
criteria of complete biodegradability in defined disposal systems (like composting)
and within the operational time frames of the disposal system

Modification of the starch -OH groups by esterification chemistry to form starch
esters of appropriate degree of substitution (1.5 to 3.0 ds) imparts thermoplasticity
and water resistance [8]. Unmodified starch shows no thermal transitions except
the onset of thermal degradation at around 260 “C. Starch acetate of ds 1.5 shows a
sharp glass transition at 155°C an | starch propionate of same ds had a Tg of 128°C.
Plasticizers like glycerol triacetate and diethyl succinate are completely miscible
with starch esters and can be used to improve processability. Water resistance of
the starch esters is greatly improved over the unmodified starch. The starch ester
resin reinforced with biofibers [9] has properties comparable to general-purpose
polystyrene (see Table below).

EverCorn Inc., a Michigan company is commercializing biodegradable plastics
based on starch esters and blends [10] of starch esters with aliphatic polyesters.
Appropriately formulated starch esters with plasticizers and other additives provide
resin compositions that can be used to make injection molded products and for
direct lamination onto Kraft paper. Starch acetates up to ds=2.5 undergo complete
and rapid bidegradation. In the case of starch triacetates, 70% of the carbon is
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converted to CO, at 58°C in 45 days [11]. National Starch & Chemical offer
intermediate ds starch esters for biodegradable plastics applications.

Although, properties of the starch ester resin are comparable to polystyrene, and
can be injection molded in cycle times comparable to polystyrene, two problems
surface. Cost, and in some applications, weight because of its higher density. If one
could effectively foam the product in an extrusion or injection molding operation,
less material will be required and so the cost per article would be less. This would
be true for all biodegradable plastics. Therefore, generic process technology to
make biodegfadable foam plastics would be very useful in the effort to successfully
commercialize biodegradable plattic products.

Starch Foam Technology

National Starch & Chemical in a series of patents [12,13] disclosed the preparation
of foamed loose fill packaging material based on starch which has the resilience
and compressibility of PS. The material used is high amylose corn starch with 70%
amylose content. The high amylose corn starch was modified using propylene
oxide (about 0.5 % degree of substitution, up to 10% by weight) and water is used
as the plasticizer and blowing agent. The process is conducted in a twin screw
extruder with appropriate screw elements and using an annular die. We have been
working in the development and further improvement of the loose fill packaging
material and extending it to produce sheets and other shaped articles.

This year, in conjunction with us, a Michigan based small business, KTM
Industries/KidTech Tools, is cleverly exploiting the lightweight, non-toxic, water
wetable adhesive property of the extrusion foamed starch articles in the toys
(construction materials), educational, games, arts & crafts for children. It’s first
product a multi-colored foamed noodle under the trade name “Wet N’ Set Magic
Nuudles™ is being sold in speci@lty toy and teacher supply stores in the United
States and worldwide (visit web site www.wetnset.com). Its initial reception by the
schoolteachers’ community has been tremendous. The ability to create and
construct shapes and objects, using a completely safe starch material and water as
the binder (glue), opens up tremendous opportunity for developing educational
building modules. Special education students, and elderly adults would find this
material very useful and educational

Starch-poly(e-caprolactone) blend technology [14-17]

This reactive blend technology was developed by us for biodegradable film
applications like lawn & leaf collection compost bags, agricultural mulch film etc.
The technology involves the following steps:
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e Preparation of thermoplastic starch -- Plasticization of the starch in a twin
screw extruder with appropriate screw elements [15, 17] using glycerol as the
plasticizer with little or no wi ter in a co-rotating twin screw extruder.

* Polymerization (REX) of cpsilon caprolactone directly in an extruder with
residence times of 2-3 minutes, to provide a novel, multi-arm, branched
polycaprolactone polymer having M, values greater than 100,000 and M,
values around 300 to 400,000 using Aluminium trialkoxides as catalyst [17].
Commer ially, PCL is produced using a batch process with a residence time of
around 4 hours.

¢ Down stream compounding of the new, branched polymer by reactive blending
with thermoplastic starch during the extrusion polymerization operation. Some
grafting of the PCL chains on to the starch occurs during this step, and the
insitu generated graft copolymer is able to compatibilize the two phases giving
better properties to the resulting blend.

Finally, a one step continuous process to prepare compatibilized poly(e-
caprolactone)-thermoplastic starch blends from caprolactone monomer and starch
using two extruders in a T configuration has been developed.

Three other companies, Novamont (Italy), BioCorp, and Milleta (Biotech Division,
Germany), are manufacturing sterch-PCL blends for film applications (compost
bags, trash bags). Starch is plasticized using water or hydroxy solvents and blended
with a commercial poly caprolactone (Tone 787) polymer from Union Carbide.

I11. Standards For Biodegradable Plastics (18)

When industry began implementing approaches to design biodegradable plastics
and products, questions about the practicality, efficacy, and the effects of such
products on the environment were raised. The U.S. Federal Trade Commission
(FTC), a group of State Attorney General's, State legislatures, and the U.S.
Congress became very concerned about the various degradability and
environmental claims being made, especially as they related to existing waste
management practices. Verification of degradability claims and environmental fate
and effects of the new degradable products using acceptable well-defined testing
protocols were lacking.

Several companies introduced starch filled (6-15%) polyolefins that were claimed
to be biodegradable materials. At best, these materials only disintegrated and did
not completely biodegrade.

Standards have been developed or are under development by National Standards
bodies (USA (ASTM); European (CEN), German (DIN), Japan (JIS)) and the
International ~ Standards  Organization (ISO) to evaluate and quantify
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biodegradability under different environmental/disposal  conditions  like
composting, soil, marine, wastewater treatment facility, and anaerobic digesters.
The Standards are in harmony with each other and there are no major differences
between them. It is expected that the ISO Standards will bring all these Standards
together and provide globally acceptable Standards. Certification and logo schemes
based on these Standards are in place.

IV. ASTM (USA)

ASTM Technical Committee on Plastics (D20) formed a subcommittee D20.96 on
“Environmentally Degradable Plastics”™ to address the issue of standards for
degradable polymers. The scope of the subcommittee was the promotion of
knowledge, and the development of standards (classification, guide, practice, test
method, terminology, and specification) for plastics, which are intended to
environmentally degrade. One hundred and seventy plus members representing a
broad spectrum of interests ranging from producers, converters, users, consumers,
and general interest joined the subcommittee. Industry, government, academia, and
national laboratories were represented on the subcommittee.

A major milzstone was met with the approval of the “Standard Specification for
Compostable ~ Plastics”  D6400-99. This  Standard  establishes  criteria
(specifications) for plastics and products made from plastics to be labeled
compostable. It establishes whether plastics and products made from plastics will
compost satisfactorily, including biodegrading at a rate comparable to known
compostable materials. This specification is comparable to what is being developed
by CEN (European Committee for Standardization) in Europe today, and in
harmony with the German Standard (DIN 54900), moving the industry closer to
global standards. The Specification Standard is based on and references three other
D20.96 Standard documents for the testing and identification of plastics that will
biodegrade and compost satisfactorily.

V. European Standards (CEN, DIN)

The European Commission (EC) has mandated the development of Standards for
Biodegradable Packaging Materials. This is under the jurisdiction of CEN TC
261 (packaging)/SC4  (packaging &  environment)/WG2(degradability &
compostability). The Standard (EN 13432) is very similar to the ASTM D6002,
except that it has pass/fail specifications built into it. The key specification is the
requirement of >90% biodegradability for blends, copolymers etc., as measured by
ISO 14855 (controlled composting) test method.
In Germany for biodegradable plastics to be accepted in compost operations and
satisfy the DSD requirement, the plastic will have to pass the DIN 54900. This is
similar to the CEN standard and is a three tiered testing protocol (like the ASTM
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D6002). It has the same strict pass/fail requirements of the CEN Standard -
requiring complete biodegradability and disintegration to become a integral part of
the compost. A product certification from DIN-CERTO (an affiliate of the DIN
Standards Organization) would be needed — third part validation.

VI. International Standards Organization (Iso) Standards

ISO/TC 61 is the International Committee responsible for Plastics standards. Under
this committee biodegradable plastic International Standards are in development in
Subcommittee 5, Working Group 22. These Standards are in harmony with the
ASTM, CEN (European), and DIN (German) Standards. Several Standards have
issues and more are under development. The issued Standards are:

VII. References

[1] Narayan, R., Commercialization Technology: A Case Study of Starch Based
Biodegradable Plastics™ In Paradigm for Successful Utilization of Renewable
Resources, Eds: D.J. Sessa and J.L.. Willett, AOCS Press, Champaign, Illinois,
pg. 78, 1J98

[2] Narayan, R., Polymeric Materials from Agricultural Feedstocks, In Polymers
from Agricultural Coproducts, Ed., M.L. Fishman, R.B. Friedman, and S.J.
Huang, Am. Chem. Soc. Symp. Ser., 575, 2, 1994.

[3] Narayan, R., Impact of Governmental Policies, Regulations, and Standards
Activitie: on an Emerging Biodegradable Plastics Industry, In Biodegradable
Plastics and Polymers, Eds., Y. Doi & K. Fukuda, Elsevier, New York, 1994,
pg. 261

[4] Narayan, R., Biodegradation of Polymeric Materials (Anthropogenic
Macromolecules) During Composting, In “Science and Engineering of
Composting: Design, Environmental, Microbiological and Utilization
Aspects”; Eds. H. A. J. Hoi ink and H.M. Keener, Renaisance Publications,
Ohio, 1993, pg 339

[5] David Witzke, Ph.D Thesis, Michigan State University, 1997

[6] Witzke, D., R. Narayan, & J. F. Kolstad; “Reversible Kinetics and
Thermodynamics of the Homopolymerization of L-Lactide with 2-
Ethylhexanoic Acid Tin(Il) salt”, Macromolecules, 30, 7075, 1997

[7] Carlson, D., P. Dubois, and R. Narayan, Free Radical Branching of Polylactide
by Reactive Extrusion, Polymer Eng., & Sci., 38 (2), 311, 1998,

548



2" INTERNATIONAL PACKAGING CONGRESS & EXHIBITION

[8] Ramani Narayan, Steven Bloembergen and Amit Lathia, "A Method of
Preparing Biodegradable Modified-Starch Moldable Products and Films", U.S.
Patent Allowed International Publication Number WO 95/04083, 1995

[9] Narayan, R., "Microfiber Reinforced Biodegradable Starch Ester Composites
with Ennianced Shock Absorbance and Processability."U.S. Patent allowed,
1997

[10] Bloembergen, S., and R. Narayan, “Biodegradable Moldable Products and
Films Comprising Starches Esters and Polyesters", U.S. Patent 5,462,983, 1995

[11] Bloembergen, S., J. David, D. Geyer, A. Gustafson, J. Snook, and R. Narayan,
Biodegr:dation And Composting Studies of Polymeric Materials, In
Biodegradable Plastics and “olymers, Eds., Y. Doi & K. Fukuda, Elsevier,
New York, 1994, pg. 601.

[12] LaCourse, N. L., and P.A. Altieri, “Biodegradable Shaped Products and the
Method of Preparation thereof, U.S. Patent 5,035,930, 1991

[13] LaCoure, N. L., and P.A. Altieri, “Biodegradable Shaped Products and the
Method of Preparation thereof, U.S. Patent 5,043,196, 1991

[14] Narayan, R., "Biodegradable Multi-Component Polymeric Materials Based on
Unmodified Starch-Like Polysaccharides." U.S Patent 5,500,465, October 31,
1995

[15] Narayar, R., Krishnan, M, DuBois, P., "Polysaccharides Grafted With
Aliphatic Polyesters Derive¢ From Cyclic Esters.” U.S. Patent 5, 540, 929,
July 30, IN996.

[16] Narayan, R., "Bulk Reactive Extrusion Polymerization Process Producing
Aliphatic Ester Polymer Compositions. U.S. Patent 5,801,224, 1998

[17] Narayan R, Mohan Krishnan Polymer Preprints, American Chemical Society,
“Biodegradable Composites and Blends of Starch with Poly (e-caprolactone)”
186, 1996

[18] Narayan, R., and C. Pettigrew, ASTM Standardization News, December 1999
(downloadable from www.astm.org; technical committee, D20.96 as a PDF
file)

549


http://www.astm.org




PLASTIKLESTIRILMIS PVC FILMLERINDEN DOP
GOCU

PLASTICIZER MIGRATION FROM PVC-DOP FiLMS
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Abstract

Plasticizer loss from plasticized polyvinyl chloride(PVC) is of importance for both
the degradation of material itself and the contamination of the material which is in
touch with it, by the plasticizer. Both aspects were investiated within this study and
60 and 120 micron films which were prepared plasticizing PVC with dioctyl
phthalate(DOP) were heated for gelation at 160°C for varying times. The weight
loss durin heating mainly originates from the evaporation of the plasticizer. Besides
DOP, the other liquid component which is used as thermal stabilizer, epoxidized
soy bean oil (EPSO) also migrated. Migration of plasticizers from films to n-
hexane was investigated through the UV and IR analyses on the solvent and the
films.

Key words: Plasticizer, plasticizer migration, diffusion, gelation, plasticizer,
extraction

Ozet

Plastiklestirilmis ~ Poli-vinil ~ kloriir(PVC)'den  plastiklegtirici  kaybi,  gerek
malzemenin kendi ozelliklerinin bozulmasi, gerekse gogen plastiklestiricinin
degme durumundaki malzemeyi kirletmesi yoniiyle 6nem tagir. Bu ¢aligmada
plastiklestirici gog¢ii her iki yonden aragtirilmig, bu amagla 60 ve 120 mikron
kalinlikta hazirlanan, dioktil ftalat (DOP) ile plastiklestirilmis PVC filmler
160°Cde, jellesme saglamak iizere degisen siirelerle 1sitilmistir. Isitma siirecindeki
agirlik kaybi baslica uzaklasan plastiklestiriciden kaynaklanmaktadir. DOP un yam
sira diger sivi bilesen olan, 1sil kararli kilict olarak kullanilan epoksidize soya
yaginin da  (EPSO) gogtiigii  gozlenmigtir.  Bu  filmlerden yapida Kkalan
plastiklestiricinin ekstraksiyonda n-hegzan igine gogii, filmlere ve g¢oziicuye
uygulanan UV ve IR analizleri ile aragtirilmigtir.
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I. Giris ve Amag

Ambalaj, giday: istenmeyen ¢evre kosullarindan, dig ortamla fiziksel ve kimyasal
etkilesimden, vb. koruma olanagi saglar, gidanin taginmasi ve tiikketiminde olumlu

katkilar saglar.

PVC (polivinil Kkloriir),  plastiklestirilmis sekilde ambalaj uygulamalarinda,
yiyecek, kan veya baska bir ¢oziicliyle temas halinde bulunabilir. Bu kosullar
altinda, plastiklestirici, temas ettigi siviya go¢ edebilir ve bu go¢ sonucu, gidanin
kimyasal yapisinda zararh etkilesimler, gidanin goriiniim ve kalitesinde kayiplar
gozlenir. Diger tarafta, ozellikle plastiklestiricilerin kendisinden gog ettigi
plastiklerde, sadece daha zayif mekanik 6zellikler ve goriiniimde bozulmalar
goriilmistiir.

Plastik gociiniin gozlendigi kati-sivi sistemlerde plastiklestiricinin siviya gogii ile
stvinin plastik i¢ine ilerlemesi eslik eder. Yaymma siireci, hareketli sinirda
yaymmma problemi tiiriindedir. PVC plastisol, lum ve daha kiigiik PVC
pargaciklarmin plastiklestirici iginde dagildigr bir sistemdir. Ancak iginde 10pm’
topaklar da  bulunabilir. Etiivde jellesme siirecinde yaklagik160°C’de,
plastiklestiricinin PVC igine yaymmasi siireci, jellesme olarak tanimlanir[1]. Oda
sicakhiginda plastisol beyaz ve opaktir. Camsi gegis sicakligi iizerinde sitildiginda
PVC molekiillerinin ara bosluklari plastiklestirici ile dolar ve yart saydam bir yapi
olusur.

‘Audounin ve ark. [2], 85-120 °C’de PVC’den plastiklestirici gogiiniin Fick yasasina
uydugunu gozlediler. Bu ¢aligmalarinda yiizeyde bir plastiklestirici-zengin fazin
varhgmi saptadilar. Bu sicakliklarda yaslandirilmig filmlere uyguladiklart uzama
gerilimi testlerinde yaglanma ve plastiklestirici kaybma bagh olarak uzamanin
azaldigini belirlediler. Plastiklestiriciden agirlik kaybinin  kritik bir degere
yaklagsmasi durumunda mekanik ve elektriksel 6zelliklerin ¢ok degistigini,
baslangigta elastik olan malzemenin camsilastigini gozlediler. Papaspyrides [3] de
ozellikle hafif yaglara yiiksek oranda plastiklestirici gogii durumunda benzer
gozlemler yapti. Ayrica go¢ sirasinda polimer yapisinda olusan ve yapiy: daha siki,
daha diizenli hale getiren degisimler oldugunu ve bunun igeri giren sivinin
desorpsiyonunu yavaslattigint kaydetti.

Messadi ve ark. [4], DOP’un PVC’den n-heptan ve fistik yagina gogiinii ve sividan
PVC’ye gogii incelediler ve bu kargi-yayinma olaymimn sivinin PVC igine girmesi
ve PVC’den sivi ortama yayimma seklinde iki agsamali oldugunu, bunun sonucunda
PVC’de opaklagsma gozlendigini rapor ettiler. Gogen maddelerin saptanmasinda
spektroskopik yontemlerden yararlanilabilir. Gortseva ve Kofanov [5], DOP’un
yayinma yansima elektron spektrumunda 236 ve 276 nm’ de bandlar verdigini ve
236 nm bandinn PVC’den sulu ¢ozeltilere gegen ftalatlarin saptanmasinda
kullanilabilecegini gosterdiler.
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