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Abstract

Combustion of fossil fuels and many other indukaivities inevitably produces carbon dioxide
(CO2) that is released into the atmosphere anduieemtly deemed to be among the major
contributors to global warming. One of the promineolutions proposed to mitigate global
warming concerns from GO capture and storage (CCS), did not attract ma@y €mitting
industries as expected, mainly because of econoedsons. On the contrary, environmental
pollution concerns associated with plastic waste, the demand for sustainable feedstock for their
production constitute grand challenges facing @arety with regard to the production and use of
plastics. As a result, the materials science conmyiua striving to generate sustainable and
biodegradable plastics to substitute conventiopaihetic plastics from resources that do not pose
direct completion with food production. This manustcaims to provide a general overview of the
recent progress achieved in £kased polymers for sustainable biopolymers sudogmlymers,
and polymer blends. The synthesis, material pr@seriprocessability, and performances of
important CQ based co-polymers are critically reviewed. Funthane, a critical review of CO
co-polymers as components of polymer blend withoeu$ on the most relevant ¢®ased

aliphatic polycarbonates, poly (propylene carbas)aePC), is conducted.

Keywords: Carbon dioxide, poly (propylene carbonate), p{dyhylene carbonate), polymer

blends, biodegradable polymers, packaging, biodizdpiéity



1. Introduction
1.1. Carbon dioxide as a resource rather than a gemhouse gas burden

Carbon dioxide (Cg) is produced by several anthropogenic activitgeg] it is considered as the
major contributor to global warming because ofitsenhouse properties. Current emission rate of
CO, is about 35 billion tonnes per year with major rees from combustion of fossil fuel,
utilization of biomass for energy and decompositidrcarbonates (mainly in the steel and cement
industries) [1]. Some reports showed that the actation of CQin the atmosphere has increased
from a concentration of 270 ppm at the beginninghef industrial revolution to more than 385
ppm today [2].This increase is regarded as a plessduse for the greenhouse effect that brings
about global warming, and its mitigation is a sugbjef environmental concern. While carbon
dioxide is indispensable for the existence ofialhfy organisms via photosynthesis of green plants,
the utilization of carbon dioxide as a feedstock iftdustrial products is rather limited. More
recently, the capture and utilization of ¢@nd its chemistry in general has attracted ttentbn

of the scientific community.

It is anticipated that carbon-based fossil fuelf wontinue to supply a sizeable portion of the
energy consumption for at least the next few dexa@ensequently, an increase in £Ggnission
resulting from the use of fossil fuel will continde raise serious concerns in relation to its
greenhouse effect, and as a result, there is et@ous effort to reduce G@ccumulation. Direct
reduction of CQ emission from the source, GO@apture and storage, and conversion of G
building block for platform chemicals and fuels avelely accepted approaches to mitigate the
accumulation concerns. In this context, the us€©f as a carbon building block to produce basic
chemicals, plastics, inert solvents, fuels, ane@wokigh value products is desirable not only tatlim

its emission into the atmosphere, but also to @lfyrtreplace fossil derived resources to produce



chemicals and materials. More recently, signific@search and development effort is in place to
investigate possible applications of £@r value-added applications (Figure 1). £{3 an
attractive feedstock because it is abundant, inesipe, safe, non-flammable, non-oxidant, FDA
approved for food related use, balanced geogragibiabution, and renewable. In addition, it is
suitable for the separation and extraction of ttadiynunstable materials, and can be used as a
building block for making commodity chemicals, saws, fuels and materials. However, it is a
relatively low energy (@ and inert molecule. This is a major hurdle tosheentific community as

it means that reactions involving @@onsume a lot of energy, and thus catalysts thatcome

the low reactivity need to be developed [3].

The potential uses of GOn chemical products such as carboxylates, cateepand carbamates
are extensively reported in the literature [4]. fan also have applications as refrigerants, fire
extinguishing gas, industrial solvent, and productdf carbonated beverages. Several companies
represent success stories on the utilization of. ®Or instance, Covestro (former Bayer Material
Science), launched a polyurethane foam product fiiear manufacturing plant near Cologne,
Germany based on polyether polycarbonate polyotysser partially derived from CQ5]. In
addition, Novomer Inc., a Cornell University spifi;chas filed several patents on conversion
processes, catalysis, polymer synthesis and afiphsaof CQ derived polyols [5-7]. The
company has sold a portion of their technology (km@s Converge®) to Saudi Arabia’s Aramco
for a $100 million [8] Converge® is reported to pide high performance, cost competitive and
more sustainable Gbased polyol for specialty coating, adhesive,as#alfoams, and elastomer
applications. Petronas, a Malaysian multinationbhod gas company, has been capturing about
160 ton of CQ per day from steam reformers since 1999 [9]. Tdmwed CQfrom the reformers

is then purified (especially from 8 and SQ pollutants) and used for urea fertilizer productio

combination with ammonia.
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» Extraction solvent for a broad range of non-polar, polar, and metallic
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» Selectively dealcoholization of beer and wine to protect aroma compounds

» Extract antioxidants from fruits and vegetable sources (e.g. tomato, rosemary, grape and
aloe-vera)

» selective extraction of bioactive compounds (e.g., Essential oils, vitamin E)

Figure 1. CO, as a renewable feedstock in common consumer agiphs

Furthermore, CO2 has the potential to become tegicamolecule for the progressive introduction
of renewable chemicals and materials [10] that rave based on agricultural feedstock, which
currently are competing with food production [1The objective of this paper is to critically
review the recent progress in the utilization abca dioxide for bio-based plastics development.
It highlights brief updates on the capture andaatlon of CQ, and provide a detailed overview of
CO, based co-polymers, and their potential applicatidPolymer blends obtained from carbon

dioxide based polymers are also critically reviewed

1.2. Carbon dioxide capture, storage and availabtly as a resource



To reduce C@ emissions and prevent its concentrations in theosgphere, it can be separated
from the flue gas of; for example, a fossil fuekéd power plant and subsequently sequestrated
(Figure 2). Carbon capture and sequestration (GE€&)nsidered as one of the proposed technics
as a means to enable continued use of fossil fuSS technology involves three major process
steps: capture, transport and sequestration. Gapgucurrently the most expensive process step
and a target of vital technology research focusingost reduction. Some reports show that CO
capture can contribute up to 75% of the overall GsoSt [12—-14]. Suitable CCS technology
storage sites include depleted gas fields, ocemrts,saline aquifers. Such sites require a highly
impermeable rock layer to prevent £l@akage from the storage reservoir. Despite tipeifstant
advances made in CCS, there are still inherentditons to it. These limitations include excessive
energy consumption and associated economics ferdagture, low capture efficiency and slow
sorption kinetics [1], uncertainties in storage lifme of sites, seismic instability and accidental

leakage safety concerns from storage sites [1at],capacity constraints [15].
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Figure 2. Schematic image of CCS. Adapted from ref. [16leWWcopyright © 2014.

Also, underground injection of GQnto reservoirs is widely accepted as a visibleansefor

reducing anthropogenic GGmissions. In this technology, €@ injectedinto an oil and gas



reservoirs to mobilize and displace oil and gasakmas the enhanced oil recovery (EOR) platform
to create economic gains that partly offset seqatsh cost$l5]. One of the most popular such
projects is the Weyburn EOR project in SaskatchewWamada that employs both EOR and CCS
[17]. In this project, 5000 tonnes/day of £€05% pure) is injected, and a total of approxirnyate
20 million tonnes of C®is expected to be stored in the reservoir ovelBOR project life. It is
important to highlight here that Gd@ased EOR cannot be applied to all oil resenioésause of
mainly economic constraints. For its efficient useil and gas reservoirs, large quantities of pure
CO; need to be obtained at a reasonable cost thatde€ICQ separation, transportation and
injection installations. More recently, cheaper ;Gibtained from gas fields is gaining more
popularity particularly in the US because of thaikability of CO, gas fields, such as the Bravo
Dome and McEImo Dome gas fields [16]. Other tecbg@s proposed to mitigate G@elease
include CQ capture via anion-functionalized liquids captur8,[B], mineral C@sequestration in
which CQ is chemically stored in solid carbonates by thebeaization of minerals into a
geologically stable final form [16]. Leung al. [13] conducted an extensive literature review on

the current status of G@apture and storage technologies.



Emerging technologies, such as zero emission pplesits, are expected to significantly reduce
the complexity of separation, which is perhaps tostliest process step in recovering LO
Membrane separation processes, also provide sewshghntages over other conventional
separation techniques. For instance, membrane ialatdrat provide high selectivity for G@ver
oxygen or nitrogen using polymeric and inorganicterials [12] are plausible options. Porous
membranes with supporting amine solutions were siigavn to be effective for the separation of
CO, [20]. The use of specifically designed sieves, also knawmmolecular sieves, that separate
molecules based on molecular weight or size have/sla potential for C@adsorption. Efforts to
enhance the adsorption of €@y molecular sieves include incorporation of amfoactional
group on the sieves that has the prospect to citevith CG; resulting in the formation of, for
example surface ammonium carbamate in anhydrouditams, and carbonate species in hydrous

conditions [12,21].

Although it is unlikely that C@ utilization could consume significant quantities rhitigate the
emission concerns, development of products andepsas for chemical transformation of £O
into useful compounds would be of immense impoafom the standpoint of green and
sustainable chemistry [1]. This is because,Q® attractive as an environmentally friendly
chemical reagent [3,22,23]. While large-scale z4iiion of CQ is still limited, production of urea

is currently the largest use of @@ organic synthesis. It is also used to produckistrial scale
salicylic acid and several carbonates (Scheme hg Tapidly increasing interest in using
supercritical C@ as a natural product extraction and fractionatagent, and its use as a
hydrophobic solvent that is capable of replacingaaic solvents in several applications presents
important uses of COFor example, the use of dense G one of the few reaction medias used

for the direct synthesis of hydrogen peroxide fidgrand Q is notable [24].
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Scheme 1 Utilization of CQ as a feedstock for chemical synthesis of: (a) Uit@aMethanol; (c)

Cyclic carbonate; (d) salicylic acid [25-27].

The capture and conversion of €0 produce sustainable, synthetic hydrocarboradsanaceous
fuels, most notably for transportation purposesaamid- to long-term option is also being
investigated. In this regard, four major strategreslving CG, conversion by physico-chemical
approaches are highlighted: sustainable (or renkeyvapnthetic methanol, dimethyl ether, syngas
production derived from coal-, gas- or oil-firedeeric power stations flue gases, and
photochemical production of synthetic fuels [28]al®and co-workers [29] presented a detailed
literature review analysis of the chemical recyglof CG, to methanol and dimethyl ether. Other
researchers have reported the employment of gatigtimodified cyanobacterium to consume
carbon dioxide and produce liquid fuel isobutar@tthas the potential to complement gasoline
[30]. Table 1 summarizes key G@ansformation pathways to chemicals and fuelse fdtent
advancement in carbon capture and sequestratiarkag element in the global effort to mitigate
emissions is providing substantial quantities of,@&® a renewable feedstock for conversions to

commodity chemicals, fuels, and polymeric materddla reasonable cost.

Table 1 Conversion process of G@ fuels, and chemicals [31-35].



Transformati

Examples of Applications Comments
on Process
- Products of
Artificial Carbon monoxide (CO), formic acid, E:g&gtei:)encg?gggn il;:al
photoreduction synthesis gas (COM

dependent on the metal
photoelectrodes.

Electrochemic
al reduction

Numerous products including CO,
HCOOH, alcohols and light
hydrocarbons can be reduced fromCt

- There is a significant
theremodynamic efficiency
improvement need

Hydrogenation

Heterogeneous catalytic hydrogenatic
of CO, may produce a wide variety of
products including methane, methano
dimethyl ether, higher hydrocarbons,

and alcohols.

- Cost of hydrogen could be a
challenge

Synthesis of

Synthesis of carbonates such as
dimethyl carbonate, dialkyl carbonate:

- Very few metal oxides are
catalytically active for the

organic with longer chains (e.g. diphenyl direct carbonate synthesis
carbonates :
carbonate, cyclic carbonates) from alcohol and C®
Involves the reaction between - Suitable catalyst
Reforming hydrocarbons (fH) and CQ to form development is still at its
synthesis gas infancy
Photocatalytic Renewable and carbon-neutral fuels,
reduction of CO and CH can be produced when - Reduction of CQby typical
CO2 with water vapor serves as the electron catalyst TiQ is still low.
water donor.
Use CQ as a G source by microalgae Gas fermentation technology
Biological . Y ga . is still under development.
- for biofuels (e.g. ethanol) and chemic: .
fixation C, feedstock is not energy

(e.g. succinic acid) production

dense.

2. CO; based co-polymers

The development of sustainable and environmenkadhign polymers from renewable feedstocks
is important to reduce the dependence of most ergimg and commaodity plastics on fossil-based
resources[36—38]. Moreover, the global shift fraengable containment and packaging to single-
use contributed to an extraordinary growth in thestics market [39]. For instance, the global
plastic production reached about 407 million tonime2017 [39]. The most extensively produced
commodity plastics such as low density poly(ethg)efl.DPE), linear low density poly(ethylene)

(LLDPE), high density poly(ethylene) (HDPE), polygpylene) (PP), poly(ethylene terephthalate)
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(PET), poly(styrene) (PS) and poly(vinyl chlorid®VC) constitute close to 70% of the overall
production as shown in Figure 3a [39]. Overall, &th®8% of all plastics produced are employed
in packaging applications (Figure 3b), mainly beseaaf the appealing cost structure and excellent

packaging attributes of plastics [40] over otheterials such as metals or glasses.

In addition to their prevalent use, the stable earb carbon bond in the backbone of most of these
polyolefin and polyolefin derivative plastics thatithstand biodegradation, resulted in a
tremendous increase in the share of plastics inaipah solid waste. In middle — and high income
— countries, plastic waste increase was estimated fess than 1% in 1960 to more than 10% by
2005 [39,41]. The geographic distribution limitatiand unstable and unpredictable prices of fossil
fuel feedstock for such plastics coupled with th&rming waste accumulation and pollution
associated with non-biodegradable plastic causeth@easing research interest in sustainable
polymers. In the quest for an alternative raw malteo fossil derived resources, agricultural
feedstock such as polysaccharides, proteins, emfdsgnin, algae, glycerol, and lipids are being

extensively studied [11,42-45].

PUR PVC
PS

Additives HDPE

PVC

HDPE

PP&A

LDPE/LLDPE
LDPE/LLDPE

PP

Others

Figure 3. (a) Type of plastics produced worldwide (in petdeand (b) plastic use in the
packaging industry in the world in 2015 [40].Otherslude thermosets, elastomers, coatings etc.
that are not listed here.
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2.1.  Synthesis of CQ polymers

More recently, research and development effortsaiialysis, process development, and polymer
science and engineering put a spotlight on, ®@sed polymers. However, the kinetic and
thermodynamic stability of COhas limited its extensive utilization as a feedktfor polymers.
Many reactions pathways for the conversion of, @@ useful polymers involve positive change
in enthalpy AH) and thus they are endothermic. Consequentlybestantial input of energy,
effective reaction conditions, and often activeabats, are necessary for such conversions [46].
Despite these challenges, methods to overcome itite dnergy barriers based on reduction,
oxidative coupling with unsaturated compounds amvValent metal complexes, and increasing the

electrophilicity of the carbonyl carbon are beirayeloped [23].

CO, can be copolymerized with a number of cyclic ethér.g. cyclohexene and propylene
epoxides, aziridines, episulfides) to produce ayeaof novel alternating aliphatic polycarbonate
co-polymers [47]. Aliphatic polycarbonates refertlhermoplastic polycarbonates with a repeating
carbonate [- O — C(O) — O -] backbone linkage wibharomatic groups between the carbonate
linkages, contrary to the most useful engineerirggnatic polycarbonates. Some of the aliphatic
polycarbonates produced by the alternating copaligagon of CQ with epoxides include
poly(ethylene carbonate), poly(propylene carbonaply(butylene carbonate), poly(pentene
carbonate), poly(hexene carbonate), poly(styreneébocate), poly(cyclohexene carbonate),
poly(cyclopentene carbonate), and poly(cyclohexasliecarbonate) [48-50]. Of these,
poly(ethylene carbonate) (PEC), poly (propyleneboraate) (PPC), poly(butylene carbonate)
(PBC), and poly(cyclohexene carbonate) (PCHC), la@wva in Scheme 2, constitute major
industrial CQ application potentials [27]. The utilization ofethenergy rich three- membered

oxirane to react with Cand produce alternating G®ased aliphatic polycarbonates is gaining

12



ground as a sustainable alternative to the oldn@olgy of ring opening polymerization of (ROP)
of cyclic carbonate monomers to produce synthdifhatic polycarbonates. The other alternative
to produce aliphatic polycarbonates has been thigoementally malign synthesis that involves

polycondensation of trans-diols (e.g. bisphenol with toxic phosgenes.

R O
O
(a) x ij + XCO, Catalyst \I;)\OAOEI—
X

R

O
0 O
(b) co,+ Catalyst Zj I
n

Scheme 2 Copolymerization of epoxides with GQo produce: (a) R = H, poly (ethylene

carbonate) (PEC), and R= CH3, Poly (propylene gaat®); (b) poly (cyclohexene carbonate).

As shown in Scheme 2, the co-polymerization of,@@h oxirane occurs in the presence of
catalysts. The successful copolymerization of, @@h styrene oxide, limonene oxide, indene
oxide, and epichlorohydrin have also been repoirtetthe literature [51]. Although, the reaction
scheme for the synthesis of PEC and PPC aliphatmooates were reported in 1969 [52,53], their
use has been limited mainly because of limitatiamscatalysis efficiency and the material
performance of the polymers. Thermal propertiesaaneng the major challenge of most aliphatic
polycarbonates. For instance, the glass transiéioperature (J) of PEC and PPC is Z«, and

35 — 40 °C (close to human body temperature), otedy [54]. Such J ranges indicate that the
polymers are too flexible for a rigid engineeriniggtic applications, and too rigid for a typical

industrial elastomeric application, warranting tieed for further modification.

Many studies [55-59] demonstrated that the ringaojeco-polymerization of carbon dioxide and

epoxides is highly dependent on the selection dhlgst. Recent research effort results
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demonstrated that various homogeneous and heterogerorganometallic catalysts that contain
Zn (1), Cr (1), and Co(lll) complexes are commgrused [60]. The proposed series of catalytic
polymerization reactions are illustrated in Schén&he polymerization reaction initiates when an
epoxide molecule displaces a metal bound initiigand, and subsequent ring opening by the
nucleophilic attack of a carbonate group or liggmdorm a metal alkoxide intermediate. Carbon
dioxide then gets inserted into the intermediatefaion a metal carbonate species, and this
carbonate serves as the nucleophile for the sucopedhain propagations. The ring opening

continues, and the reaction therefore propagatebngybetween metal alkoxide and carbonate
intermediates. Changing the reactions conditionsxposure to reagents lead to hydrolysis of the
growing chain, and polymerization termination tigbuthe formation of a polymer chain end-

capped with a hydroxyl group [14,55].

Initiation
o (o}
VAN co )L
M—X — \O/\/X 2 M\o O/R

) Metal carbonate

Propagation o
o] }\ o
M (o] (o] O
M\OAQ/R \O/\/ Y R —“Q M\o/\/o\/\o)LO’R
o]

Metal carbonate\/
Metal alkoxide

co,

Chain trasfer

LR

Scheme 3Catalytic cycle of epoxy — G&opolymerization [14].

In the quest for improved catalysts for £€»-polymerization, research attentions have fotuse
environmental benign organometallic catalysts. Thiso avoid the undesirable consequence of
rather toxic metal catalysts that can potentiattyitt some industrial applications, and to qualidy f

composting and biodegradation requirements of tignperic materials. In this contest, metal
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center catalysts based on Zn, Mg, Fe, Ti, Al, aete being extensively investigated. Catalyst
properties such as surface area, amount of crystgllsize, and morphology can also significantly
influence the catalytic activity besides the typecatalyst [61], and as such it is another growing
area of research. For instance, due to the extellgalytic activity, selectivity, low cost, safety

and ease of synthesis, Zinc glutarate appeardxk tone of the most effective compounds for
commercial use in the copolymerization of £&hd propylene oxide [62,63]. Therefore, several
studies have focused to enhance the catalyticigotizZinc glutarate to produce cost competitive
PPC [61,64]. However, the currently available legtlyst systems are still one or two orders of
magnitude lower in efficiency than the common gaisl used for the synthesis of polyolefins [65].

The inefficiencies are associated with activitygguct yield, and purity of the product [60].

Because of the properties and success in catatysiserous studies show that PPC is the leading
CO; based co-polymer in terms of production. For eXamgreport by Research and Markets [66]
show that about 63,000 tonnes of PPC was produtéthina alone in 2016, with an ex-works
price of about USD 4.02/kg. In the same year,dglobal market size of PPC was estimated to
constitute about $610 million and is expected ngat a rate of 6.64% annually. Key industrial
players in the PPC market includes Empower mageridK Energy, Novomer, BASF, Cardia
Bioplastics™, Tianguan, Nantong Huasheng, Bangfeng, Jiang$ondrCAS Chemical Co., Ltd,
etc. Some governments (e.g. China) have starteghgpolicies to support the development of
CO, based biodegradable polymers including PPC. Reporthe commercial production of other

CO, based polymers is rather scarce.

2.2. Mechanical and thermal properties

15



Aromatic polycarbonates are well-known engineetimgrmoplastics with a range of applications
such as eyewear, medical devices, automotive coemendigital discs, lighting fixtures, etc. The
success of these aromatic polycarbonates is dtleetanique combination of properties: extreme
toughness, outstanding optical transparency, hegtt distortion resistance, impact resistance, and
excellent compatibility with several polymers [6Qn the contrary, aliphatic polycarbonates are
largely unexplored commercially until the 2000spitestheir synthesis in the 1930s’ at Carothers’
laboratory of DuPont [68]. This is mainly becaugethe characteristic low melting point, high
susceptibility to hydrolysis, and low molecular glei that result in a rather inferior property

compared to many traditional polymers [51].

Recent commercial success stories of aliphatic gaobonates from CQOare mainly as a low
molecular weight polycarbonate polyols, to produselyurethanes for varies applications
including automotive, coating, adhesive applicaio@verall, the use of GCas a feedstock to
produce polycarbonate co-polymers, while mitigat@@, accumulation in the environment,
resulted in a renewed research and commerciaksttan aliphatic polycarbonates. Moreover, the
quest for biodegradable industrial biopolymersyvitnich the hydrolysis susceptibility of aliphatic
polycarbonates that used to be perceived as majotations turned into their competitive
advantages [51,69,70]. This renewed research sitéed to an advancement in catalysis and

application development efforts of GEb-polymers.

Like other polymers, the properties of the alipbgtolycarbonates depends on the backbone and
side chains [71]. For example, Thorat and co-warké8] reported that PEC in its low; Tange

(ca. 10 °C) behaves as an elastomer at room tetapergith an elongation at break of over 600%
and completely recovers to the initial length afterloading. Conversely, the mechanical
properties of PPC are more complicated owing toaitsorphous morphology and higheg T

(35-42 °C) compared to PEC. Overall, PPC is bri¢tidow temperatures (below 20 °C), and



exhibits poor dimensional stability at elevated penatures. Table 2 presented mechanical
properties and thermal degradation temperaturesa oiew common C@ based aliphatic
polycarbonates. Comparison of PPCs as a functiamaécular number average (MTable 2)
indicates that higher molecular weight improvesstienmodulus. However, most commercial
PPCs display a wide range of polydispersity indeé®Ij, and comparisons based on solely M
would not be accurate. Studies have shown that @€&ived aliphatic polycarbonates are
completely amorphous [48,60]. Crystallization of@&nd PPC has not been observed, even for a

regioregular microstructure.

Thoratet al. [48] studied the physical properties of a homologougesesf CQ based aliphatic
polycarbonates with different side chain-lengthd showed that factors such as side chain length,
intermolecular dipolar interaction, and stiffnedstlee backbone chain affect the mechanical,
thermal properties and decomposition behavior of,.C® notable observation in this study
includes polycarbonates derived from long-chainxeges that exhibit Jbelow room temperature.
On the contrary, polycarbonates derived from cyekaime oxide showed g of 105 °C, which is
among the highest reported for similar polymersnikig et al. [72] synthesized poly (cyclohexane
carbonate) (PCHC) from GGand cyclohexene oxide. The properties of the PGH&ved a high

Tg of 135 °C in comparison with both PPC and PE behaves like a brittle polymer with an
elongation at break and tensile modulus of 1.7 & 2600 MPa, respectively. The brittleness of

PCHC is thought to be associated with the low cleatanglement density.

Poly(butylene carbonates) (PBC) prepared using melycondensation method, exhibited a
degree of crystallinity (calculated from wide angleay diffraction), glass transition temperature,
melting temperature, and thermal decomposition &atpre of 22%, -32 °C, 55.2 °C, and
>180 °C, respectively [73]. In an effort to improtree thermal stability of PBC, Cat al. [74]

incorporated cyclohexanedimethylene carbonate aedaped a series of poly (butylene-co-1,4-



cyclohexanedimethylene carbonate) (PBCCs) randorpobamers. The glass transition gfT
melting temperature and thermal decomposition teatpee of the PBCC co-polymers exhibited a
monotonous increase with an increase in the coratemt of the co-polymer component. The
increase in J ranges from -32 °C for the baseline PBC to 47 6€ RBCC co-polymers that
contain 90% cyclohexanedimethyle carbonate. Thee@se in thermal decomposition temperature
ranges from 337 to 373 °C for the aforementionedpsas [74] Clear changes in tensile properties

and crystallinity was also presented as a resuli@to-polymerization effort.

Table 2 Mechanical properties and peak degradation temtper (Ge) of CO, based poly
(alkylene carbonate) polymers.

Tensile yield Tensile Elongation Tdeg

Polymer strength modulus  at break (TGA, Reference
(MPa) (MPa) (%) °C)

Poly(ethylene carbonate) - 3-8 >600 229 [48]
Poly(ethylene carbonate) i i
(M, 127 kDa, PDI 1.9) 10 88.04 [75]
Poly(propylene carbonate)
(M, 50kDa, PDI 1) 215 830 330 285 [76]
Poly(propylene carbonate)
(M, 260kDa, PDI 4.97) 17 680 255 290 1771
Poly (propylene carbonate
(M., 350 kDa, PDI 5) 15 2000 >300 302 [78]
Poly(butylene carbonate)
(M, 70,400, PDI 1.76) 28.1 320 447 337 [74]
Poly(cyclohexane
carbonate) (M42 kDa, 43 3600 1.7 - [72]

PDI 6)

As illustrated in Table 2, the peak thermal decositpmn temperature of PPC is above 250 °C
from thermogravimetric studies. It is importantpoint here out that the PPCs are obtained from
different companies, and as a result, there isfardnce in the catalyst used for production as is
molecular weight. As expected, the thermal degradaemperatures presented here showed a
correlation between molecular weight and decompositemperatures. The higher molecular

weight PPC (M = 350 KDa), and the lower molecular weight PPG, M50 KDa) exhibited a
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peak decomposition temperature of 302 and 205 WSpectively. Overall, the thermal
decomposition temperature of PPC is in the rang&86f to 260 °C [79-81], depending on the
molecular size, catalyst used to prepare the PREco-polymer component (cyclic propylene
carbonate used during PPC synthesis), the ambianst amd the heating rate during the
measurement. A study by Tao and co-workers [82w&ld the improvement in the thermal
degradation behavior of PPC with an increase in emdar weight. The employed
thermogravimetric study results are shown in Figde The onset thermal degradation
temperature showed an increase by about 37 °Geandlecular weight (V) of the PPC increased
from 109 to 227 kg/mol. In general, this study skdwhat increasing the molecular weigha
terpolymerization or multipolymerization might ben amportant method to improve the
mechanical and thermal properties of PPCs. In entestudy, the effect of molecular weight (2 to
263 kDa) on the thermal stability of PPC has begonted. The 2 kDa molecular weight PPC is a
polyol [83]. It is interesting to note that bothkPa and 137 kDa molecular weight PPC showed
nearly the same onset thermal decomposition terperaith heating rate of 1 °C/min undeg N
atmosphere (Figure 4b). However, the rate of deasitipn of 2 kDa PPC is much faster than
PPC with137 kDa molecular weight. Such behavi@xisected as low molecular weight polymers
with more end groups can undergo faster unzippirgghanism than high molecular weight
polymers. In the same study, the effect of amhbiastduring the thermal decomposition of PPC is
reported (Figure 4c). The PPC appeared to haveehitftermal stability under air atmosphere
compared to the corresponding samples under nitrag@osphere. This could be due to specific
intermediate species during the PPC decompositimtess react with oxygen to slow the
decomposition. Further investigation is worthwhoebetter understand the role of oxygen in PPC

decomposition phenomenon.
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Figure 4. (a) TGA curves of PPC with various molecular virtég (2) Mn = 109 kg/mol; (b) Mn =
132 kg/mol; (c) Mn = 156 kg/mol; (d) 227 kg/mol. &gted from ref.[82] Springer, copyright ©.
(b) Neat Novomer PPC with molecular weights of 2ak37 kDa, 160 kDa, 219 kDa, and 263
kDa at a ramp rate of IC/min in N2 atmosphere. Adapted from ref. [81] Eleg, copyright ©
2006. (c) Neat Novomer PPC with molecular weighitg &Da, 137 kDa, 160 kDa at a ramp rate
of 5 C/min in N and ambient air atmosphere. Adapted from ref. B&¢vier, copyright © 2006.

Mechanisms for the thermal decomposition of alighpblycarbonates reported in the literature
includes: (i) random chain scission (chain scissioecur at random locations), (i) polymer
unzipping/end-chain scission (individual chain erds stripped successively starting from the
end), (iii) chain stripping (side groups are clehvfeom the backbone), and (iv) grafting and
crosslinking (bonds are created between chains31684]. Cyclic propylene carbonate by random
chain scission is the typical degradation prodwsiegated from thermal decomposition of PPC

(Scheme 4) [60,81,85]. Different research team i@&e studied stabilizing agents and additives



that inhibit polymer chain-end unzipping and randdmain scission of PPC, that enhance thermal
stability. Maleic anhydride, pyridine, benzoyl ctitte, ethyl silicate, acetic anhydride, phosphorus
oxychloride, 4-nitrophenyl chloroformate, and virylloroformate have been used to end-cap the
PPC and inhibit unzipping reaction during thermalgessing [81].
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Scheme 4(a) Chain unzipping reaction in PPC occurrunggan alkoxide or carbonate backbiting
pathway creating the cyclic propylene carbonatthagroduct. (b) Chain scission reaction in PPC
via thermally induced cleavage of C-O bonds crgaterbon dioxide as one of the products[81].

Li et al. [87] demonstrated that chain unzipping depolyméona dominated the thermal
decomposition of PCHC. Separate studies by Bahraehial. [88] and Liet al. [87] highlighted
the importance of residual metal catalyst systerthenthermal decomposition of such polymers.
For instance, the onset thermal decomposition teatye of PCHC containing 5 ppm zinc
catalyst was 56 °C higher than that of PCHC thattaios 4,400 ppm of residual Zinc [87]. For
PPC, similar observation of increasing rate of ti@drdecomposition with an increase in residual
catalyst concentration was reported (Figure 5a). [B&an be seen from Figure 5a that PPC with
2450 ppm zinc showed two distinct degradation soph lower thermal stability compared to
PPC with 250 and 1250 ppm Zinc residue. The finsinge in the slope was attributed to the cyclic
propylene carbonate impurity decomposition, whicsviormed during PPC synthesis. After the

purification of the PPC by high-pressure fB@ater system, a cyclic propylene carbonate
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decomposition was not observed in the PPC, whilangsrovement in thermal stability was
marked. Overall, the thermal stability of the PP@sweffectively improved by reducing the

residual Zinc catalyst apart from enhancing meatagroperties.

Similarly, Figure 5b presents the thermal degragabf PCHC as a function of various Zinc
concentrations from thermogravimetric analysis. Theses showed the increase in the onset and
peak degradation temperatures with the reductiothénresidual catalyst content. It was also
evident that the change in catalyst concentratifect®d the molecular size of the PCHCs. The
number average molecular weight differences ambaegamples with the three catalyst levels was
about 10 kDa among each other, and it can be patedil that the molecular size variation could
also play a role in the observed thermal degradatehaviors. In a broad sense, it appears that
PCHC polymers have better thermal stability tha@ RRd PEC. PEC on the other hand generally

exhibits a lower decomposition temperature in camspa with PPC or PCHC [48].
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Figure 5. (a) Dynamic TGA curves (N2- 5°C/min) for PPC witlrious zinc contents: (250 ppm
Zinc content with Mw of 509,570 and PDI 2.79; 13%m Zinc content with Mw of 508,373 and
PDI 2.97: 2450 ppm Zinc content with Mw of 463,7&&d PDI 3.26) Adapted from ref.[88] RSC
©. (b) Effect of catalyst residue on thermal st&pibf PCHC — 1 (Mn = 46.3 KDa, Zn content
4500 ppm), PCHC - 2 (Mn 58.6, Zn content 120 ppamg PCHC — 3 (Mn 69.6, Zn content
5ppm). Adapted from ref.[87] Springer, copyright ©.
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Taoet al.[82] synthesized a range of high molecular weRfACs by incorporating small quantities
of difunctional epoxides to the catalyst systeme Vhriation in molecular weight (Mof the PPC
resulted in a dramatic impact on both the thernmal mechanical performance of the polymers.
Figure 6 presented the dependence of storage n®(iiluas a function of temperature for various
molecular weight of PPC from dynamic mechanicalysig studies. This study clearly showed the
dependence of storage modulus on molecular weigcifically near the glass transition
temperature (J). For instance, belowyIwhile the storage modulus of the low moleculargheéi
PPC (Mn = 109 kg/mol) was 4.3 GPa, the high mokaculeight PPC in the study (M= 227
kg/mol) exhibited a storage modulus of about 6.9aGWFhis is a 60% increase in with
approximately double of the molecular weight. the rubbery zone (above)T PPC with M of
227 kg/mol displayed a modulus of 38 MPa, whereBE€ Rvith M, of 109 kg/mol showed a
modulus of only 8.6 MPa. This is a 340% differebetween the high and low molecular weight
PPCs. Furthermore, modest changes in wak observed from the inflection point of the atmr
modulus (Figure 6). While PPC with,\f 85 kg/mol showed aglof around 43 °C, PPC with Mn

of 227 kg/mol showed agbf about 51 °C [82].

1010

E' (Pa)

107 -

20 30 40 50 60 70 80 90
Temperature (°C)

Figure 6. Plots of storage modulus (E’) against temperatdr@PC with different Mn. (a) Mn =
85 kg/mol; (b) Mn = 109 kg/mol; (c) Mn — 156 kg/mdt) Mn = 227 kg/mol. Adapted from ref.
[82] Elsevier, copyright © 2006
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2.3. Physical properties

CO, based polymers are generally amorphous resulirggpod optical transparency after they are
processedia melt extrusion, solution casting, injection molgliar compression molding. PPC is
amorphous in most polymer processing and treatteahiniques, including electrospinning that
usually aligns and changes crystal morphology. Weak molecular chain interaction, and the
presence of many weak polar, flexible C — O — Cdsom the backbone leads to its amorphous
state[82,89], which is quite different from many lymefins that shows various range of
crystallization behaviors. However, some Lhased aliphatic polycarbonates may crystallize
under special treatment. For instance, TakahagshKafima [90] demonstrated the crystallization
of poly(trimethylene carbonate) under tension, ettewugh the polymer returns to a complete
amorphous morphology when the tension is relax&8$ Blso exhibited some crystallinity [74].
Wu and co-workers [91] reported GOased PCHC polymer from the asymmetric alternating
copolymerization of C@and cyclohexene oxide with semi-crystalline moipgg. This polymer

is stereoregular with typical semi-crystalline theplastic behavior, which displays a high melting
point (Tm) of 215230 °C and geak decomposition temperature of 310 °C. WiddeaXgray
diffraction study of PEC polymer by Ungest al. [75] showed a wide, amorphous halo
morphology, confirming the amorphousness of PEE RIPC.

Solubility of polymers is important not only to p@ee solution cast films, but also to conduct
characterizations such as molecular size quartiicaPPC is soluble in chlorinated hydrocarbons
(e.g., chloroform, dichloromethane, benzene, antldioethane), tetrahydrofuran (THF), acetone,
methyl ethyl ketone, ethyl acetate, etc. [92,93hilevinsoluble in water, ethylene glycol, ethyl
alcohol, methanol, and other aliphatic hydrocarbd@gbstituted aromatic compounds are also
poor solvents of PPC[60,93], PBC and PCHC are $®inbIHF [72,94]. Liuet al. [95] conducted
detailed investigation on the solubility of PEC tlyaracterizing the physical properties of PEC
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solutions in various solvent systems. The studywslbthat PEC is soluble in chloroform, 1,4-
dioxan, N-methylpyrrolidone (NMP), dimethyl sulfatd, dimethyl formamide, and 2 -pyrrolidone,

m*>2. The study demonstrated

which have a solubility parameter ranging from &@314.7 caf“c
that 1,4-dioxan was the best solvent among thaestugl/stems. Dichloromethane also solubilizes
PEC. The lack of functional groups on common alighgolycarbonates usually limits
modification potential to enhance either their pbaisor thermal properties. As observed in many
polymer systems, the incorporation of functionaugrs offers an array of further functionalization
or modification options to tailor such material pesties including hydrophilicity, hydrophobicity,

biocompatibility, and biodegradability for variopsirposes [50,96,97]. Thus, the incorporation of

active functional groups in these €lased aliphatic polycarbonates is an expectedtgrarea.
2.4. Processing and applications

The fact that C@based poly(ether carbonates) are made by fixati@@0O,, and their outstanding

properties such as relative ease of processalstityngth, low density, biodegradability, and good
electrical insulation render these materials ofhhigdustrial interest for applications in the
electronics, industrial packaging, agricultural ofulfilms, foams, biomedical and health care
sectors. Moreover, the recent advances achievétkicatalysis of C®Ocopolymerization makes

industrial scale production of aliphatic polycarbtes feasible. The major limitation to the
industrial scale thermoplastic processing of softhese common polymers is the low thermal
degradation temperature. For instance, most PE@BQ&currently available in the market start to
degrade in the vicinity of 150 and 180 °C, respetyi Thus, methods of broadening the
properties and processing window to enhance thicappity of aliphatic polycarbonates need to

be investigated.
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Since poly (ether carbonates) have the propensitgbisorb some moisture [78,98], drying is
important prior to processing to avoid hydrolysiewever, the low glass transition temperature of
some of the common polymers in this group (e.g. PE@C) limits traditional elevated
temperature drying. Thus, low temperature vacuuyimdr or freeze-drying may be employed to
avoid sticking of pellets that otherwise would ocdwdried at elevated temperatures. PPC can be
processed by all major thermoplastic processingnigces such as injection molding [78], blow
molding [99], blown films [100], extrusion film casg [78], compression molding [101], solvent
casting for films [98], spin casting [93], and dlespinning [102,103]. It is important to note that
solvent casting have possibility to remove theiliag agent by dissolution [81]. Consequently,
the thermal stability of the PPC could be redud®dC can also be processed as a thermoplastic
employing extrusion for film casting [104], soluticcasting for coating and thin films [105],
electrospinning into a fiber [106], and spray cogt{107]. PCHC can also be processed with
various thermoplastic processing methods: extrugi68], injection molding [108], compression
molding [72], and electrospinning [109]. Poly (bletye carbonate) is a new entrant to the family
of poly (ether carbonates) and as a result, itegasability and applications are not extensively
identified in the literature. Some literatures mépd that PBC have beneficial properties in tape
casting and other applications where flexibilitdagood green strength are critical [73] could also

find biomedical and environmental applications [[L10

The increasing environmental concern from plastaste prompted considerable interest in the
preparation of biodegradable materials. Geyer amdvarkers [41] analyzed the global mass
production of plastics, their use and fate, andsgmeed the lifetime distribution for eight core
industrial use (Figure 7). Packaging, that consi®8 — 41% [39,87] of all plastics produced, has
the shortest lifetime. Thus, there is a speciaradt in replacing stable plastics that have short

lifetime applications such as packaging, shoppiagsh composting bags, mulch films, and other
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consumer uses. G@o-polymers such as PEC and PPC are excellent datedi for use in
packaging and other short lifetime plastic appiwad. The potential of COco-polymers in
packaging is not only because of their biodegrdifgbbut also because of the excellent gas
barrier properties. For example, the oxygen perifigabf PPC is below 20 ciim?day/atm, this

is much better than other biodegradable and coraplestpolymers, such as poly (lactic acid)
(PLA), poly(butylene succinate) and Ecoflex thabwh a permeability of 550, 1200, and 1400
cm’/m?/day/atm, respectively [71].
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Figure 7. Product lifetime distributions for the eight indual use sectors plotted as log-normal
probability distribution functions (PDF). Adaptetbin Ref.[39] Science advances, copyright ©
2017.

The use of C@based polyether carbonates as the polyol compdoergolyurethane polymer
production is perhaps one of the most advancedicapipin, which is currently pursued at a
commercial scale by multinational companies sucG@sestro and Aramco. Polyurethanes, with a
global production of about 20 metric tonnes in 2Ql1#%1] are among the top six most extensively
used polymers for an array of applications (e.@nfs, elastomers, coatings, thermoplastics,
sealents, and adhesives). All polyurethanes ar lopithe polyaddition process of polyols and
(poly) isocyanates, with a characteristic chairk laf urethane group. This paves the way for an

immense quantity of COco-polymer utilization as a sustainable feedstotkpolyurethanes.
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Additionally, polyols are important polymer addgw for applications as plasticizers, chain
extenders, and processing aids [112]. While a deverariety of polyols exist in the market,
polyether polyols, polyester polyol, and polycaratenpolyols constitute the majority of the polyol
production.

Conventional polyols are sourced from petroleund$éack through an energy demanding process
that result in a large GJootprint [113]. This has resulted in a significamterest for renewable
resourced and eco-friendly process for the devedopraf polyols. A typical example of this effort
is the chemical conversion of vegetable oils imtypls. However, the use of edible resources for
such industrial products is creating direct contjmetiwith food and feed production [114]. On the
contrary, CQ-based co-polymers do not rely on agricultural peses. Thus, the use of £&% a
renewable and ubiquitous co-monomer to producegpody carbonate polyols can provide an eco-
balance resulting in enhanced sustainability [11Bjfe cycle analysis suggested that
oligoethercarbonates with 20 wt.% ¢€@an reduce greenhouse gas emissions by 11-19% whil
saving 13-16 % of fossil resource [115]. SchemdlUustiates the reaction between polyether
polyol, derived from CQ and isocyanate crosslinking agents for the swmhef polyurethane.
CO, based polyurethane foams can be used for manycapphs because of their properties
(mechanical, hydrolysis/oxidation resistance), aralcomparable or even better than conventional
polyurethanes [116]. This has resulted in an irsgdaindustrial activity for the commercial
production of CQ@based polyols. For instance, Huasheng Polymer i€dlantong city, Jiangsu
province, China has been in progress to produc8000tonnes/year of C&polyols [117].
Covestro (Germany) has also planned to setup arfaatthich can produce 5000 tonnes/year of

COy-polyols [118].
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Scheme 5 Reaction between GObased polyol and isocyanates for the production of
polyurethanes.

2.5. Other uses of C@Qbased aliphatic polycarbonates

The unique combination of biodegradability, reneiMitgband biocompatibility of CQ based
aliphatic co-polymers have attracted a signifidaterest for industrial polymers and biomedical
applications. The use of G@n polymers is one of the most successful exampiesprocess that
utilizes CQ as a feedstock. About 30 — 50% of these polymeassnis derived from carbon
dioxide, with the remainder derived from petrocheats [115,119]. Applications of carbon
dioxide polymers in industrial plastics are depemnden molecular weight regimes. The low-
molecular-weight hydroxyl end-capped polycarbonaes applied as polyols in the manufacture
of polyurethane [120]. The relatively low viscosgiand glass transition temperatures of these
polymers makes them suitable substitutes for thmnoon petrochemical based polyols that are
used to make furniture foams, adhesives, clothimgy eoatings [121]. Alternatively, the high-
molecular weight polycarbonates can be used ind rigiastics, blends with bio-based and
petrochemical based polymer, matrices for polyman)composites, etc. [78,122]. Table 3 and
Figure 8 summarizes reported possible applicafionthese polymers.

Table 3. Applications of CQ based aliphatic polycarbonates co-polymers.

Aliphatic
polycarbonate Applications
polymer
Poly(ethylene - lon-conductive polymer for flexible solid electrtdyg [90,123]
carbonate) - Binder for ceramic powder [124]
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Coatings, pastes and inks [104]

Used to make high purity technical parts [104]

Multi-layer packaging film barrier layer due to Itav oxygen barrie
feature [125]

Medical applications (e.g. for controlled drug ede because of its
biodegradability [125]

Temporary adhesives for wafer-to-wafer bonding [126

Reactive hot melt adhesives for plastics (polycadbes, acrylonitrilg
butadiene, poly(methyl methacrylate)), metals (tsetdeel) [127]
Polyurethane foams for mattresses, automotive ,seatarests
sponges, furniture cushioning, foam sheetings[£28]

Waterborne polyurethane emulsions: polypropylendazate wag
used as the soft segment for coating and filmsiegapns [94]
Poly(propylene - Thermoplastic polyurethane adhesives [129]

carbonate) - Biomedical material for tissue scaffolding, drudrdery carriers,
non-woven fabrics etc. [109,119]

Functional biodegradable packaging film (e.g. amobial film)
[130]

Electrospun fiber mats for porous materials [102]
lon-conductive polymer for flexible solid electrodg [90,123]
Temporary adhesives for wafer-to-wafer bonding [126

Tape casting and other applications where flexjbdnd good gree
strength are critical [73]
Biomedical and environmental applications [110]

=)

Poly (butylene|
carbonate)

Temporary adhesives for wafer-to-wafer bonding [126
Binders, electronics, coating resins, surfactantsfaams and others
[51]

Hydrogels [94]

Moldable rigid thermoplastics such as toys, utesnsibothing article
etc. [131]

Decomposable channel former [132]

Pore former [132]

Sacrificial placeholder [132]

Poly (cyclohexene
carbonate)

Uy

Catalyst
xCO, + x 2 —>y

R

Figure 8. Sustainable polymer applications from £léased aliphatic polycarbonates. PEC, PPC
and PCHC can be prepared by copolymerization of @it oxiranes.

30



3. Polymer blends from carbon dioxide based polymersral co-polymers

Polypropylene carbonate (PPC) is the most stud@ygner in comparison with the other €O
derived polymers such as poly (ethylene carbon&EL), poly (butylene carbonate) (PBC), and
poly (cyclohexene carbonate) (PCHE)owever, the widespread commercial use is stillefiim
because of limitations in processability limitatspmperformance (e.g. poor thermal stability and
mechanical properties) and cost factors. Sevesalareh efforts includinglending it with other
polymers, incorporation of additives, and incorpiora of fillers are currently in progress to
mitigate these shortcomings. The following sectieniews the key understanding achieved in
the use of PPC as a co-blend of various polymendtaition systems, including biodegradable
and non-biodegradable polymers. Process technologypatibilization chemistries and their

impact on the phase morphology and performanciatés of the blend are also reviewed.
3.1. PPC based polymer blends

In order to improve processability and/or costdtite of PPC, melt blending is one of the most
cost-effective and technically less challenging hodt to prepare polymeric materials with
desirable features, and as such, it is crucialh® glastic industry[133]. Many commercially

successful blends are made through traditional rokedhding processes (e.g. extrusion). For

31



instance, super tough nylon (Zytel ST801), is amireering thermoplastic made by melt
compounding of nylon 6,6 with functionalized rubbémteractions, miscibility, compatibility,
composition, and individual component propertiee aome of the crucial parameters that
determine polymer blend properties [134]. The at&ons between polymers can be characterized
by the Flory—Huggins thermodynamic interaction pagter, which in heterogeneous blends can
be related to the size of the dispersed particdd@%][ Depending on the component polymer —
polymer interactions, polymer blends can be caiegdras (i) miscible; forming a single phase,
(i) immiscible; forming two phases while remainingmpatible, and (iii) incompatible with high
interfacial tension [136,137]. Miscible blends daa produced when the polymer blend possesses
single-phase morphology at the microscopic level.tke other hand, the morphological features
of immiscible blends exhibit phase separation atrthcroscopic level. In general, most polymer
pairs are not miscible becausdaf/ entropy of mixing and high enthaljpesides difference in the
solubility parameter of the blended components. Whemiscible polymer blends show
improvements in their mechanical performance, ttmyld be considered as compatible blends or

partially miscible blends [134].

Thermal, mechanical, and thermomechanical proggeatie typically used to identify the individual
polymers miscibility and compatibility within thédmd at the molecular scale [138]. For example,
miscibility of polymers in a blend system can beognized through glass transition temperature
(Tg) measurements. This is because miscible blends simgle Ty while immiscible blends show
multiple Tq. Understanding of the phase morphology and comifiti of immiscible polymer
blends is crucial because these features subshamiguence the performances of the final blend
material. The phase morphology of polymer blendglfitdepends on the blended polymers

viscosity, processing parameters, blend composiéod compatibility.
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Compatibilization is an effective strategy to impeahe performances of the immiscible polymer
blends by enhancing the compatibility between tleeaded components. The compatibility of the
blends can be enhanced by the incorporation oftisddisuch as compatibilizers [139-141]. A
compatibilizer improves the interfacial adhesion reduces the surface tension between two
polymer phases via intermolecular bonding and clentanglements, thereby enhancing the
mechanical properties of the blends [134]. Thus,fdrmation of miscible and compatible blends
is essential to achieve enhanced properties asam@ahpo their individual counterparts. The first
patent on compatibilization of binary polymer blendas published in the 1950s. From 1960s
onwards, the compatibilization of different bingsglymer blends such as poly(vinyl chloride)
(PVC)/polyolefin [142], PVClelastomer [143], PVClgbutadiene [144], poly(vinylidene
fluoride) (PVDF)/poly(methyl methacrylate) (PMMA)145], and polystyrene (PS)/poly(vinyl
methyl ether) [146have been investigated in both academia and indssifhe first reviews on
the compatibilization and interfacial propertiespaflymer blend systems were published in the
1970’s by Yu [147], Gaylord [148], Lipatov [149], and Paul5@,151]. In recent reviews,
Muthuraj et al. [134], and Imre and Pukéanszky [135] comprehensivedyviewed the
compatibilization of varies biodegradable polymé&rnils. These review articles pointed out that
the compatibility of polymer blends could be enhshdy adding reactive or non-reactive
compatibilizers. Among the compatibilizers, bloapolymers, graft copolymers, targeted fillers,
impact modifiers, ang-irradiation or electron beam (combined with orherit a co-agent) are
widely used to enhance the compatibility of polyrknds.

3.2. PPC blends with biodegradable polymers

CO, co-polymers, such as poly (propylene carbonatedheir current development stage will not
fulfil most performance requirements for commera@gplications as a polymer. This is because

such polymers have high susceptibility to hydrayand low molecular weight, resulting in
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relatively poor mechanical properties, and ratlogr inelting temperature as discussed in section
3.1. Consequently, blending of such polymers withep polymers to improve both their
performance and cost structure have been of mutdrest, in line with the concept of
sustainability and eco-friendliness (Figure 9)other cases, PPC have been used as an “additive”
to improve the performance or environmental suatality of other polymers. In this section,
various blends of CO co-polymers, with a focus on PPC, with biodegréeland non-

biodegradable polymers are discussed (Table 4).

Biobaseqd

Paseq 107
Figure 9. PPC blended with different biodegradable and biodegradable polymers.

3.2.1. PPC/PLA blends

Poly (lactic acid) (PLA) is among the most promgspolymers in the emerging bioplastics market
due to its availability and attractive cost strueturhis polymer is a biocompostable thermoplastic
with good transparency that can be derived frorty ftdnewable monomer,e. lactic acid [60].

The lactide monomer can form two stereoisomers usscéactic acid contains two chiral carbon

centers. Therefore, the performance of PLA is gfiyodependent on its stereochemical monomer
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compositions [134]. PLA can be used for many apgilbims including packaging, textiles, three
dimensional (3D) printing, electronic componentssroetics, biomedical (e.g., biocompatible
sutures, implants, biologically active controllesleiase devices), etc. Because of its renewability
and compostability, PLA is widely considered aseayypromising material to produce bio-based,
biocompostable and in some cases, biodegradabfenpoblend materials with other biopolymers
pairs. Blending of PLA with other polymers usuallyget improving its performance properties
(e.g., brittleness), cost structure, and biodediditha Ma et al. [152] studied the effect of melt
blending PLA with PPC at 110-120. Two independent glass transition temperaturegrass to
PLA and PPC, respectively were observed. It wasrteg that the J of PPC phase increased
from 22 to 34°C with increasing PLA component in the blend, wheré@e T of PLA phase
decreased slightly (by 3) as the PPC concentration increased in the blEmel.changes in theyT
of both polymers indicated the partial miscibilibetween PLA and PPC [152]. It was also

mentioned that the thermal stability of PPC wasrowupd in the blends compared to neat PPC.

Due to the inherently higher tensile strength amding’s modulus of PLA, the PPC/PLA blend’s
tensile yield strength and modulus increased wiitréasing PLA content. The experimental
tensile yield strength and Young’'s modulus valuethe PPC/PLA blend with up to 60 wt. % PLA
were superior to theoretically predicted values.tla contrary, lower experimental tensile yield
strength and Young's modulus were observed comptareteoretically calculated tensile yield
strength and Young’s modulus values when the PPE/MBEends prepared with higher than 60
wt.% PLA. Such a negative deviation of PPC/PLA bewith higher than 60 wt. % PLA was due
to the poor interfacial interaction between the ponents. The toughness of the PPC/PLA blends
increased with increasing PLA content up to 50%t.However, the toughness of the PPC/PLA
blends has reduced when the PLA content increaseésD{70 wt. %. The observed toughness

reduction was attributed to a phase inversion. Haweanother study [60] on a PLA/PPC blends
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gave different experimental data and conclusioamfthe study mentioned above. In this study,
the blend of PPC and PLA was also prepared threxg¢rfusion blending, but at a temperature of
170°C [60]. There were no changes observed in thefThe two polymer phases. Moreover, it
was reported that a good dispersion of the comgsnanthe matrix was detected, illustrating a
good compatibility. The Young’'s modulus ranged fr600 to 3800 MPa, and the yield strength

linearly changed from 4 to 80 MPa with increasiig\Rontent in the PPC matrix [60].

A similar observation was reported in an injectrnaulded PPC/PLA blends [78]. The injection
moulded PPC/PLA (60/40) blends was considered asptimal blend because it provided a
substantial increase in elongation without too maaimpromise in tensile strength. Therefore, the
PPC/PLA (60/40) blend was selected by Sainal. [78] and compatibilized with different
concentration (0.2, 0.5 and 1 phr) of epoxy chatemder (Joncryl ADR 4368-C). Chain extenders
are normally low molecular weight multifunctionabrapounds with desirable thermal stability.
Melt processing of polymer blends in the presericeuch chain extenders can cause long chain
branch structures, crosslinking structures, blockgmaft copolymer structure formations via
covalent bonding [153]. Such covalently linked Wdograft or crosslinked copolymer structures
enhance the compatibility between the componenidbjgolymers. As a result of the covalent
bond, such chain extender compatibilized polymezntds exhibit much higher mechanical
properties as compared to their corresponding Blemepared without chain extender. For
example, the PPC/PLA (60/40) blend prepared with ghr chain extender showed a dramatic
increase in elongation (1940%), tensile streng®¥4B and secant modulus (16%) compared to the
baseline PPC/PLA (60/40) blend without compatieilizThese improvements suggest that PPC-
Joncryl-PLA co-polymer formation improved the cornipidity between the PPC and PLA in the
presence of Joncryl. In the same study, it was mtéed that the water vapor permeability (WVP)

of the base PPC was reduced after blending with lié\to the high crystallinity of the PLA. The
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oxygen permeability (OP) of the PPC/PLA blends warteeh lower than both PPC and PLA. Such
permeability improvements are very desirable aitab for packaging applications. However, the
use of Joncryl compatibilizer did not positivelyluence the WVP and OP of the PPC/PLA blends
compared to PPC/PLA blend without Joncryl. Ovematl,optimal Joncryl concentration could be a

potential chain extender and compatibilizer for FR@ blend systems [78].

Yao et al. [154] improved the compatibility of the PPC/PLA btk with the help of maleic

anhydride (MAH). The MAH concentration was varigdrh 0.15 to 1.5 wt. % to enhance the
compatibility and miscibility of the PPC/PLA blendehe PPC/PLA blend prepared with 0.3 wt.%
MAH exhibited an optimal improvement in compatityilibased on the reduction of inclusion
phase size. When the PPC/PLA blends are prepart#d hgher than 0.3 wt.% MAH, the

compatibility between the blends was reduced, wigdh agreement with their earlier study [80].
The ductility of the PPC/PLA blend was improvedtive presence of MAH compared to the
PPC/PLA blend without MAH. The enhanced ductilit the PPC/PLA was attributed to the

plasticization effect of the MAH. In the PPC/PLAebd, the PLA content was varied while
keeping constant ratio (0.3 wt.%) of MAH. While tiR¥PC/PLA blends tensile strength has
reduced up to 30 wt.% PLA incorporation, an inceeams observed when the incorporated PLA

was beyond 30 wt.%.

Influence of polyvinyl acetate (PVAc) on the MAH aenapped PPC (MAH-PPC)/PLA blends
compatibility was explored by Gaa al. [155]. A uniform dispersion of MAH-PPC was obtained
in the MAH-PPC/PLA blends when 10 wt.% PVAc was edldnto the MAH-PLA blends. The
PVAc was located at the interface of the MAH-PP@Hklends to bridge the MAH-PPC and
PLA. The formed bridges led to an increase in tbmmatibility between PLA and MAH-PPC
irrespective of the blend composition in the rasgltblends. The improved interfacial adhesion

between PPC and PLA resulted in finer phase moggyolwhich was far more favorable in



triggering large-scale shear yielding comparedhs ¢oarse phase morphology observed in the
PPC/PLA blend without compatibilizer [156]. It wabserved that the PPC/PLA blends with PPC
as a major phase showed tensile strength (28.5 MR@)Young's modulus (1.4 GPa) values

comparable to commodity polymers such as polypepy[157].

The elongation at break of the MAH-PPC/PLA blendssweffectively improved with the help of
tetrabutyl titanate (Ti(OBy) transesterification catalyst [158]. During thisactive process,
oligomers of MAH-PPC, MAH-PLA and MAH-PPC-b-PLA qmlymer were generated by direct
ester-carbonate exchange, alcoholysis, and acidalgactions. The produced block co-polymer
was located at the interface to compatibilize theHVPPC/PLA blend while the formed oligomers
plasticized the MAH-PPC/PLA blend. Due to this pilgzation effect, the elongation of the MAH-
PPC/PLA blends have increased with plastic defaonatvhereas tensile strength has decreased
compared to the baseline pristine blend. Amongptfeeluced blends, a maximum elongation (~
400%) was observed in the MAH-PPC/PLA/Ti(OB(J0/30/1 phr) blend with a tensile strength
of ~ 29 MPa. However, the impact resistance of M&H-PPC/PLA blend did not show
significant improvement after compatibilization.iSttould be attributed to a lack of elastomeric

or rubber structure formation to spread deformatioargy to large parts of the matrix.

However, the impact strength/toughness of the PLlas wubstantially improved by mechanical
blending with commercially available thermopla®ieC polyurethane (PPCU) [159]. The improved
toughness of the PLA was due to the shear yieltiaigoccurred in the PLA matrix by the cavitatidn o
PPCU particles. The PPCU/PLA (50/50) blend shoivepact strength of 102.8 kJnwith an
elongation at break of 457.9%[159]. In another g{udPC-b-PLA co-polymer was formed in
PPC/PLA blends during reactive blending with Ti(QBwatalyst (0.5 and 1 wt.%) by
transesterification (Figure 10) [160]. The forme@b-PLA copolymer improved the miscibility

and compatibility of the resulting blend. In adalitito an increase in compatibility/adhesion



between PPC and PLA phase, the PPC-b-PLA co-polyaar also form block co-polymer
micelles in the matrix, which decreases the coamgerate in the morphology development as
shown in Figure 10b. The elongation at break of PR& (60/40) blend with optimal catalyst
concentration (0.5 wt.%) exhibited a nearly twadfahcrease compared to the uncompatibilized
PPC/PLA (60/40) blend. Hwang al. [161] improved the compatibility between PLA and@P
blend with MAH and Luperox 101 initiator by reaaiprocessingThe oxygen barrier properties

of the blends slightly increased compared to néat Ifecause of the increased crystallinity.
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PLA phase

—

‘00

PLA phase

0
®me
00 ;

PC-b-PLA copolymer

PPC matrix

PPC matrix

Degree of transesterification gradually increases with catalyst

Figure 10. Schematic representation of the compatibilizatafin PLA/PPC blends with the
transesterification reaction. Adapted from ref.qlLéopyright © 2018

In another study, the miscibility of blown film PA&ZA blend was improved with the help of 9
wt.% biodegradable plasticizee., poly(1,2-propylene glycol adipate) (PPA) [162]. Diethe
high transparency of PLA, the clarity of the PPGAARPA blend was higher when the blend was
prepared with higher PLA content. A similar trendsaobserved in the haze values. Depending on
the PPC/PLA compositions, the machine direction ttadsverse direction tear strength of the
resulting blend films varied between 100.6-131.8rkMnd 112.8-143.4 KN/m, respectively. These

tear strength values are much higher than polyetigyfilm (73.3 kN/m in the machine direction
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and 83.3 kN/m in the transverse direction) that prasessed similarly [162]. In summary, several
studies have demonstrated that the blending of RitA PPC, together with coupling agents can
improve key performance features (e.g. mecharticatmal properties), and processability of PPC

polymers.
3.2.2. PPC/PHBYV blends

Microbial — produced poly (hydroxy butyrate-co-vale) (PHBV) is fully biodegradable bio-
polyester polymer, which has potential applicationa wide range of application platforms,
including the packaging and biomedical fields[163#HBV, produced by a variety of
microorganisms as an internal carbon storage, isoptically active and biocompatible
thermoplastic amenable to melt-processing. Thdivelg high cost, brittleness and narrow melt-
processing window constitutes major limitation$fBV [60,163]. With the intention of utilizing
the ductile PPC to modify the brittleness of PHBWile maintaining the biodegradability, Coee

al. [164] prepared a blend of PPC and PHBV throughusidn blending at 170C. The study
showed that the rather fragile mechanical behagfoPHBY was improved in the presence of
PPC, as observed from the improved elongation edkorThe impact strength of the blends was
also significantly enhanced compared to the neaB\PHwvhich is a significant improvement
concerning its potential utilization for film dewgment. Moreover, the barrier properties of PPC
(for both oxygen and water) were improved due @ Migh crystallinity of PHBV. This study
demonstrated that blending PHBV and PPC could peaetical and feasible way to extend their

application field as bioplastics, especially in gazkaging platform.

Injection molded PPC/PHBV blends with different centrations of PHBV were prepared by
Enriquezet al. [165] and Correst al. [164]. Owing to the high strength and stiffnes$éfBV, the

tensile yield strength, Young’'s modulus, and hedledtion temperature of the PPC all increased
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with increasing PHBV content in the resulting PREBY blends. In these samples, the toughness
of the PPC reduced with increasing PHBV due toirtherent rigidity of the PHBV. Furthermore,

it was observed that the PPC shrinkage could beebneliminated with the addition of 30 wt.%
PHBV [165]. Correet al. [164] used melt blended PPC/PHBYV films (100 and 159 to study the
oxygen permeability (OP) and water vapor permeghjivVVP) at 23°C and 50% RH [164]. The
PHBV had lower WVP and OP compared to neat PPCusecaf the crystallinity of PHBV. The
lower oxygen and water permeability of the PHBVistesl in the reduction of the OP and WVP of
the PPC/PHBYV blends compared to neat PPC. The edd0® and WVP from neat PPC down to
neat PHBV were not linear. It was found that theCHFHBYV (50/50) blend has lower OP and
WVP than other prepared blends. This phenomenoll ¢@ve come from the thinner morphology

of the blend, leading to a longer torturous pathyi®g].

Melt compounding of PLA/PHBV/PPC ternary blends evgrepared to study their compatibility
and mechanical performances [166]. The produagite blends were not miscible. Despite their
immiscibility, the ternary blends showed superioughness compared to binary blends of PPC
with either PLA or PPC. The improved toughness maily due to the synergistic effect of the
dispersed components [166]. Similarly, the perforoes of a solution blended PPC/PHBV with
different blend compositions were investigated endPet al. [167] and Taoet al. [168]. The
PPC/PHBYV blends showed complete immiscibility beeaof their difference in crystallinity. The
crystallization rate difference between PPC and YHBndered the reactivity between the

molecules to enhance miscibility.

Reactive compatibilization is expected to improfae interfacial interaction between PPC and
PHBV, thereby enhancing the performances of thelltieg blends. For example, Lét al.
[169,170] conducted reactive compatibilization oPRC/PHBV blend with 0.2 wt.% dicumyl

peroxide (DCP) and 1 wt.% glycidyl methacrylate (&M During reactive processing, PHBV



graft PPC co-polymer was formed by a transestatibo reaction. The formed copolymers
improved the compatibility with small and uniformroglets of PHBV inclusion phase.
Furthermore, the compatibilized PPC/PHBV blend stababout 12.3% reduction in crystallinity.
The mechanical performances of the reactive coimipaéd PPC/PHBV blends were compared
with mechanically blended PPC/PHBYV blends [170]e Tinpact energy and elongation at break of
the reactive compatibilized PPC/PHBYV blends werad® 18 times higher than the mechanically
blended corresponding blends, respectively. Asamrptl earlier, the observed improvements in
the mechanical properties were due to the enhameedibility with the help of reactive

processing.
3.2.3. PPC/PHB blends

Poly (3-hydroxybutyrate) (PHB) is another promisibigdegradable thermoplastic polyester. It
possesses superior biodegradability and biocomifiigtithat makes it a favorable material in the
face of global concern associated with plastic eg@stllution and non-renewable fossil feedstock
utilization. Additionally, PHB has very similar gperties to conventional polypropylene and
polyethylene, which are among the most extensivélized petroleum-based commodity plastics
[134,171]. Nonetheless, the brittleness and higdt-structure of PHB has limited its commercial
success in many applications [134,172]. Since PP& ductile polymer with high elongation at
break, it was hypothesized that blending of PPhvAHB could be an appropriate route to

produce polymer blends with improved and optimigeaperties.

For instance, Yang and HL72], investigated a solution blend of PHB and RR@g chloroform
as a common solvent. Two distinct observations wieade here depending on the concentrations
of the PPC and PHB component regimes. When higiaslings of PHB were used (>30 wt. %),

two distinct Ty values were observed, indicating the immiscibibgtween PPC and PHB. The
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crystallization behavior of PHB did not show angrsficant changes as PPC was added into the
system. The morphological study of the blends sladoalear phase separations between the PPC
and PHB phases in these composition ranges. Thenati®ns here demonstrated that there was
no miscibility between the two polymers as the PttlBcentration in the blend increased beyond
30wt. %. However, the elongation at break of PHBsw#&nificantly enhanced with a slight
decrease in the tensile strength, which was indieaif an improvement in the toughness of the
blends. This suggests that PPC could be actingpasécizer of the PHB in these concentration
ranges. The same study [172] reported that thatisol blending of PPC with PHB exhibited
enhanced miscibility when the blends were prepawgtl <30 wt.% PHB concentration. In
another study, solution casting (chloroform as oty of PPC/PHB blend was performed. Results
demonstrated that these blends are immiscible ist m@mpositions and only miscible when the
PHB content is 10 wt.% or lower [173]. Yang and Hid2] observed that the addition of PHB
enhanced the strength of PPC, but reduced its lidpdiiemendously. In fact, the ductility
decreased from 1090 to 2.7 % with the addition @fwt. % PHB, due to the crystallization of

PHB within the blend.

More recently, researchers are working on modifyang improving the miscibility of PPC/PHB
blends so that a new green material with tailoredperties can be obtained. For example,
electrospinning of PPC/PHB blends with acetyl ygtcitrate (ATEC) plasticizer and polyvinyl
acetate (PVAc) compatibilizer was prepared by usirgplvent mixture of 90% chloroform and
10% dichloromethane [174]. With the incorporatidntltese additives into the PPC/PHB blend,
the miscibility of the blends was greatly improwad hydrogen bonding interaction (Figure 11). It
could be seen that the blend in the absence ofiaelkliexhibited complete immiscibility with a big
inclusion domain size. On the contrary, the indasiomain size was reduced considerably with

uniform dispersion and an enhanced embedment of iRRI& PHB matrix when the blend was
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prepared with higher additive loading (Figure 1amdi d’). This phenomenon was ascribed to the
fact that the additives aimed at dispersing the RR&Csmall domains in the PHB matrix, leading
to interactions between PPC and PHB. As a reshé, dlectrospun PPC/PHB/PVAC/ATEC
(25/43/12/20) blend (prepared with 25% solvent emi@tion) fibres showed a maximum
elongation at break of 475% and a maximum tensiength of 22 MPa. The fibres developed as
such could be used in air and water filters, ab=uripads in diapers, wound dressings, surgical

sutures, and drug delivery applications.

Figure 11 Optical micrographs of the PHB/PPC/PVAC/ATBC ldsrwith and without polarized
(a, &) 75/25/00/00, (b, b’) 47/25/08/20, (c, c5/25/10/20 and (d, d’) 43/25/12/20. Adapted from
referencé®copyright © 2017.

Propylene carbonate (PC) was shown to be an eféeptasticizer for PPC. For example, Zheu
al. [175], investigated MAH end-capped PPC/PHB blgnidsticized with different concentrations
(0-15 wt.%) of PC to study the brittle-ductile tsition of the resulting blends. In this study, the
brittle-ductile transition of the PPC/PHB (50/50ghd had reduced from 60 to 2Q after the
addition of 12.5 wt.% of PC. As expected, the madubf the plasticized PPC/PHB blend had

diminished with increasing PC content. The PPC alarsize in the plasticized PPC/PHB blend



became uniform and smaller. This phenomenon wasdstnated to be beneficial in improving

the toughness and reducing the brittle-ductilediteon of the resulting blends.
3.2.4. PPC/PBS blends

Poly (butylene succinate) (PBS) is an aliphatialbgradable polyester that can be produced from
poly-condensation of succinic acid and 1,4-butalfitiié—179]. Recent efforts demonstrated the
production of succinic anhydride building block ye&amentation of polysaccharides, and as such
PBS can be partially biobased [134,180]. Therdss an intense research activity to produce 1, 4-
butandiol from renewable feedstock, and as suishnitore than likely that PBS can be completely
bio-resourced in the next few years. PBS as a mhisra semi-crystalline, biodegradable and
compostable polymer with excellent thermal stapilftvide processing window) that offers
outstanding material properties comparable to cotiweal polymers such as polyethylene and
polypropylene [134]. Therefore, PBS is an interggttandidate to produce fully biodegradable
polymer blends with PPC. Melt blended PPC/PBS pihéends were investigated by Zhasical.
[181], Panget al. [182], Chenet al. [183], and Henket al. [184]. Zhanget al. [181] observed the
partial miscibility of PPC/PBS blends that was eyl with 10 wt.% PBS. When the PBS content
increased above 10 wt. %, the resulting blendshebeai complete immiscibility due to the onset of
crystallization, which led to phase separatiomvds also observed that the PPC/PBS blend with 10
wt. % PBS showed minimal increment in the impagtrgjth compared to neat PPC. The impact
strength of the PPC/PBS blends was negatively taifleevhen the PBS content was increased
above 10 wt. % in the resulting blends. In confrésé ductility of the PPC/PBS blends has
gradually reduced up to 20 wt. % PBS incorporatighile further addition of PBS resulted in an
exponential deterioration resulting in a brittldypoeric blend. Optimum properties were obtained

in the PPC/PBS (90/10 wt. %) blends with considierafiscibility.
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Unlike the observation by Zhamjal. [181], Panget al. [182] noted the enhanced miscibility with
increasing PBS content in PPC/PBS blends. Thisystltalms that the enhanced miscibility was
attributed to the reduced viscosity of these blefti® viscosity reduction had resulted from the
higher processing temperatures and processing .tibes to the orientation-strengthening effect
of PBS, both the yield strength and strength aaloref PPC/PBS blends were enhanced with
increasing PBS content. Furthermore, the yieldngtite of the blends exhibited a marked
improvement in the PPC-rich regimes. Hergkeal. [184] prepared a series of PPC/PBS blends
without any compatibilizer and found that almost alechanical and thermal properties
deteriorated, indicating that PPC has a detrimesffatt on neat PBS andlce versa. The impact
toughness of the PPC/PBS blend could be improvethéyaddition of<10 wt.% of PBS. The

shrinkage of the PPC was entirely eliminated bydbieg it with 50 wt.% PBS.

The performances of the PPC/PBS blend could betefédy improved with the incorporation of
suitable additives like compatibilizers or couplinggents. Chenet al. [183] selected
triphenylmethane triisocyanate (TTI) (0—0.54 wt&&)a reactive compatibilizer to compatibilize a
PPC/PBS blend film by a calendaring process. Bettsite strength and ductility of the blends
increased with increasing TTI up to 0.36%, abovéctvit deteriorated significantly. In this study,
processing parameters such as die temperatureZ160€) and calendaring roller speed (15-35
rpm) were optimized to enhance the performancethefresulting blends. The blends prepared
with a die temperature of 20C€ showed optimal mechanical properties. Due tootientation of
the crystalline phase toward machine direction (MBg mechanical properties of the blend films
were superior in MD as compared to transverse tilnme¢TD). Similarly, calendar roller speed

enhanced the properties in MD while it deterioratedD.

In another study, PPC was modified with L-Aspaatotd (Asp) to improve its melt processability

[86]. It can be seen from the Figure 12 that th€ PRcessed without Asp at 120 (Figure 12A)



and 150°C (Figure 12C) showed lower viscosity because efrtfolecular weight reductions. On
the other hand, PPC modified with Asp exhibitedsigmificant reduction in the average molecular
weight indicating good thermal stability at 120 (Figure 12B) and 156C (Figure 12D). The
compatibilizing effect of the Asp in the PPC/PB8rils was investigated with 2 wt.% of Asp. The
resulting PPC/PBS/Asp blends exhibited remarkabiyproved flexibility, yield strength, and
Young’'s modulus compared to similar blends prepargdout Asp. The observed improvement in
the properties was attributed to the enhancedfadiat compatibility between PPC and PBS with

the help of Asp.

Figure 12 The extrusion photographs of (A) extruded neat RP126C, (B) extruded PPC with
2% Asp at 120C, and (C) extruded neat PPC at 260 (D) extruded PPC with 2% Asp at 1%D.
Adapted from ref. [86] copyright © 2016.

3.2.5. PPC/Starch blends

Starch is a renewable, biodegradable, natural potysaride polymer. It has attracted significant
attention as a co-blend component of various bictble and non-biodegradable polymers to
produce sustainable materials due to its film-fogniproperties, melt processability after
plasticization, renewability, biodegradability, niiability, low cost, and abundance [185,186]. In
this sense, the inherent properties of starch dé@rikom various resources were exploited as a co-

blend of CQ based co-polymers, specifically PPC in the last i@cades. Several of these studies
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have focused on optimizing the processing methagl (eelt blending, reactive blending, etc.,),
and the material performance of starch—PPC bleadirstance, Get al. [187] conducted melt

compounding of PPC with corn starch (CS) at 150

The performances of PPC/CS blend systems weretigatsd by Pengt al. [188], Geet al.

[187], Zenget al. [189], and Maet al [190]. Penget al. [188] prepared PPC/CS blends from 100/0
to 60/40 ratios and found that the resulting bleexdsibited good compatibility due to hydrogen
bonding interaction between the hydroxyl groups<C& and carbonyl groups of PPC. Quantum
mechanical modelling, based on density functiomeoty (DFT), has been used to confirm
hydrogen bonding interactions between the PPC &acths [191]. It was predicted that two
hydrogen bonds with -11 kJ/mol average binding g@ngver hydrogen bonding could form
between the monomer of amylose and one monomerP&. Hhe computationally predicted

hydrogen bonding distance between the amylose B@ddan be seen in Figure 13.

Spigpe 1 T
o8 s w0 s & ’

Figure 13. Geometrically optimized structures of one amylosmomer with one PPC monomer
complexes at (a) quantum mechanical calculatioedas DFT and (b) Semi-empirical method
based calculation. Adapted from ref. [191] copytig2007.

(

In another study[187], PPC/CS blend ratios of 65{8530/70 were prepared. The Young's
modulus of the PPC was enhanced with the additiostarch [187,188], irrespective of the

concentration. The experimental Young’'s modulusesof the PPC/starch blends were found to
be higher than the theoretical values of the bleflls higher experimental Young’'s modulus was
due to the excellent interaction between the PP& starch. On the other hand, the percent
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elongation at break of PPC had drastically redUcech 641 to 1.87% when PPC/starch blends
were prepared with 35 wt.% starch. The reducedgaitton at break was in agreement with the
observed Young's modulus improvements of the bI§®i#]. It was observed that the PPC blend
with higher amount of CS content showed voids aagsgbetween the PPC matrix and CS
particles. The observed voids and gaps betweenPfR€ and CS were attributed to the
incompatibility and poor interfacial adhesion betwethe blended components [187], at higher

loading of starch

Chemical modification of starch is one way to imgrahe compatibility of starch with PPC. As an
illustration of this, Zengt al. [189] modified starch via acetylation to enhance higdrophobicity

of the resulting starch. As expected, the hydrophiybof the modified starch was dependant on
the degree of substitution of the acetyl groupslikdriower degree of acetyl group substitution
(<0.51), the higher degree of acetyl group substitushowed a single-phase microstructure. The
acetylated starch/starch acetate with PPC blendsvesh improved compatibility and strong
interfacial adhesion between the blend phases. Zeray [189] also studied the mechanical
properties of the PPC/starch acetate blends. Toewydf that the tensile strength increased with
increasing starch content while the impact strengils decreased. The degree of acetyl group
substitution (DS) on the starch controlled the na@dtal properties of the PPC/starch acetate
blends. For instance, a maximum strength was obddrvthe PPC/starch acetate blend prepared
with 0.51 DS starch. Due to the good dispersiostafch acetate in the PPC matrix, the continuity
of the ductile PPC phase was interrupted when keds were prepared with a higher DS starch
content. Consequently, the toughness of the reguttiend was reduced. Overall, the PPC/starch

acetate blends exhibited enhanced strength andigumbmpared to that of the neat PPC.

Similar to melt blended PPC/acetylated starch téinsile properties of the PPC/S-g-PMA blends

were investigated by Get al. [192] through melt blending PPC/polymethylacrylgtafted starch



(PMA-g-S). This blend showed dramatic improvement the interfacial adhesion and
compatibility between the PPC and starch [192]he PPC/PMA-g-S blends showed an almost
linear tensile strength increment up to 35 wt.%-BMA loading. There was no change in tensile
strength when S-g-PMA was incorporated beyond 33owtompared to the neat PPC. The
toughness of the PPC was also enhanced with thicaddf S-g-PMA due to the secondary
bonding interaction between the components. Dubédcstiffening effect of modified starch, the
modulus of the PPC was improved with the additibrup to10 wt.% starch, while the further

addition of S-g-PMA resulted in saturation.

In a separate study, 1 wt.% succinic anhydride (8&9 used to compatibilize PPC/starch blend as
reported by Maet al. [190]. When the PPC/starch blends were preparett ®A, a better
interfacial interaction between the PPC and stavak observed compared to uncompatibilized
blend. Besides, morphological analysis revealed tthe starch particles were very smooth in the
uncompatibilized blend while coarse starch parsi¢ldack arrow in Figure 14C) were formed in
the compatibilized blend (Figure 14c). This mormystal observation suggests that the
compatibility between the PPC and starch was imgutawn the presence of SA. The improved
compatibility between the PPC and starch with SA lba explained as follows: SA can end-cap
with PPC and starch during melt processing. WhereSd-.capped PPC and starch were located in
the same vicinity to interact with PPC and stathb, interfacial tension could reduce, resulting in
the improvement of compatibility. The enhanced catilyility between the PPC and starch with
SA increased the mechanical properties (e.g., bstrass, break strain, and Young's modulus)

compared to similar blends without SA (Figure 14d &4b).

Since the components are bio-based and biodegmdakl PPC/starch blends are also bio-based
and expected to be fully biodegradable, which gives added advantage of being environmental

friendly. In addition, the relatively low cost ofasch drives the overall cost of the PPC/starch



blend besides the observed improvements in medcilaar thermal properties of such PPC —
PPC blends. Thus, a blend of PPC with starch haeat gpotential to be utilized in various

applications that benefit from biodegradability amgbroved cost structure.
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Figure 14. The effect of starch contents on mechanical pt@se (a and b) of PPC/starch
composites with and without SA; (c) surface morplggl of PPC/starch (70/30) blend (a and b)
and PPC/starch/SA blend (c and d). Adapted from{180] Elsevier © 2017.

3.2.6. PPC/EVOH blends

Poly(ethylene-co-vinyl alcohol) (EVOH) is a biodadable, semi-crystalline thermoplastic with
excellent processability, transparency, chemicsistance and gas barrier properties [193]. Studies
have explored the performance improvement of PRQuth blending with EVOH. In order to
investigate the advantages of EVOH blending witiCP®/anget al. [194] prepared PPC/EVOH

blends with different compositions by melt blendifidhey have found that PPC/EVOH blends
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were not miscible when the blend was prepared loithEVOH (<40 wt. %) content. However,
when the PPC/EVOH blends were made with higher #anwt.% EVOH, the resulting blends
showed better miscibility due to molecular interactbetween the PPC and EVOH. There was no
change in the tensile strength with up to 30 wtof£VOH incorporation to the PPC. Owing to
the rigidity of EVOH, the ductility of the PPC blés were deteriorated with the incorporation of
EVOH up to 30 wt. %. A further increase in EVOH tamt, up to 60 wt. %, showed the tensile
strength of the blend increasing without any chamgeluctility. The increased strength with
increasing EVOH content (40-60 wt. %) was due ® ¢nhanced miscibility via intermolecular
interaction between the EVOH and PPC. The EVOHRRGE have contributed synergistically to
provide rigidity and ductility to the PPC/EVOH bls) respectively. It was concluded that the best

performances were obtained in the PPC/EVOH blentts Y OH content between 40-60 wt. %.

After obtaining a proper compatibility between aimized polyvinyl alcohol (PVA) and EVOH
binary (70 wt. % PVA — 30 wt. % EVA) blend, Chenal. [195] prepared ternary blends of PVA,
EVOH, and ultrahigh molecular weight (M= 250 KDa) poly(propylene carbonate) (UHMW-
PPC). The UHMW-PPC content was varied from 50 t60 ®@. % in the ternary blend. Good
compatibility across various phases was observetienresulting ternary blends because of the
reaction between the hydroxyl groups and carborgligs of the PVA/EVOH blend and UHMW-
PPC, respectively. As a result, a considerablecas® in tensile strength of the PPC matrix was
observed due to the reinforcing effect of PVA/EVQOHbwever, the elongation at break of neat
PPC (350 %) was significantly reduced (~5%) after incorporation of 10 wt. % PVA/EVOH.
There was no further reduction in the elongatiobragk with increasing PVA/EVOH content in

PPC.

3.2.7. PPC blends with other biodegradable polymers
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In addition to PLA, PHB, PHBV, PBS, starch, and B¥Gsome other biodegradable polymers
have also been blended with PPC to produce PP Bas&inable materials. For example, PBAT
is a semi-aromatic, biodegradable polymer thataslpced by polycondensation reaction between
1,4-butanediol, terephthalic acid, and adipic &3d}176,178,179,196]. It has mechanical
properties similar to that of low-density polyetaye (LDPE), while the oxygen barrier property of
the PBAT is 50% lower than LDPE [134] limiting iggplication in high barrier packaging. The
PBAT properties can be tailored through blendinthv@PC to extend its application range. For
example, various ratios of PPC/PBAT blend blowmfivere investigated by Pahal. [197]. In
this study, the Jand crystallite dimension of the PBAT was reduicethe presence of amorphous
PPC. The tensile strength and tear strength oP®@/PBAT blend films were much higher than
the neat PBAT. Specifically, the tear strengthnaf PPC/PBAT (50/50) blends showed 166 kN/m
(transverse direction, TD) and 175 kKN/m (machineation, MD). This value was significantly
higher than that of the neat PBAT tear strengt). (& kN/m (MD) and 42 kN/m (TD)). The GO
N, and Q permeability coefficient of the neat PBAT alsouedd from 7.12 to 2.61 barrer, from
0.59 to 0.087 barrer, and from 0.73 to 0.17 baafter blending it with 50 wt. % PPC,
respectively. C@ has better solubility in PPC, because PPC itselyinthesized from carbon
dioxide and propylene oxide by co-polymerizationor®bver, owing to the excellent flexibility
and amorphous character, the PPC can intercalatéhi@ amorphous region of the PBAT, thereby
restricting the movement of small molecules throulge polymeric chains. The reduction in
permeability of the PPC/PBAT blend towards &d N was due to the reduced availability of

active sites in the PPC matrix to form physicaérattion with oxygen and nitrogen molecules.

In the study of Xinget al. [198], PPC was blended with different ratios ofldeke acetate
butyrate (CAB) (100/0 to 0/100) via melt processingven though these blends were

thermodynamically immiscible, they exhibited pdrtimiscibility due to hydrogen bond
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interactions. Both tensile strength and elastic uhegl of PPC/CAB blends were significantly
improved with increasing CAB content [198]. For exde, the PPC/CAB (50/50) blend exhibited
21 times higher tensile strength than the neat PIP@se improvements were attributed to the
strengthening effect of CAB in the PPC. Owing te tompatibility between PPC and CAB, the
PPC/CAB blend had some level of ductility whileneasing the CAB content. Zhaegal. [199]

also prepared a blend of maleic anhydride end chppC (MAH-PPC) with thermoplastic liquid
crystalline ethyl cellulose (EC) by solution cagtitwhile the study did not include methods for
analyzing compatibility and miscibility of theseshbls, it clearly demonstrated the enhancement in

thermal stability of PPC because of the EC blending

Polyvinyl alcohol (PVA) is a biodegradable synthgiolymer with excellent flexibility, chemical
resistance, high oxygen and aroma barrier progebigeause of its semi-crystalline structure, and
comparatively high glass transition temperaturg (I00,200]. These features are beneficial to
improve PPC'’s properties in a blend system. Insindy, a melt blend of PPC/PVA showed good
compatibility as a result of hydrogen bonding kedw the PPC and PVA, thereby producing a
fine dispersion of inclusion phase [201]. Hydrodaeonding interaction between the carbonyl
groups and terminal hydroxyl groups of PPC and twygr groups of PVA was schematically
represented in (a) and (b), respectively in FigLls¢201]. The PVA can produce carbonyl groups
after partial alcoholysis, which can form hydrogeanding (Figure 15a’) with the terminal
hydroxyl groups of PPC, thus establishing a physwass-linked network structure at a
microscopic level. These network structures loeaiat the PPC/PVA interface provide good
compatibility between PPC and PVA at a macrosctepiel. Due to the good compatibility, thg T
of the PPC was increased from 34.1 to 44.0 °C vatewt. % PVA was added into the PPC. Such
a blend also improved the tensile strength and gsumodulus of the PPC from 10.5 to 39.7 MPa

and from 146.5 to above 700 MPa, respectively. WihenPPC/PVA blends were prepared with
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over 50 wt.% of PVA, the exposure of PPC carbonglug during melt process was limited
because of the accrued high viscosity. Consequenm#gk interaction between the PPC and PVA
was observed with two relaxationgfpeaks. In another investigation, benzenesulfengl-capped
PPC (BC-PPC)/PVA blends were prepared by solutlending [202]. Before making the blends,
the benzenesulfonyl end capping was employed in #Pi@prove the thermal stability of the
PPC. It was found that the BC-PPC/PVA blends weseitvle in the PVA rich composition range
whereas BC-PPC/PVA blends were immiscible in th€ IiEh composition range. The observed
immiscibility of the BC-PPC/PVA blends were attribd to the presence of end-capped
benzenesulfonyl, which exhibited repulsive effeet do sulfonyl group and the spatial impact due

to benzene ring.

In another study [100], miscible PPC based teriépds were prepared with PVA and polyester
based thermoplastic polyurethane (TPU) in a blowm forocess. The effects of different
concentrations of a binary blend of PVA and TPU%#0%) in PPC matrix were investigated.
The PPC/(50% PVA/50% TPU) blends did not show pleegsration which suggested that the
blended components were miscible at a microscopiell In addition, the miscibility was
validated with a single jrobservation. As a result, the mechanical propertiensile strength,
elongation at break, and tear strength) of the B¥®@4 PVA/50% TPU) blend blown films were
found to be superior to the neat PPC 3E0 At room temperature, the tear strength andgsiton

at break of these PPC/(50% PVA/50% TPU) blown fiimgeased remarkably with the addition
of 30% (50% PVA/50% TPU) blend. Overall, the PPC¥%b PVA/50% TPU) blown film
performances were comparable with commercial pblgenhe. These observations could widen
the PPC based material applications in the arédowefn film platforms. In another study, Zhasayg
al.[203] demonstrated that the entire composition BERoly(p-vinylphenol) (PVPh) blends are

miscible with a single § The miscibility of the resulting blends was dttied to the formation of
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strong hydrogen bonds between hydroxyl groups hadkygen functional groups of PVPh and
PPC, respectively.
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Figure 15. Hydrogen bonding interaction between PPC and 20A].

Chenet al.[204] have produced PPC based blends with hyperehead poly (ester-amide) (HBP)

by melt blending. These blends showed patrticle itmigy via hydrogen bond formation between

PPC and HBP. In order to observe the phase morghadd the blends, the HBP phase was
selectively removed from the PPC/HBP blend by usimegghanol. The PPC/HBP blend with 2.5
wt. % of HBP showed uniform dispersion of the irstun phase. However, the HBP domain size
increased with increasing HBP content up to 5 wt. ™e increased HBP domain size was
attributed to the domination of intramolecular naigion between the functional groups of HBP
compared to intermolecular interaction betweenRRE€ and HBP. The maximum tensile strength
and elongation at break of the PPC/HBP blends wbserved with 0.5 wt.% and 2.5 wt.% HBP
concentration, respectively. The observed improvemen the properties were due to the
enhanced interfacial interaction between the PRCHBP through hydrogen bonding. However,
both tensile strength and elongation at break wletementally affected when the HBP content
was above 5 wt.%. These reductions were attributedhe phase separation of HBP by

agglomeration in the PPC phase.
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Wu et al. [110] modified PPC properties by melt blending wilfferent concentrations of
poly(butylene carbonate) (PBC). The Pukanszky medgbested the existence of some extent of
interfacial adhesion between the PPC and PBC,w&dtinthe PPC was found to be immiscible with
PBC. In this study, both tensile toughness and anpaughness of PPC/PBC blends were much
higher than the neat PPC. The marked impact towsghimeprovement was mainly attributed to
cavitation and shear yielding mechanisms. Furthezmibie PPC/PBC blends with 20 to 30 wt.%
of PBC showed brittle to ductile transition. Unlitensile strength, the elongation at break of the
PPC/PBC blend increased with increasing PBC conferib 50 wt.%. The enhanced toughness of

the PPC after blending with PBC could extend tha@iegtion for PPC.
3.3. PPC blends with non-biodegradable polymers

In addition to PPC blends with biodegradable polyntigere are few studies conducted on PPC
blends with non-biodegradable polymers (Table 4 Example, poly (methyl methacrylate)
(PMMA) [205-207], poly(ethylene-co-vinyl acetateE\(A) [208], polystyrene (PS) [209],
urethanes [210], epoxy [112], polypropylene (PP)1]2 and bisphenol A (BPA) [212]. The goal
of blending PPC with non-biodegradable polymerstastailor the properties of PPC (e.g.,
processability, mechanical, thermal). In other sad®PC can be utilized as an additive (e.g.,
plasticizer, impact modifier) to other polymers. Mdaecently, there is an interest to reduce the
carbon footprint of synthetic polymers via incorgton of renewable polymers. PPC and other
CO;, based co-polymers are among the candidates tbdiesng extensively researched for such

purposes.
3.3.1. PPC/PMMA blends

Poly(methyl methacrylate) (PMMA) can be used toriowe the performances of the PPC because

it has excellent mechanical properties with a lighPPC/PMMA blends are thermodynamically
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immiscible [205]; thus there is a need for comphti&tion. For example, Li and Shimizu [205]
investigated the compatibilization of PPC/PMMA Hlerwith PVAc. In this study, the
compatibilizer used in PPC/PMMA blends enhanceddispersion of PMMA phase in PPC by
changing the phase morphology from sea-island toocwinuous morphology. As a result, the
PPC/PMMA blends showed increments in both tenditength and modulus with increasing
PVAc content up to 5 phr. Beyond 5 phr, the PPC/PMblends did not exhibit any change in
strength while the modulus deteriorated. Howevie percent elongation at break of all the
studied PPC/PMMA/PVACc blend ranges were very higfi00o) due to the enhanced compatibility
between PPC and PMMA. The PPC/PMMA blends prodweduch have a lot of potential in
various application platforms including those tleatrently rely on polyethylene, PP, and PS
[205].

In another study by Yoet al. [206], PPC/PMMA blends were compatibilized withdérdifferent
compatibilizers i.e. poly(ethylene-co-glycidyl methacrylate) (EGMA), Ip(styrene-g-
acrylonitrile)-maleic anhydride (SAN-g-MAH), and fe& anhydride (MAH). The effects of these
compatibilizers were investigated by varying thencentrations in a PPC/PMMA (70/30) blend.
It was found that the PMMA inclusion phase sizengigantly reduced from 3.4 to 0;8m with the
addition of these compatibilizers, which was atttéddl to the enhanced interaction between the
PPC and PMMA phase. The enhanced compatibility byathe virtue of the combined effect of
the polar—polar interaction between PPC and MAHh@lwith the intermolecular forces between
acrylonitrile of SAN and PMMA. Similar to SAN-g-MAHompatibilized PPC/PMMA blend,
EGMA compatibilized (5 phr) PPC/PMMA blend showddersgth improvement. In the case of
MAH compatibilizer, the PPC/PMMA blend yielded maxim strength with the addition of 0.5
phr MAH. Due to the plasticization effect of thengpatibilizer, the tensile strength of the
PPC/PMMA blend was reduced when the compatibilczertent increased above 5 phr. Among
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the selected three compatibilizers, the SAN-g-MAdnpatibilizer was more effective because of
the enhanced miscibility between the blended comaptsn Yanget al. [207] used supercritical
CO, as a solvent to conduat situ synthesis modification of PPC/PMMA blends. The ified
PPC/PPMA blends showed enhanced properties becdiube improved compatibility and fine
dispersion of PMMA in the PPC. The PPC/PMMA blenidhws wt.% of PMMA resulted in a
fourfold increase in tensile strength [207]. Theldistrength of the PPC increased by 180% with a
small amount (3.5 wt. %) of PMMA addition into tR€C. Significant improvement in properties
with the small amount of PMMA addition was due e fine (nanosize) dispersion of PMMA in
the PPC matrix. The observed improvements in timsilee strength are comparable with the

PPC/PMMA (70/30) blends prepared by other techrgque
3.3.2. PPC blends with other non-biodegradable pamgers

Fei et al. [212] prepared PPC/Bisphenol A (BPA) blend usintytson blending. The PPC/BPA
blend with lower BPA concentration (e.g. <30 wt. @#@monstrated miscibility due to the
hydrogen bonding interaction between the PPC andl. B¥hen the BPA content was increased
beyond 30 wt. %, the resulting PPC/BPA blend shoimadiscibility due to BPA crystallization.
The mechanical properties of PPC and low molecuasight urethanes such as 1,6-
bis(hydroxyethyl urethane)hexane (BEU), 1,6-bisdfoxyisopropyl urethane) hexane (BPU), and
1,6-bis(methyl urethane)hexane (HDU) blends waudist by Cheret al. [210]. When 1 wt.% of
BEU was added to PPC, significant strengtheningc&df were observed in the resulting blend,
with a 37% increase in strength. With a furtherréase in BEU, strength decreased while
elongation at break increased. However, the sthengs still superior to that of pure PPC until the
addition of 10 wt.% BEU. The PPC/BPU blend with 8% BPU showed a two-fold increase in
elongation at break compared to neat PPC, whileeitsile strength was 50 MPa. This indicates

the simultaneous toughening and the reinforcingog$f providing further confirmation of the



importance of hydrogen-bond interactions in thecibiity and compatibility of the blends.
However, when the BPU content was increased be0ndt.%, the strength was inferior to that

of neat PPC.

Distinct yielding and stable neck growth throughHdcdrawing were observed when the HDU
content was varied over the range of 5-10 wt.%hdlgh HDU had a lower Young's modulus
compared to BPU and BEU, transition had occurrethfbrittle to ductile for the blend. PPC/HDU
blend with 10 wt.% of HDU exhibited a remarkablerejation at break, 53 times higher in
comparison to neat PPC, while its tensile streii@hMPa) was comparable to that of the LDPE.
The molecular-level miscibility between HDU and RRGmbined with the decrease ig Vialues

for the blends, were considered as the principakes for the satisfactory plasticization of the
blend. Due to enhancement in mobility of the chse@gment, the plasticizer was observed to
behave like a lubricant that has been mixed wittyrpers, thereby reducing cohesion of the
molecular chains. During tensile testing, the mal@cchains were observed to gradually entangle
and get oriented. This, in turn, dispersed thetdir@cenergy more effectively, and thereby delayed
the final rupturing of the material. The toughenofgPPC by HDU was not accompanied by any
drastic reduction in the mechanical stress of tlemd However, an increase in HDU content
beyond 10 wt. % led to the domination of hydrogemding and crystallinity over the dilution
effect of plasticization. This led to a reductiontihe elongation at break and an increase in tensil

strength.

PPC was also used as an additive to improve thabiliéy and drawability of isotactic

polypropylene (iPP) by melt blending [211]. Highgeld stress and Young's modulus were
observed when 3 wt.% PPC was added to iPP. UrfiRe PPC/iPP blend samples were broken in
ductile fashion during high elongation speed. Thwseoved high ductility of PPC/iPP blends

during high stretching rate can be explained dsvid (Figure 16): the stress concentration of the



PPC domain surface boundary creates voids, whibeeguently produces a sizeable amount of
craze perpendicular to the stretching directiore Thazes dissipate the mechanical energy while
preventing the cavitation development towards timgjitudinal direction. Combination of voids in

the crazes can form micro-cracks opposite to ttetcting direction.

1PP .
PPC Craze . Microcrack

Void ’ o I* ; S +
¢ o ¢ = e
The stress concentration Running of crazes ~ Prevention of developing the
on the surface boundary perpendicular to the stretching 1onimdinal cavities

Draw direction

Figure 16. Failure mechanism of iPP/PPC at a high elongapmed (redraw from reference [211]
Wiley © 2017. The black arrow indicates the runnaigction of crazes.

Various compositions of PPC/EVA blends were prepafia melt blending as reported by V&u

al. [208]. It was observed that the PPC and EVA wengiglly miscible with good interfacial
interaction between them. The, Value of the PPC increased with increasing EVAteot
indicating the improvement in compatibility betwetie PPC and EVA. Similar togTncrease, the
tensile strength, Young’'s modulus and thermal Stgluf the PPC increased with increasing EVA
content in the resulting blends. Due to the partiacibility between the PPC and PS, the PPC/PS
blend prepared with 40 wt.% PS showed a threeifaltbase in tensile strength compared to neat
PPC [209]. Calderon and co-workers [213] found gmderfacial interaction between the PPC and
polyoxymethylene due to dipole—dipole interactiodeanwhile, a drastic reduction in the percent
elongation at break of PPC was observed when 4% wif. PS was added into PPC [209].
Likewise, Huanget al. [214] found partial miscibility between PPC and xpoThe tensile

toughness and impact toughness of the hot presedahbed epoxy/poly(furfuryl alcohol) (PFA)
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blend were significantly improved with the additioh PPC polyol (10, 20, and 30 phr) [112].
Besides nanoscale size dispersion of PPC polyotheén epoxy/PFA, the marked toughness
improvement was attributed to the interpenetrapiotymer network (IPN) formation between the
blended components. Chenal. [215] prepared a PPC based triblock copolymer,PCL-PPC-
PCL to improve the toughness of epoxy. The epoxi B0 wt.% of PCL-PPC-PCL block
copolymer showed 320% increase in elongation atkbrand 180% increase in toughness

compared to neat epoxy, indicating that this stratean improve the toughness of epoxies.

In summary, many PPC based blends have been stindiedrious researchers to understand the
compatibility, miscibility and their mechanical pa@mances. It was found that the majority of the
PPC blends showed immiscibility or partial misatgibehaviour. The observed partial miscibility

and compatibility in the PPC blends were due tohiadrogen bonding interaction between the
blended components. The observed immiscibilityhef PPC blends was due to the difference in
glass transition temperature of the constituentsciMnical properties of the PPC blends were
dictated by the blend components concentration,petitility, and miscibility with the blended

components.

Table 4. PPC based blends with biodegradable and non-@piadable polymers.
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Blends Preparation method Compatibility/ Compatibilizer/ Enhanced performances References
Miscibility Plasticizer
PPC/PLA Melt blending Partial miscible | - Thermal stability, Yield [152], [60]
and compatible strength, and Young’'s modulus
PPC/PLA Melt blending Compatible Joncryl ADR 4368-C | Elongation, tensile strength, | [78]
secant modulus, water vapor
barrier, and oxygen barrier
PPC/PLA Melt blending Compatible Maleic anhydride Ductility [154], [80]
MAH-PPC/PLA Melt blending Compatible Polyvinyl acetate Interfacial adhesion [155]
MAH-PPC/PLA Melt blending Compatible Tetrabutyl titanate Elongation [158], [160]
PPC polyurethane/PLA Melt blending - - Elongation and impact strength [159]
PPC/PLA Melt blending Compatible Maleic anhydride and| Oxygen barrier [161]
luperox 101 initiator
PPC/PLA Melt blending Compatible Poly(1,2-propylene | Transparency, haze, and tear | [162]
glycol adipate) strength
PPC/PHBV Melt blending - - Water vapor barrier, and oxyge [164], [165]
barrier
PLA/PHBV/PPC Melt blending Immiscible - Toughness, less shrinkage [166]
PPC/PHBV Solution blending Immiscible - - [167], [168]
PPC/PHBV Melt blending Compatible Dicumyl peroxide and Impact energy and elongation | [169,170]
glycidyl methacrylate
PPC/PHB Solution blending Miscible - [172], [173]
PPC/PHB Electrospinning Miscible Polyvinyl acetate and| Elongation and tensile strength [174]
acetyl triethyl citrate
PPC/PHB Melt blending Propylene carbonate | Impact toughness [175]
PPC/PBS Melt blending Partial miscible | - Ductility [181], [182],
Elimination of shrinkage [184]
PPC/PBS Melt blending Compatible Triphenylmethane Tensile strength and ductility | [183]
triisocyanate
PPC/PBS Melt blending Compatible L-Aspartic acid Flexibility, yield strength and | [86]
Young’'s modulus
PPC/Starch Melt blending Compatible - Young’'s modulus [187,188]
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PPC/Starch Melt blending Compatible Acetylated starch Strength and ductility [189]
PPC/Starch Melt blending Compatible Polymethylacrylate | Toughness [192]
grafted starch

PPC/Starch Melt blending Compatible Succinic anhydride | stress, strain and Young's [190]
modulus

PPC/EVOH Melt blending Compatible - Tensile strength [194]

UHMW-PPC/EVOH Melt blending Compatible - Tensile strength [195]

PPC/PBAT Melt blending - - Tear strength and gas barrier | [197]
properties

PPC/CAB Melt blending Partial miscibility | - Tensile strength and elastic | [198]
modulus

MAH-PPCl/liquid crystalline Solution blending - - - [199]

ethyl cellulose

Benzenesulfonyl end-capped | Solution blending Immiscible - - [202]

PPC/PVA

PPC/PVA Melt blending Compatible - Tensile strength and Young’s | [201]
modulus

PPC/PVA/TPU Melt blending Miscible - Tensile strength, elongation at| [100]
break, and tear strength

PPC/ poly(p-vinylphenol) Solution blending Miscible - - [203]

PPC/ hyperbranched poly(estef-Melt blending Compatible - Tensile strength and elongation[204]

amide) at break

PPC/PBC Melt blending Immiscible - Tensile toughness and impact| [110]
toughness

PPC/PMMA Melt blending Compatible Polyvinyl acetate Tensile strength and modulus | [205]
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PPC/PMMA Melt blending Compatible Poly(ethylene- Tensile strength [206]
coglycidyl
methacrylate),
poly(styrene-g-
acrylonitrile)-maleic
anhydride, and maleig
anhydride
PPC/PMMA Supercritical C@based| Compatible - Tensile strength [207]
in situ synthesis
PPC/Bisphenol A Solution blending Miscible - - [212]
PPC/bis(hydroxyethyl Melt blending Compatible - Toughness and strength [210]
urethane)hexane, PPC/1,6-
bis(hydroxyisopropyl urethane)
hexane, and PPC/1,6-bis(methyl
urethane)hexane
PPC/iPP Melt blending - - Ductility [211]
PPC/EVA Melt blending Compatible - Tensile strength, Young’s [208]
modulus and thermal stability
PPC/polyoxymethylene Melt blending Compatible - - [213]
PCL-PPC-PCL/epoxy Melt blending Compatible - Elongation and toughness [215]
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4. Concluding remarks

The use of CQas a feedstock in sustainable polymer developnseatfeasible approach that
can significantly contribute towards the reductioh its accumulation in the atmosphere.
Moreover, the use of CO2 as a building block redube reliance on non-renewable, and less
environmental-friendly fossil resources for the guotion of plastics. Typical CQOco-polymers
are attractive polymers because not only are tleeiyed by fixation of up to 50% of their mass
with CO,, but also the polymers made are biodegradablebawbmpatible. The most studied
CO, derived aliphatic polycarbonate, PPC, can be pmsmEm with regular thermoplastic
processing equipment such as extrusion, injectioldimg, blow molding into a variety of forms,
and exhibit similar characteristics as many therdasics. Many application development
technologies on PPC polymer focus on its use inpekaging industry. The less studied PEC
on the other hand, exhibits superior oxygen bapeformance compared to many traditional
packaging plastics including polyethylene, and padpylene. Thus, it can play a significant role
in reducing food spoilage caused by oxidation inltiayer plastic food packaging, barrier
coatings, or in biomedical materials and other aid@pplications where oxygen barrier is
important.

The manufacturing technology, catalysis, polymercpssing, and application development of
many of these aliphatic polycarbonate polymersstitieat a relatively early stage. As a result,
their full potential as a material is yet to be lexed. The low glass transition temperature, and
rather insufficient strength constitutes the maerformance limitations of CQOco-polymers.
Moreover, since many polymers used for packagimiegiions are highly commoditized, their
acceptability is driven by cost than performandeud; cost reduction in addition to performance

improvement of CQ co-polymers are the grand challenges that nedxk taddressed for their
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extensive utilization. In an effort to enhance tost — and performance — competitiveness and
expand the application range of these polymers,emons studies have focused on blending
them with other polymers. Some of the advanceseaeli in such multiphase polymeric
materials demonstrated excellent performance withear potential to substitute conventional
non-biodegradable polymers. The global drive touced plastic waste accumulation that
prompted interest in sustainable materials couttvide further motivations for innovations in
CO, co-polymers.
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