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EFFECT OF PREPARATION METHODS ON MORPHOLOGY AND
RHEOLOGICAL PROPERTIES OF PLA/CNC NANOCOMPOSITES

SUMMARY

Bio-based and biodegradable polymers are produced from biomass which is renewable
by cultivation. The biopolymers degrade in natural environments decomposing into
non-toxic substances. Moreover, during the cultivation process of raw material,
biomass, of biopolymers COz is consumed and the amount of CO> emission from the
life cycle of biopolymers is much lower compared to that of petroleum-based
polymers. Poly(lactic acid) or polylactide, PLA, is both Bio-based and biodegradable
polyester-based polymer. It has comparable mechanical and physical properties with
commonly used petroleum-based polymers. Thus, it is considered as a candidate to be
replaced with widely used petroleum-based polymers. However, PLA has some
drawbacks which limits is processability and applications. The shortcomings of PLA
are slow crystallization kinetics and poor rheological properties. They result in slow
crystallization rate, low thermal properties, low melt strength hence limited
processability. Studies have shown that making nanocomposites of PLA by
incorporation of nanoparticles into the PLA matrix could enhance its crystallization
kinetics and viscoelastic properties. Cellulose nanocrystals (CNC) as being a
biodegradable and Bio-based polymer has outstanding mechanical and thermal
properties. Studies have shown that making PLA/CNC nanocomposites improve the
thermal, crystallization, and rheological properties of PLA by preserving its
biodegradable and Bio-based characteristics. However, the hydrophilic character of
CNCs challenges its homogeneous dispersion in the hydrophobic PLA matrix which
is crucial to improve PLAS properties, especially at low percolation concentrations.

Studies have shown that without the use of any modification, the melt mixing process
is not successful to disperse CNCs since the shear force applied during the process is
not enough to break the strong hydrogen bonds between CNCs. Although it is not
industrially feasible as melt mixing, it is possible to deagglomerate CNCs and to obtain
good dispersion by solution casting method. The solution casting method involves the
dispersion of CNC and PLA in proper solvents by using a water bath sonicator, tip
sonicator, or magnetic stirrer followed by casting the mixture and followed by
evaporation of the solvent. Studies have shown that the application of solution casting
greatly differs in the instrument, the sequence of application, duration, PLA type, CNC
type, and solvent type.

This study aims to investigate the effect of preparation method, solvent, and CNC type
on CNC dispersion thus the rheological and thermal properties of PLA/CNC
nanocomposites. Low molecular weight and highly crystallizable PLA and two types
of CNC were used to make nanocomposites. CNCs differ in their drying processes:
spray-dried CNC (SCNC) in powder form and freeze-dried CNC (FCNC) in flake
form. The rheological analysis was used as a characterization method to analyze the
CNC dispersion. As the first step of the study, four different solvents were used to
prepare nanocomposites of PLA/SCNC and PLA/FCNC at a fixed amount of CNC (3
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wt.%). The solvents are tetrahydrofuran (THF), chloroform (CHL),
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO). The preparation method
is followed as first dispersing CNC in the solvent using a bath sonicator for 2 hours at
room temperature. Then PLA was added to the CNC solvent mixture and mixed with
a magnetic stirrer for 2.5 hours (4 hours for DMSQO). The temperature during magnetic
stirring was selected according to the type of solvent. It was 55°C for THF and CHL
since PLA is soluble in those solvents. PLA is not soluble in DMF and DMSO in room
temperature thus, the temperature was increased above the glass transition temperature
of PLA and it was 75°C for DMF and 95°C for DMSO (gradually increased). After the
mixing process, the solvent containing PLA and CNC were casted into petri dishes and
left to dry for 2 days under the fume hood followed by vacuum drying at 85°C for 2
days. After two days of vacuum drying, the films were ground with a coffee grinder
and powders were further dried for 2 days under vacuum at 85°C.

Nanocomposites prepared with DMSO revealed the highest improvement in
rheological properties followed by DMF. THF resulted in a slight increase in total
compared to neat PLA due to its much lower dielectric constant. However, nonpolar
CHL couldn’t deagglomerate CNC thus nanocomposites prepared with CHL revealed
much lower viscoelastic properties than neat PLA. PLA/SCNC nanocomposites
revealed slightly higher improvement in DMF and DMSO however, the difference was
insignificant in THF and CHL.

To investigate the effect of the preparation method, DMSO was chosen. Both
PLA/SCNC and PLA/FCNC nanocomposites were prepared with varying water
sonication times and sequences. In total four different methods were compared: OWS-
4AMS, 2WS-4MS, 4WS-4MS, and 2WS-4MS-2WS. As an example, 2WS-4MS means
2 hours of water sonication followed by 4 hours of magnetic stirring. The highest
improvement achieved with PLA/SCNC by the 4WS-4MS method. The increased
water sonication time increased the dispersion of CNC however, the other methods
displayed similar improvements. Moreover, since the CNC was in powder form only
four hours of vigorous stirring at elevated temperature resulted in the second best
improvement. It could be due to the DMSO’s higher ability to disperse CNCs even
without a bath sonicator. In the case of PLA/FCNC, OWS-4MS revealed the highest
improvement. Since the FCNC is in flake form the bath sonication at room temperature
was not enough to disperse them. The method 2WS-4MS-2WS revealed the second-
best result and better than the 2WS-4MS method. In the first method after 4 hours of
magnetic stirring the PLA/FCNC and solvent mixture is placed in the bath sonicator
when it was still hot. Thus, the high temperature of the solvent could aid the further
dispersion of FCNC.

To see the effect of CNC content (1, 2, 3, and 5 wt.%) it was decided to continue with
SCNC since the results were more consistent. PLA/SCNC nanocomposites with
DMSO by using 2WS-4MS method with varying CNC contents were prepared. To
compare the results, nanocomposites with DMF was also prepared. PLA/SCNC
nanocomposites with 5 wt.% revealed the highest improvement in rheological
properties. In nanocomposites prepared with DMF, except PLA/SCNCI,
nanocomposites revealed increased rheological properties. For the NCs prepared with
DMSO, this increase was more pronounced. The rheological percolation threshold of
NCs prepared with DMF and DMSO was calculated by employing the empirical
power-law equation and found to be 1.59 and 0.44 wt.% respectively. The percolation
concentration again revealed that DMSO is much more effective to obtain high quality
dispersion of CNC.
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The apparent yield stress of NCs were calculated by employing Modified Herschel-
Bulkley equation. NCs prepared with DMSO revealed much higher apparent yield
stress values compared to ones prepared with DMF. Both the modified cole-cole plot
analysis and Herschel-Bulkley plots of NCs revealed solid like behaviour started at
percolation concentration.

The isothermal DSC analysis of NCs revealed that due to better dispersion of CNC
with DMSO, the NCs prepared with DMSO exhibit faster crystallisation kinetics.
However, no significant change was observed between FCNC and SCNC. The neat
PLA processes with DMSO revealed faster crystallisation compared to one with DMF.
This could be due to higher plasticizing effect of DMSO since it is expected that higher
amount of DMSO is remained in samples. Similarly, NCs prepared with different CNC
content revealed that crystallisation time is close to that of neat PLAs. Those, results
shows the effect of remaining solvent on NCs crystallisation.
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URETIM YONTEMLERININ PLA/CNC NANOKOMPOZITLERININ
MORFOLOJIK VE REOLOJIK OZELLIiKLERINE ETKIiSI

OZET

Biyobazli  ve  biyobozunur  polimerler  yenilenebilir  biyokaynaklardan
uretilmektedirler. Bu biyopolimerler dogal ortamlarda toksik olmayan bilesenlere
ayrilabilirler. Ayrica, hammaeddeleri olan biyokiitleler yetistirilme esnasinda CO:
tikettikleri icin biyopolimerlerin 6mir boyu CO; salinimlar1 petrol bazli polimerlere
gore ¢ok daha azdir. Biyopolimerlerin bir tlrl olan poli(laktik asit) ya da polilaktit
(PLA) polyester bazli biyobazli ve biyobozunur termoplastik bir polimerdir. PLA,
yaygin olarak kullanilan petrol bazli polimerlerle rekabet edebilecek mekanik ve
fiziksel Ozelliklere sahiptir. Bu sebeple, PLA endiistride ve emtia uygulamalarinda
yaygin olarak kullanilan petrol bazli polimerlerin yerini almaya uygun bir aday olarak
degerlendirilmektedir. Ancak, s6z konusu karsilastirilabilir mekanik ve fiziksel
Ozelliklerine ragmen PLA’nin bazi dezavantajlari mevcuttur. Bu dezavantajlar
PLA’nin islenebilme ve dolayisiyla uygulanabilmesini kisitlamaktadir. PLA’nin
dezavantajlart su sekilde Ozetlenebilir: yavas kristalizasyon kinetigi ve diisiik
viskoelastik (reolojik) Ozellikler. Bu o6zellikler, PLA’nin kristallesebilmesini
kisitlamakta ve diistik eriyik mukavemetine sebep olmaktadir.

PLA’nin kristalizasyon kinetigini ve reolojik ozelliklerini iyilestirmek adina farkl
yontemler mevcuttur. Bunlardan yaygin olarak calisilanlari: zincir uzatici kullanima,
s6z konusu 0Ozellikler bakimindan daha iistiin bagka bir polimerle harmanlanmasi ve
nano-parcaciklar kullanarak nanokompozit yapilmasidir. S6z konusu ¢alismalar
karsilastirildiginda, nanoparcaciklarin kristalizasyon icin ¢ekirdeklenme noktasi
olarak davranmastyla PLA nin kristalizasyon kinetigini iyilestirdigi ve ayrica homojen
bir sekilde dagilmis olan nanoparcaciklar ile PLA molekiillerinin etkilesimi sayesinde
reolojik Ozelliklerini de iyilestirdigi goriilmiistiir. Bu kapsamda cesitli tlirde
nanopargaciklar kullanilmaktadir. Bunlarin arasinda, biyobazli ve biyobozunur olan
seliloz nanokristalleri (CNC) yaygin olarak kullanilan nanopargaciklarla
karsilagtirilabilir mekanik 6zellikleri, diisiik yogunlugu ve yiiksek ylizey/hacim orani
ile 6ne ¢ikmaktadir. Caligmalar, PLA/CNC nanokompozitlerinin PLA nin biyobazl
ve biyobozunur Ozelliklerinden &diin vermeden, PLA’min dezavantajlarini
tyilestirdigini gostermistir.

Yiiksek molekiil agirligina sahip seliiloz biyopolimeri, amorf ve kristal bolgeler iceren
seliloz  mikrofibrillerinden  olusur.  Seliloz  nanokristalleri  ise  seluloz
mikrofibrillerindeki amorf bolgelerin asit ile hidrolize edilmesiyle elde edilir. CNC
tiretimi ticari olarak stilfiirik asit hidrolizi ile yapilmaktadir. CNC’nin siilfiirik asit ile
hidrolizi esnasinda yiizeyine negatif olarak yukli stlfat yari ester gruplari yerslesir.
Bu gruplar, CNC yiizeyinin negatif olarak yiiklenmesine sebep olur ve CNC’ye
hidrofilik karakter kazandirir. CNC hidroliz isleminden sonra kurutmaya tabi tutulur.
Kurutma isleminin amact sulu CNC ¢6zeltisinden suyun uzaklastirilarak hidrofobik
polimer ile islenebilir hale getirmektedir. Iki tiir kurutma islemi vardir: sprey kurutma
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ve dondurulmus halde kurutma. Sprey kurutulmus CNC (SCNC) toz formunda elde
edilir ve dondurularak kurutulmus CNC (FCNC) pul formundadir.

PLA/CNC nanokompozitlerinin hazirlanmas1 temel olarak iki yOntemle
gergeklestirilebilir: eriyik karistirma ve ¢ozelti dokiimii yontemleri. Calismalar eriyik
karistirma yonteminin hidrofilik CNC’yi hidrofobik PLA icerisinde homojen olarak
dagitmada basirli olmadigin1 gostermistir. Sebebi, eriyik karigtirma yontemi sirasinda
uygulanan kesme gerilmelerini CNC partikiilleri arasindaki gii¢lii hidrojen baglarini
kiracak kadar gii¢lii olmamasidir. Eriyik karistirma yontemi her ne kadar endstriyel
olarak uygulanmaya ve seri iiretime uygun olsa da yapilan ¢alismalar CNC’nin PLA
igerisinde topak olarak kaldigini gostermistir. Yalnizca bir ¢alismada, aslinda ilag
tiretim ve seramik sektorlerinde kullanilan bir yontem olan sprey dondurularak
kurutma (spray freze drying) ile kurutulmus CNC, PLA matris igerisinde eriyik
karistirilma yontemi ile basaril bir sekilde dagitilmistir.

PLA/CNC iiretmek icin kullanilan bir diger yontem olan ¢dzelti dokiim ydntemi ise
PLA uygun bir ¢ozlcide ¢oziilmesi ve CNC’nin ise uygun bir ¢oziiciide disperse
edilmesine dayanir. Yapilan ¢aligmalar bu yontemi kullanarak CNC’nin PLA matris
igerisinde homojen olarak disperse edilebildigini géstermistir. Cozelti dokum yontemi
parametrelerinin CNC’nin dispersiyonunu etkiledigi ¢esitli caligsmalarda goriilmiistiir.
Malzeme tiirii ile alakal1 olarak giincel bir ¢alisma diisiik molekiil agirligina sahip yari-
kristal PLA’nin, ¢6zelti dokiim yontemi ile hazirlanan PLA/CNC nanokompozitler
i¢in en uygun matris oldugunu gostermistir. Diisiik molekiil agirligina sahip yari kristal
PLA igerisinde CNC kristalizasyon i¢in ¢ekirdeklenme noktasi olarak davranmakta,
matris igerisinde disperse olmug CNC etrafinda olugsmaya baslayan kristaller CNC’yi
bulundugu yere sabitleyerek CNC’nin matris igerisinde tekrar birlesmesini
onlemektedir. SCNC ve FCNC’nin etkileri ile alakali yapilan ¢aligmalar eriyik
karigtirma yontemi ile siirlt kalmistir. Ayrica, ¢ozelti dokiim yonteminde kullanilan
karistirma yontemleri (su banyosu, ug¢ sonikatorii (tip sonicator)), bu yodntemlerin
siiresi ve sirasi agisindan farklidir.

Bu ¢aligmanin amaci, ¢ozelti dokiim yontemi parametrelerinin CNC’nin dispersiyonu
uzerindeki etkisini ve dolayisiyla PLA/CNC nanokompozitlerinin Kristalizasyon ve
reolojik  ozelliklerine etkisini incelemektir. CNC’nin  dispersiyonunu ve
nanokompozitlerin ~ viskoelastik ~ 6zelliklerini analiz etmek adina reoloji
karakterizasyon icin kullanilmistir.

Bu kapsamda, tiim c¢alisma boyunca diisik molekiil agirligina sahip ve
kristallenebilirligi yiiksek tek bir tiir PLA matris olarak kullanilmigtir. Hem PLA-
SCNC hem de PLA/FCNC nankompozitler dort farkli tiirde cozelti kullanarak
hazirlanmis bu sayede ¢ozeltinin ve CNC kurutma tiiriiniin etkileri arastirilmistir.
Kullanilan ¢ozeltiler sirasiyla su sekildedir: tetrahidrofuran (THF), kloroform (CHL),
dimetil formamid (DMF) ve dimetilsiilfoksit (DMSO). Uretim asamalari su sekildedir:
oncelikle CNC ¢ozelti icerisinde disperse olabilmesi i¢in su banyosu sonikatoriinde 2
saat boyunca (oda sicakliginda) bekletilmis, daha sonra CNC solvent karigimi
manyetik karistiriciya yerlestirilmis, daha sonra PLA eklenmis ve 2.5 saat (DMSO i¢in
4 saat) boyunca yiiksek hizda karistirllmigtir. Manyetik karistirma sicakligis THF ve
CHL i¢in 55°C, DMF i¢in 75°C ve DMSO igin (kademeli olarak artirarak) 95°C’dir.
Karigtirma sicakligt DMF ve DMSO i¢in 6zellikle camso gecis sicakliginin tizerinde
secilmistir. Karistirma sonrasi, karigimlar petri kaplarina dokiilerek 2 giin ¢eker ocak
altinda oda sicakliginda bekletilmis, 2 giin film halinde vakum altinda 85°C’de
bekletilmistir. 2 giin vakum firinda bekleyen filmler kahve 6giitiicii yardimi ile toz
haline getirilerek 2 giin daha vakum altinda 85°C’de bekletilmistir. DMSO’nun
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kaynama noktasi yiiksek oldugu i¢in film halinde bekleme siiresi DMSO ile iiretilen
nanokompozitlerde 5 giin olarak uygulanmstir.

Reolojik analizler sonucunda, viskoelastik 6zelliklerdeki en ¢ok iyilesme DMSO ile
Uretilmis nanokompozitlerde goériilmiistiir. Ardindan, ikinci en iyi iyilesme DMF ile
tiretilenlerde goriilmiistiir. Bunun sebebi, DMSO ve DMF’in yiiksek dielektirik sabiti
ve polar yapilar1 sayesinde CNC’nin dispersiyonunda daha etikili olmus olmalaridir.
Ote yandan, polar yapida olmasina ragmen, THF’li nanokompozitlerde iyilesme gok
daha az olmustur. Bunun sebebi THF’in ¢ok daha diisiik dielektrik sabitine sahip
olmasi olabilir. Kloroform ile hazirlanan nanokompozitlerin viskoelastik 6zellikleri ise
katkisiz PLA’nin 06zelliklerinden bile daha diisiik c¢ikmistir. Sebebi, apolar
kloroformun CNC’yi disperse edememesi ve CNC’nin biiyiik yiginlar halinde yapida
kalmasidir. CNC tiirler1 karsilastirildiginda, SCNC’nin FCNC’ye gore daha iyi
disperse oldugu, bu farkin DMSO ve DMF’te daha belirgin oldugu ancak, THF ve
CHL i¢in aradaki farkin ¢ok az oldugu goriilmektedir.

Uretim metodunun etkileri DMSO kullanilarak PLA/SCNC ve PLA/FCNC
nanokompozitleri hazirlanarak arastirilmistir. Bu kapsamda dort farkli iiretim metodu
karsilastirilmistir. Metotlar, su banyosu siiresi ve sirast bakimindan farkli olmak iizere
su sekildedir: OWS-4MS, 2WS-4MS, 4WS-4MS ve 2WS-4MS-2WS. Ornek olarak
2WS-4MS su anlama gelmektedir: 2 saat su banyosu (WS) ardindan 4 saat manyetik
karistirict. Oncelikle, en yiiksek iyilesme 4WS-4MS yontemi ile Gretilen PLA/SCNC
nanokompozitinde goriilmistir. PLA/SCNC nanokompozitlerine bakildiginda
sonikasyon siresinin artmast SCNC’nin dispersiyonunu arttirmistir. Ancak, ikinci en
yiikksek iyilesme OWS-4MS yontemi ile elde edilmistir. Bu durumun sebebi, toz
formunda olan CNC’nin yiiksek sicaklikta ve yliksek karistirma hizinda polar yapida
ve yuksek dielektrik sabite sahip DMSO igerisinde kolaylikla disperse olmus
olmasidir. PLA/FCNC nanokompozitler karsilagtirildiginda, en ¢ok iyilesme OWS-
4MS metodunda goriilmiistiir. Su banyosu oda sicakliginda gergeklestiginden, pul
formundaki biiyiik FCNC yigmlarini disperse etmekte basarili olamamustir. Ikinci en
iyi sonuglar1 veren 2WS-4MS-2WS yonteminin basarili olmasinin sebebi, 4 saatlik
manyetik karistirma isleminden sonra 2 saat daha su banyosuna koyuldugunda
karigtmin hala ¢ok sicak olmast ve bu sicakligin FCNC’nin dispersiyonunu
kolaylagtirmasidir.

Sonug olarak, en etkili iyilesme DMSO kullanilarak goriilmiis ve toz formundaki
SCNC kullanilan PLA nanokompozitlerinin viskoelastik 6zellikleri daha ¢ok iyilesmis
ve daha tutarli sonuglar elde edilmistir. Calismanin devaminda, CNC oraninin etkisini
incelemek adina DMF ve DMSO kullanilarak PLA/SCNC nanokompozitleri farkl
CNC yizdeleri (agirlik¢a % 1, 2, 3 ve 5) ile hazirlanmigtir. DMSO igin 2WS-4MS
yontemi ve DMF igin ise 2WS-2.5MS yontemleri kullanilmistir. DMF ile hazirlanan
numunelerde PLA-SCNCI1 hari¢ nanokompozitlerde CNC oranmi arttik¢a reolojik
Ozelliklerin de iyilestigi goriilmiistiir. PLA-SCNCI1’in ise neat PLA’ya gore daha koti
reolojik ozellik gostermesi DMF’in diisiik oranlarda CNC’yi disperse edemediginden
kaynaklanmis olabilir. DMSO ile hazirlanan nanokompozitlerde ise agirlikca %1
SCNC kullaniminda bile reolojik 6zelliklerde ¢ok etkili iyilesmeler goriilmiistiir.
Nanokompozitlerin perkolasyon konsantrasyonu deneysel iistel yasayr (empirical
power-law equation) kullanarak hesaplanmistir. Perkolasyon konsantrasyonu DMF ile
hazirlanan numelerde % 1.59 ve DMSO ile hazirlananlarda % 0.44 olarak
hesaplanmistir. Nanokompozitlerin akma gerilmesi (apparent yield stress) Modified
Herschel-Bulkley denklemi kullanarak hesaplanmis ve DMSO ile iiretilen
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numunelerde DMF ile iiretilenlere gore ¢ok daha yiiksek sonu¢ alimmistir. Ayrica,
akma gerilmesinin CNC orani ile beraber arttig1 goriilmiistiir.

Nanokompositlerin esisil olmayan DSC analizlerine gore DMSO ile iiretilmis olanlar
DMF’e gore daha hizli kristalizasyon kinetigi gostermistir. FCNC ve SCNC’nin
kristalizasyona etkisi arasinda kayda deger bir fark goriilmemistir. Farkli oranlarda
SCNC igeren nanokompozitler saf PLA ile karsilastirildiginda benzer kristalizasyon
kinetigi sergilemisler ve bunun sebebi olarak uzaklastirilamamis ¢oziicliniin
plastiklestirici etkisi oldugu diisiintilmiistiir.
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1. INTRODUCTION

Bioplastics stand out as a sustainable alternative to conventional plastics since they
have several advantages. Source of bioplastics is biomass which is a renewable source
and consumes CO- during cultivation. Compared to petroleum-based counterparts
bioplastics> CO2 emission is much lower [1]. The amount of global production of
bioplastics in 2018 was around 2.11 million tones and it is expected to increase further
[2, 3]. Among those bioplastics, poly(lactic acid) or polylactide (PLA) as being both
Bio-based and biodegradable becomes prominent as a driver for growth. PLA is an
aliphatic polyester-based bioplastic that is both biodegradable, bio-based, and
biocompatible. Monomers of PLA could be lactic acid or lactide which can be
produced from non-toxic and annually renewable sources such as corn sugar, potato,
and sugar cane [4, 5]. In addition to its eco-friendly and biocompatible characteristics,
PLA has comparable mechanical and physical properties to those of polystyrene (PS)
and polyethylene terephthalate (PET) and it is considered as a candidate to be replaced
with fossil-based polymers [6]. PLA based articles are already used in various
applications and it is assumed that PLAs production rate will continue to increase [7,
8]. However, PLA suffers from some drawbacks that limit its processability and
applications. Those limitations are low T (or low transition temperatures) which limits
its service temperature and results in narrow processing window [9-12]; slow
crystallization kinetics that limits processability notably in productions with fast cycles
which results in a low amount of crystallinity (negatively affects mechanical, thermal
and barrier properties), and poor melt strength (which greatly influence the
processability) [6]; and poor rheological (or viscoelastic) properties that limit

processability and application which also results in poor melt strength [13, 14].

Different methods such as copolymerization, blending with other polymers,
plasticizing, chemical modification, use of chain extender, and composite-making
have been employed to overcome the aforementioned drawbacks of PLA [5, 6, 14, 15].
Among those methods, making nanocomposites of PLA by using nanosized particles

as reinforcement proved to be an effective way which enables to tailor the properties



of PLA for a wide range of applications [14, 16]. The use of nanosized reinforcements
not only improves the mechanical, thermal, and barrier properties but also improves
the rheological properties and enhances the crystallization kinetics by acting as
nucleating points which in the end, improve the processability and application of PLA
[5, 14, 17]. Different kinds of nanosized fillers have been widely incorporated into
PLA such as clay-based nanofillers (sepiolites, layered silicates (montmorillonite), and
halloysite nanotube (HNT) [18, 19], carbonaceous nanofillers (carbon nanotube
(CNT), carbon nanofiber (CNF), and graphene) [20, 21], silicon-based nanoparticles
(nano-silica and POSS) [14, 22], metal and metal oxide nanoparticles (silver, titanium
dioxide, etc) [23], and cellulose-based nanofillers (cellulose nanocrystals (CNC),
cellulose nanofibers (CNF), and bacterial cellulose (BC)) [16, 23, 24]. Cellulose
nanocrystals (CNC) stand out among other filler with its higher mechanical properties,
low density, and the potential for surface modification meanwhile being renewable,
Bio-based, and biodegradable [25-27]. Studies shown that PLA/CNC nanocomposites
successfully improved the rheological and thermal properties of PLA [28-30].

PLA nanocomposites (NCs) are mainly produced with two main methods: melt mixing
and solution casting. It is important to achieve a good level of dispersion in PLA
however, the sulfate half ester groups (O-SO*) are on the CNC surface make its
surface negatively charged thereby, make the dispersion of hydrophilic CNC in
hydrophobic polymer quite challenging [25, 27]. Bagheriasl et al. [28] prepared
PLA/CNC nanocomposites with both melt mixing and solution casting to compare the
effect of the method on CNC dispersion. Since the shear forces applied during the melt
mixing process are not enough to break down the hydrogen bonds between CNC
particles, the deagglomeration of CNC in PLA couldn’t be achieved with the melt
mixing process [16]. The solution casting method was found to be effective to achieve
a good level of dispersion. Bagheriasl et al. [31] prepared PLA/CNC nanocomposites
by first preparing masterbatches through solution casting then diluted with TSE. The
method was found to be effective compared to the direct melt mixing process.
Vatansever et al. [17] compared the effect of PLAs molecular weight and crystallinity
on rheological properties and crystal structure on PLA/CNC nanocomposites produced
by solution casting. The rheological analysis revealed that the dispersion of CNC in

crystalline PLA was the best in semi-crystalline low molecular weight PLA.



Since CNCs are produced from the acid hydrolysis of cellulose the final product is an
aqueous suspension that is not suitable to incorporate into hydrophobic media
especially in polymer nanocomposite production. Thus, CNC aqueous suspension is
objected to a drying step to obtain dry CNC. There are two methods namely spray
drying and freeze-drying that resulted in CNC in powder and flake form, respectively
[26]. Khoshkava and Kamal [32] compared the effect of the CNC drying method in
PLA/CNC nanocomposites by using the melt mixing method. Khoshkava and Kamal
[33] compared the dispersion of the spray-dried (CNCSD) and spray freeze-dried CNC
(CNCSFD) in the PLA matrix using a melt mixing method. They prepared spray
freeze-dried CNC (CNCSFD) by using spray freeze-drying method which is
commercially used in the pharmaceutical and ceramic industry. They achieved a good
level of dispersion due to the highly porous structure of CNCSFD enabled infiltration
of polymer into CNC particles.

Studies have shown the success of the solution casting method to obtain a good level
of CNC dispersion that resulted in improved rheological and thermal properties. The
objective of this study is to further investigate the effect of preparation methods, the
effect of solvent, and drying type of CNC. To do that four types of solvents namely
tetrahydrofuran (THF), chloroform (CHL), dimethylformamide (DMF), and dimethyl
sulfoxide (DMSO) were used to prepare both PLA/SCNC and PLA/FCNC
nanocomposites. Thereby, the effect of SCNC and FCNC was also compared. After
the selection of the best solvent, four different preparation methods were used to
prepare PLA/SCNC and PLA/FCNC nanocomposites. The preparation methods differ
in water bath sonication time and sequence. By selecting the most effective method,
CNC, and solvent PLA/CNC nanocomposites were prepared with different amounts
of CNC contents. The rheological analysis was used to analyze the viscoelastic
properties of nanocomposites and to investigate the quality of dispersion of CNC.
Nonisothermal crystallization was also investigated with differential scanning

calorimetry (DSC).






2. BIOPLASTICS

2.1 Need for Bioplastics and Their Classification

The use of plastics has steadily increased in the last half-century and 359 million tons
of plastics were produced in 2018. Today, for the production of plastics almost 6% of
the world’s fossil source is used as raw material and energy in half. That amount is
estimated to increase to 20% in 2050 by considering similar rates of use. Meanwhile,
the share of the plastic industry in the global annual carbon budget is also expected to
increase from 1% to 15%. On the other hand, in global almost 150 million tons of post-
consumer plastic waste is generated every year and only 2% of this amount is recycled.
During recycling or from the landfill sites chemical additives in plastics that are
hazardous for organisms also leak into soil or groundwater. Moreover, the amount of
global plastic waste that ends up in the ocean is estimated to be 5 to 13 million tons [1,
8, 34]. Due to small recycling rates, huge carbon emission, and limited source of
petroleum-based plastics, plastics produced from renewable sources become

prominent to provide sustainable production [34].

Bioplastics stand out as a sustainable alternative to conventional plastics since they
have several advantages. Figure 2.1 summaries the life cycle of bioplastics. Source of
raw material of bioplastics is biomass which is a renewable source. Plants used as raw
material for bioplastics could be replaced annually. Moreover, during the cultivation
process the source of bioplastics consume CO; thus, reduces the global greenhouse gas
emissions (GHG). Post-consumer waste of bioplastics, if it is biodegradable, would
decompose into the water, carbon dioxide, and compost which are natural substances.
This residue can again be used for plant growth. Moreover, the degradation time of
bioplastics is too short as compared to fossil-based ones [1]. Bioplastics are defined
under three different categories based on their source and degradation which is shown
in Figure 2.2. Plastics are first divided as Bio-based (renewable source) and fossil-
based (unrenewable source) then, as biodegradable and nonbiodegradable. Thus,

bioplastics could be classified as:



1. Bio-based and biodegradable (e.g. PLA, PHA, PBS),
2. Bio-based and nonbiodegradable (e.g. PE, PET, PA, PTT),

3. Fossil based and biodegradable (e.g. PBAT, PCL).
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Figure 2.1: The life cycle of bioplastics [1].
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2.2 Global Production and Applications of Bioplastics

The amount of global production of bioplastics in 2018 was around 2.11 million tones
which represents almost one percent of global plastics production. The global
production volume of bioplastics in 2018 is shown in Figure 2.3 according to material
type. Today, those bioplastics are commercially used in several industries such as
packaging, agriculture, consumer electronics, automotive, and household appliances.
Among these areas packaging industry used 65% of the global production in 2018.
Well-known automotive brands also use bioplastics in different applications. As an
example, bio-based polyesters, bio-based PET, and PLA blends are used in Toyota.
Headliners, sun visors and floor mats of Pirius and SAIl models are bioplastics [2, 3].
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Figure 2.3: Global bioplastics production, 2018 [36].

Among those bioplastics, PLA (polylactic acid) as being both Bio-based and
biodegradable becomes prominent as a driver for growth. Since PLA has comparable
mechanical and barrier properties and it is considered as a candidate to be replaced
with PS (polystyrene), PP (polypropylene), and ABS (acrylonitrile butadiene styrene).
Thus, 60% of growth is expected for its production from 2018 to 2023 [1].

Last decades, PLA has been commercially used in various applications. The
automotive industry uses PLA-based parts in automobiles as shown in Figure 2.4a.

PLA-based packages are used in Europe and North America since PLA is suitable for



EU and USA’s food-grade requirements due to its Bio-based and biodegradable
characteristics. A commercial example of PLA based water bottle is shown in Figure

PLA parts for automotive applcations.

Figure 2.4: Examples of PLA-based products in different industries: a. automotive
industry, b. packaging, and c. agriculture as mulch films [7].

2.4b. PLA products also utilized in agriculture as mulch films which are thin plastic
films to escalate the ripening of crops, conserve moisture and protect corps from
fungus and insects. An example of mulch film is shown in Figure 2.4c. Well-known
brands used PLA products in electronic devices such as external Shell of Walkman
(Sony, 2001), case of remote control and phone (Samsung and Toshiba), CD/DVDs
case (Sanyo), Notebook case (Fujitsu and PEGA) and also some interior parts of

copying machines (Fuji-Xerox) [7].



3. POLYLACTIDE (PLA)

Poly(lactic acid), poly(lactide) or PLA is a bioplastic that is both biodegradable and
bio-based aliphatic polyester. Monomers of PLA could be lactic acid or lactide which
can be produced from non-toxic and annually renewable sources such as corn sugar,
potato, and sugar cane [4, 5]. PLA has many advantages over other bioplastics. It is
not only bio-based but also biodegradable, recyclable, and compostable. The
biocompatibility of PLA is another outstanding feature, especially for biomedical
applications. Degradation products of PLA are non-toxic which makes it a good
candidate for the biomedical application and food packaging industry. It can be
processed with injection molding, film extrusion, blow molding, thermoforming, fiber
spinning, and film-forming [5, 35]. Moreover, from cradle to grave amount of CO>
emission of PLA production is negative which means it consumes more CO; than the
amount it emits during the production. That is because the plants used as a source of
lactic acid consume CO: during the cultivation process. It is also stated that the net
amount of carbon dioxide emission including the emission from the composting

process will be still less than the emission number of others [35].

3.1 Synthesis and Molecular Structure

PLA is produced from the polymerization of lactic acid which is an elementary form
of hydroxyl acid. Repeating unit of PLA, lactic acid, occurs in two optically
configurations which are L(+) and D(-) isomers with an asymmetric carbon that is
shown in Figure 3.1. Lactide dimer is also shown in figure 3.1 in the form of DD-
lactide, LL-lactide, or LD-lactide (meso lactide). There are two different production
methods for PLA which are shown in Figure 3.2. Polycondensation from a lactic acid
monomer or ring-opening polymerization (ROP) from lactide dimer. The ones
produced by polycondensation of lactic acid are called poly(lactic acid) while the ones
obtained by ROP of lactide are called poly(lactide) still, they are commonly referred
to as PLA. When it was discovered in 1932 by Carothers (at Dupont), PLA was
produced by exposing lactic acid to high temperatures under vacuum meanwhile
evacuating the condensed water. However, that process has only enabled the



production of low molecular weight PLA. Today, although the polycondensation
method is less expensive, commercial high molecular weight PLA is produced by ring-
opening polymerization of lactide dimer, since water is formed as a by-product and it

is difficult to obtain a solvent-free product by polycondensation [5, 6, 15, 36].

It is possible to obtain homopolymers of PLA through polycondensation from L-lactic
acid or D-lactic acid, which are stated as PLLA (poly(L-lactic acid)) and PDLA
(poly(D-lactic acid)), respectively. Those homopolymers could also be produced by
ring-opening polymerization of LL- or DD-dimers. Nonetheless, since it is hard to
obtain pure PLLA and PDLA homopolymers and production is much expensive,
copolymer PLAs based on L- and D-lactide are commercially used. Commercial PLA
is obtained by the ring-opening polymerization of L-lactide and LD-lactide dimers

which are also shown in the same figure [14, 37].
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Figure 3.1: Stereochemistry of Lactic Acid and Lactide [6].
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Figure 3.2: Polymerization of PLA through polycondensation from Lactic acid and
ring-opening polymerization from Lactide dimer [6].

10



3.2 Mechanical Properties

PLA stands out among the other biopolymers with its remarkable mechanical and
physical properties. In addition to its eco-friendly and biocompatible characteristics,
PLA has comparable properties to those of polystyrene (PS) and polyethylene
terephthalate (PET) and it is considered as a candidate to be replaced with fossil-based
polymers. It is widely used in film and packaging, textile, fiber, and biomedical
application. Table 3.1 shows a comparison of the properties of PLA versus PS and
PET. On the other hand, poor ductility value (elongation at break) and poor impact
strength of PLA limits its further use in different areas, especially in engineering
applications [6].

Table 3.1: Comparison of PLA properties versus PS and PET [6].

Properties PLA PS PET
Density (kg/m?) 1.26 1.05 1.40
Tensile strength (MPa) 59 45 57
Stiffness (GPa) 3.8 3.2 2.8-4.1
Elongation at break (%) 4.7 3 300
Impact strength (J/m) 26 21 59
Heat deflection temperature (°C) 55 75 67

3.3 Thermal Properties and Crystallization Behavior

Transition temperatures influence the mechanical and physical properties, service
temperature, and temperature window for processability. Glass transition temperature
(Tg) of PLA is around 60-70°C and the melting point of PLASs is in the range of 170-
180°C [9-12]. Crystallization kinetics of semicrystalline PLA is slow and depending
on the process PLA cannot fully crystallize upon cooling. As a result, PLA exhibits
cold crystallization (Tcc) during heating which is the crystallization of crystallites that
could not crystallize upon cooling. Cold crystallization occurs beyond the Tg where
molecular mobility is high enough. Figure 3.3 shows the heating and cooling DSC
thermograms of PLA with two different cooling rates. Heating thermogram (solid line)
shows the cold crystallization and melting of all crystals around 150°C. Cooling
thermogram (solid line) with a rate of 10°C/min has revealed no crystallization at all

while cooling with a rate of 2°C/min enabled formation of some crystals [6].
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Figure 3.3: DSC thermograms of PLA with two different cooling rates [6].

Transition temperatures of PLA vary as a function of D-lactide content. The change in

the transition temperature of PLAs with different isomer content is given in Table 3.2.

The increase in L-content results in an increase in crystallinity and transition

temperature. It is shown that transition temperature increases with increasing L-

content. Also, PLAs having L-lactide more than 90% are semi-crystalline while an

increase in D-content results in an amorphous structure. As an example, PLA with high

L-content is semi-crystalline while the ones with higher D-content are amorphous and

they can be used in heat seal applications. In the end, PLAs with very low D-content

are preferred due to their higher melting temperature and a higher amount of

crystallinity [4, 15].

Table 3.2: Effect of isomer content on the transition temperature.

Copolymer ratio

Glass transition temperature (°C)

Melting temperature (°C)

100/0 (L/D,L)-PLA
95/5 (L/D,L)-PLA
90/10 (L/D,L)-PLA
85/15 (L/D,L)-PLA
80/20 (L/D,L)-PLA

63
59
56
56
56

178
164
150
140
125
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Crystal structure of PLA varies according to the process parameters. The a-form is the
most common crystal conformation obtained through melt and solution crystallization.
A less ordered o’-form is formed under crystallization temperatures below 100°C
which results in lower modulus, lower barrier properties, and higher ductility due to
its loose and less ordered structure compared to a-form. Another crystal structure of
PLA, which is B-form, is obtained through the stretching of a-form at high temperature
or through solution spun with a high draw ratio. The melting temperature of the
structure is lower and thermally less stable. A more ordered crystal structure of PLA,
y-form, is also obtained through epitaxial crystallization of PLA in hexamethyl
benzene [12].

Various methods such as the use of chain extenders [38, 39], plasticizers [40, 41],
blending [42], and making nanocomposites have been employed to improve thermal
properties and crytallisation kinetics of PLA. Nofar et al. [38] compared non-
isothermal cold crystallization and isothermal melt crystallization of linear PLA (Ingeo
8051D) and commercially available long-chain branched (LCB) PLA (reactive
extruded 8051D with Joncryl ADR-4368C). Non-isothermal measurements showed
that branching of PLA resulted in a higher degree of crystallinity since branches act as
crystal nucleation points. Through isothermal measurements, it was found that

branched PLAs had much higher crytallisation kinetics compared to linear PLA.

Some of the studies reported the incorporation of plasticizers into PLA and blending
PLA with other polymers could improve the crytallisation kinetics of PLA. Sungsanit
et al. [41] incorporated PEG as a plasticizer in PLA and reported increased final
crystallinity and improved impact properties. However, the use of plasticizers also
negatively affected the rheological properties of PLA. Jiang et al. [42] blended PLA
and PBAT with a twin-screw extruder to prepare biodegradable and immiscible
PLA/PBAT blends. They observed that PBAT increased the crystallization rate of
PLA.

Studies have shown that the use of nanosized reinforcements at low concentrations
affects the crytallisation kinetics of PLA. Najafi et al. [43] studied the crytallisation
kinetics of PLA nanocomposites containing 2% organoclay. They also searched the
effect of different chain extenders on these nanocomposites. They reported increased
crystallinity (from 6.3 to 8.7%) since clay nanoparticles acted as nucleating agents.

However, the amount of crystallinity was more pronounced (15.4%) when TNPP used
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as a chain extender for PLA clay nanocomposites. Trifol et al. [44] compared the effect
of CNC, CNF, and nanoclay (C30B) on the crystallization of PLA. Faster isothermal
(at 120°C) crystallization kinetics were reported for PLA/C30B nanocomposites.
However, cellulose fibers and cellulose nanocrystals resulted in a higher amount of
final crystallinity since the higher aspect ratio of C30B hindered the PLA’s molecular
mobility and restricted the crystal growth. Kamal and Khoshkava [45] prepared
PLA/CNC nanocomposites and reported improved isothermal crystallization kinetics
(at 100°C) by using 3wt.% spray-dried CNC. Several other studies about PLA/CNC
nanocomposites showed that homogeneously dispersed CNC improved the
crystallization kinetics of PLA as shown in Figure 3.4.
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Figure 3.4: The relation between CNC content and crystallization half-time of PLA
(MCNC refers surface modified) [16].

3.4 Rheological Properties

The study of melt rheological properties of polymers, in which viscosity, temperature,
and shear rate are strongly linked to each other, plays a key role to determine the
processability of polymer, quality of the shape of the final product meanwhile
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influencing the crystallization mechanism. Moreover, the rheological analysis can be
effectively used to analyze the dispersion quality of reinforcement in nanocomposites
[14, 17, 46, 47]. The rheological behavior of polymers highly depends on intrinsic
properties such as molecular weight, molecular configuration and process parameters
such as temperature, and shear rate. Figure 3.5 compares the change of viscosity curves
versus the shear rate of commercially used high molecular weight polymers
acrylonitrile butadiene styrene (ABS), polycarbonate (PC), and polyamide (PA6) at
different temperatures. As the shear rate increased, due to gradual disentanglement of
polymer molecules, melt viscosity decreased. Such behavior is called shear-thinning
and observed in pseudoplastic non-Newtonian fluids such as polymers [9, 48-50].
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Figure 3.5: Viscosity of ABS, PC, and PA6 according to the shear rate at different
temperatures [53].

Unfortunately, melt strength (which is influenced by zero shear viscosity and
crystallization kinetics) and rheological properties of PLAs are reported to be low
which limits their processability and applications [13, 14]. It has been reported that at
shear rates corresponding to film extrusion, melt viscosity of low molecular PLAS
(~40,000 Da) shows Newtonian-like behavior (negligible shear-thinning) while high
molecular weight PLAs (100,000-300,000 Da) exhibits shear-thinning which is typical
behavior of non-Newtonian fluids [9, 48-50]. Various attempts have done to improve

the rheological properties of PLA accordingly to improve its processability. The use
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of chain extenders, making blends of PLA and making composites of PLA are some
of those methods with their challenges and achievements.

Use of chain extenders such as Joncryl [51, 52], tris(nonyl1- phenyl) phosphite (TNPP)
[53, 54], and CesaExtend [55] to modify PLA chain structure has been extensively
studied to improve the melt strength and rheological properties of PLA. It has been
shown that longer or branched chains resulted in improved melt strength and
viscoelastic properties. Najafi etal. [52] melt compounded PLA (3001D,
Natureworks) with different amounts of chain extender (Joncryl® ADR-4368 F) using
an internal mixer. They aimed to improve the foamability of PLA by introducing long-
chain branching (LCB) to enhance its viscoelastic properties. Figure 3.6 shows the
steady-shear viscosity (n) versus shear rate (y) and complex viscosity (n*) versus
frequency () of neat PLA and PLA with different Joncryl concentrations. Complex
viscosity (n*) is measured by applying oscillatory shear to sample and it is the ratio of
shear stress amplitude to the strain rate. For viscoelastic materials, it is not in phase
and defined with real and imaginary components [56]. As can be seen, neat PLA has
the lowest viscosity and wide Newtonian region with a slight shear thinning at high
frequencies. It also has a low shear viscosity and shear sensitivity. The addition of
chain extender increased the shear and complex viscosity by two orders of magnitude.
Moreover, shear-thinning is observed at lower frequencies or shear rate suggesting that

chain extension and branching improved the viscoelastic properties.

Another approach to improve the rheological properties of PLA is by blending it with
other polymers. Several studies investigated the rheological properties of PLA-based
blends. In the case of miscible blends [57], it was found that the viscoelastic properties
of the final product are in between that of two polymers. On the other hand, in the case
of immiscible blends [58-61]: composition, morphology, and the interfacial
interactions between phases influence the rheological properties. As an example, Hao
et al. prepared miscible blends of PLA (Ingeo 4032D) and PMMA (Plexiglas 7N) by
melt mixing. Frequency sweep results of PLA/PMMA blends with different
compositions are shown in Figure 3.7. It can be said that preparing miscible blends of
PLA with another polymer having better viscoelastic properties resulted in a final
blend with viscoelastic properties in between that of two polymers. As shown in the
figure, the Newtonian plateau of neat PLA becomes narrower with an increased
amount of PMMA.
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Making nanocomposites of PLA is another method to enhance its rheological
properties. Studies have shown that commonly used additives such as talc, short fibers,
silk, and graphite are also successful to improve the rheological properties thus the
processability of PLA. However, it is possible to obtain similar or better improvements
by using nano-additives in much lower amounts [14]. Significant achievements made
by using nanoclay [62], nano-silica [63], carbon nanotube [21], graphene [64],
cellulose nanofiber [65, 66], and cellulose nanocrystals (CNC) [28, 33]. Bagheriasl et
al. [28] prepared nanocomposites of PLA (Ingeo 3251D) and CNC (FPInnovations)
using the solution casting method. Complex viscosity and storage modulus of
nanocomposites with different CNC loadings are shown in Figure 3.8. Complex
viscosity of neat PLA exhibits a wide Newtonian plateau with negligible shear thinning
at high frequencies. With the incorporation of CNC, with such small amounts, complex
viscosity profoundly increases at low frequencies. The increase in rheological
properties indicate the strong network formation between PLA molecules and CNC at

molecular level.
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Figure 3.8: Complex viscosity of PLA/CNC nanocomposites with different
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amplitude of 5%) [28].
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3.5 Efforts to Improve Properties of PLA

It was shown that PLA is a Bio-based, biodegradable, and biocompatible polymer [4,
5, 35]. Moreover, its comparable mechanical properties to that of commercially used
petroleum-based polymers make it a candidate to be replaced in the industry with
petroleum-based counterparts [6]. PLA-based articles are already used in various
applications and it is assumed that PLAs production rate will continue to increase [7,
8]. However, PLA has some drawbacks that limit its processability and applications.

Those limitations could be listed as:

1. Low Tg(or low transition temperatures): limits its service temperature and result in

narrow processing window [9-12],

2. Slow crystallization Kinetics: limits processability (notably in productions with fast
cycles), results in a low amount of crystallinity (negatively affects mechanical, thermal
and barrier properties), and poor melt strength (which greatly influence the
processability) [6],

3. Poor rheological (or viscoelastic) properties: limits processability and application,

result in poor melt strength [13, 14].

There are different approaches to overcome the aforementioned drawbacks of PLA,
such as copolymerization, blending with other polymers, plasticizing, chemical
modification, use of chain extender, and composite making [5, 6, 14, 15]. Some of
those methods were explained in previous sections with their advantages and
disadvantages. Among those methods, making nanocomposites of PLA by using
nanosized particles as reinforcement proved to be an effective way which enables to
tailor the properties of PLA for a wide range of applications [14, 16]. Studies have
shown that the use of nanosized reinforcements not only improves mechanical,
thermal, and barrier properties but also enhance crystallization Kinetics by acting as
nucleating points, improves the rheological properties, and melt strength which at the
end, improves the processability and application of PLA [5, 14, 17]. Different kinds of
nanosized fillers have been widely incorporated into PLA and some of them could be

listed as:

1. Clay-based nanofillers [18, 19]: sepiolites, layered silicates (montmorillonite), and
halloysite nanotube (HNT),
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2. Carbonaceous nanofillers [20, 21]: carbon nanotubes (CNT), carbon nanofiber
(CNF), and graphene,

3. Silicon-based nanoparticles [14, 22]: nano-silica and POSS,
4. Some metal and metal oxide nanoparticles [23]: silver, titanium dioxide, etc.,

5. Cellulose-based nanofillers [16, 23, 24]: cellulose nanocrystals (CNC), cellulose
nanofibers (CNF), and bacterial cellulose (BC).

Clay-based nanofillers widely used to make PLA nanocomposites. Layered silicates
extensively studied and it has been shown that in comparatively low amounts they
successfully improved crystallization kinetics of PLA thus, the barrier properties and
the processability of PLA. Moreover, layered silicates also improve the
thermomechanical and flame retardancy of PLA. To obtain a homogeneous dispersion
of those clay-based nanofillers, surface modification is necessarily applied to obtain
surface affinity between PLA and layered silicates [18, 19]. It is also worth mentioning
that during melt mixing clay nanofillers result in degradation of PLA thus chain

extenders are used to prevent degradation during the process [43, 67].

Carbonaceous nanofillers are preferred as reinforcement due to their electrical
properties, in terms of conductivity, and remarkable physical properties. CNT are
extensively studied to make PLA nanocomposites due to their physical properties, high
electrical, and thermal conductivity. However, the incompatible nature of PLA and
those carbonaceous fillers results in poor dispersion of CNT in the PLA matrix which
results in poor mechanical, thermal, and electrical properties; and prevents obtaining
percolation level at a lower amount. As a result, surface modification of CNT can be
required [20, 21].

Silicon-based nanofillers are generally preferred due to their thermal resistance,
natural abundance, and low cost. However, silicon-based nanofillers possess a low
surface area/volume ratio thus, they don’t successfully improve the processability of

PLA in terms of rheological properties [14, 22].

Metal and metallic oxide nanofillers have been incorporated into PLA due to their
optical, magnetic, and electrical properties. Moreover, those nanoparticles can provide

antimicrobial properties to PLA nanocomposites [23].
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Cellulose-based nanofillers can be listed as cellulose nanofibers (CNF), bacterial
cellulose (BC), and cellulose nanocrystals (CNC). Cellulose-based nanofillers enable
us to obtain fully bio-based, biodegradable, biocompatible, and non-toxic PLA
nanocomposites. Among those cellulose-based nanofillers, thanks to their
commercialization in recent years, CNC received a remarkable interest to produce
PLA-based fully biodegradable and Bio-based nanocomposites [16, 23, 24, 68, 69].
As a result, by using CNC, it is possible to improve the crystallization kinetics and
melt strength of PLA without sacrificing its Bio-based and biodegradable properties.
As well as being Bio-based and biodegradable, CNC stands out with its remarkable
properties. Table 3.3 compares the CNC with some other materials. It has low density,
comparable tensile strength, and elastic modulus value comparable to that of steel.
Other remarkable features of CNC are low thermal expansion coefficient, optical
transparency and anisotropy, negative diamagnetic anisotropy, and flexible surface
chemistry [27].

Thus, PLA/CNC nanocomposites enable us to increase the mechanical properties,
crystallization Kkinetics, thermal stability, and rheological properties of PLA without
compromising PLA’s biodegradable characteristics. Accordingly, PLA/CNC
nanocomposites are intensively studied to deeply understand the parameters affecting

the incorporation of CNC into the PLA matrix and to further enhance their properties.

Table 3.3: Comparison of density, tensile strength, and modulus of CNC to some
other materials [25].

. . Modulus Modulus
Materials ?32:?)/ Tenm(lg?;r)ength (longitudinal) (transverse)
g (GPa) (GPa)
Steel wire 7.8 41 210 - 369 -
Nanoclay 18-22 - 120 - 180 -
Kevlar 14 3.5 124 -130 25
Carbon fiber 1.8 15-55 150 - 500 -
CNT 15-2 10-60 300 - 1000 -
CNC 1.6 75-77 130 - 250 10-50
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4. PLA/CELLULOSE NANOCRYSTAL NANOCOMPOSITES

As previously mentioned, PLA considered as a candidate to be replaced with fossil-
based conventional polymers thanks to its both bio-based and biodegradable
characteristics combined with comparable mechanical properties. However, slow
crystallization kinetics and low melt strength characteristics limit the production PLA.
Nanocomposite making is a versatile method to overcome those drawbacks which also
enables the tailoring of properties of the final product. Moreover, nano-sized fillers,
with at least one dimension smaller than 100 nm, have high surface area and aspect
ratio thus, it is possible to obtain better or comparable reinforcement effect with
nanofillers with lower volume fraction [18, 19, 23]. CNC as being both bio-based and
biodegradable has comparable mechanical properties to that of commonly used
petroleum-based fibers. Several studies have shown that making PLA/CNC
nanocomposites by incorporating CNC into the PLA matrix had improved the
mechanical, rheological, and thermal properties of PLA which will be explained in the

following sections in detail.

4.1 Cellulose Nanocrystal (CNC)

Cellulose is a high molecular weight biopolymer whose chains consist of amorphous
and crystalline parts. Figure 4.1 shows the cellulose polymer from tree to its monomer
(1,4-anhydro-D-glucopyranose: (CeH100s)n). Cellulose nanocrystals (CNC) are
produced through the acid hydrolysis of the amorphous regions in the cellulose chains.
CNC stands out among other filler with its higher mechanical properties, low density,
the potential for surface modification meanwhile being renewable, Bio-based, and
biodegradable [25, 26].

Cellulose nanocrystals have a high aspect ratio (11-32) with a diameter of 7 £ 3 nm
and length of 120 + 8 nm [25]. The rod-like morphology of CNC is shown in Figure
4.2.
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Figure 4.1: The chemical structure of the cellulose components from tree to the
anhydroglucose molecule [25].

Figure 4.2: (a) Scanning electron microscopy (SEM); (b) transmission electron
microscopy (TEM); (c) Atomic Force Microscopy (AFM) images of CNC [25].

4.1.1 Production and the chemical structure of CNC

Cellulose nanocrystals are produced through the acid hydrolysis of amorphous
domains in the cellulose microfibrils which is schematically represented in Figure 4.3.
Acid hydrolysis can be achieved through the use of hydrochloric acid (HCI) or
sulphuric acid (H2S0a4). As shown in Figure 4.4, during HCI hydrolysis hydroxyl
groups remain on surface which results in week surface charge and poor colloidal
stability. The colloidal stability of HCI hydrolyzed CNC was increased by introducing
carboxyl groups on surface through post treatment with TEMPO (2,2,6,6-Tetramethyl-
1-piperidinyloxy) which also increases the thermal stability. On the other hand, sulfate
half ester groups (O-SO3") are introduced on CNC surface during H2SO4 hydrolysis.
Those groups make the CNC surface negatively charged thereby, increase the

dispersion or deagglomeration of CNC due to electrostatic repulsion. However, those
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groups also make the CNC hydrophilic which result in poor compatibility between
hydrophilic CNC and hydrophobic polymer matrix [25, 27].
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Figure 4.3: The isolation of cellulose nanocrystals through sulfuric acid hydrolysis
[25].
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Figure 4.4: Production of CNCs through acid hydrolysis: HCI (left) and H2SO4
(right) [27].

4.1.2 Thermal and mechanical properties of CNC

Degradation of CNC starts around 280°C and the sulfate groups on the CNC surface
affect its thermal stability. As previously stated, CNC produced through H2SO4
hydrolysis is thermally less stable and degradation temperature is lower compared to
ones produced by HCI hydrolysis due to the presence of sulfate half groups that are
introduced during hydrolysis. Still, sulfuric acid hydrolysis is commercially used since
negatively charged half ester groups provide the deagglomeration of CNC by
electrostatic repulsion. In addition to its bio-based, biodegradable, and sustainable
characteristics, CNCs with tensile strength of 7.5 to 7.7 GPa and axial modulus of 100
to 220 GPa possess significant mechanical properties that make them comparable to
other nanofillers [25]. Rigidity and strength of CNC makes it a good candidate to be
used as fillers for especially for polymers.
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4.1.3 Drying method of CNC

As explained before CNCs are produced from the acid hydrolysis of cellulose which
result in a final product as an aqueous suspension. However, it is not favorable to use
aqueous suspension with hydrophobic media especially in polymer nanocomposite
production since the residual water from the suspension will affect the process. As a
result, CNC aqueous suspension is objected to a drying step to obtain dry CNC
powders. There are two main methods, commercially used, to obtain dry powders:
spray drying and freeze drying. Drying steps of these two methods are indicated in the
phase diagram of water and shown in Figure 4.5. Spray drying process proceeds
through the evaporation of water inside the CNC-water droplet. On the other contrary,
freeze drying takes place in two steps: first water inside the suspension is frozen then
removed by sublimation. Details of these methods and morphology of the final

powders are explained in the following sections.
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Figure 4.5: Spray and freeze-drying steps on water phase diagram [26].

Khoshkava and Kamal [43] studied the effect of drying method of CNC on dispersion
and rheological properties of polypropylene (PP)/CNC nanocomposites. They
compared spray dried CNC and freeze-dried CNC, which are commercially available
methods to dry CNC, with spray freeze dried CNC which is a method they developed.
Nanocomposites were prepared through melt mixing method (190°C, 60 rpm, 10 min)
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by using an internal mixer. Morphological analysis of CNCSD, CNCFD, neat PP, and
nanocomposites are shown in Figure 4.6. Large and spherical agglomerates are seen
in Figure 4.6d. Those agglomerates of spray dried CNC resulted from the capillary,
hydrogen bonding, and van der Waals forces between CNC particles. As shown in
Figure 4.6b freeze dried CNC has a lamellar morphology since water crystallization is
the driving mechanism for CNC aggregation during freeze drying. As a result, sheet
like CNC particles are seen in Figure 4.6e. However, there are no significant particle
deagglomeration (or size reduction) which means polymer infiltration into CNC
agglomerates was hardly successful. The red holes and arrows in the figure indicate
particles of CNC detached from large aggregates.

Figure 4.6: SEM images of nanocomposites (a) spray dried CNC (CNCSD), (b)
freeze dried CNC (CNCFD), (c) neat PP, (d) PP-CNCSD, and (e) PP-CNCFD
(nanocomposites contains 5wt.% of CNC) [43].

4.1.3.1 Spray dried CNC

Spray drying chamber is shown in Figure 4.7. Aqueous CNC suspension is atomized
through spraying inside the chamber which is filled with hot air with a temperature
higher than 100°C. The water on the surface of the droplet evaporates first when
introduced with hot air. The water at the interior of the droplet first diffuse toward the
surface then evaporates. Since the diffusion kinetic of the interior water is slower than
the evaporation from the surface, structure of the final powder will be different in radial

direction.
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Figure 4.7: Spray drying chamber [26].

At the end, powders or CNC agglomerates in size of micron range (5-30 pum) are
obtained. Figure 4.8 shows the SEM and PLM images of spray dried CNCs. As shown
in SEM images the CNC agglomerates are not in sphericall shape due to shrinkage of

aggregates.

Figure 4.8: SEM image of spray dried CNC a) low magnification, b) high
magnification and ¢) PLM image (20X magnification) [26].

During spray dying process capillary, Van der Waals, hydrogen bonding and
electrostatic repulsion forces control the shape of the agglomerates. While the
electrostatic repulsion force facilitates the deagglomeration, the other three forces
facilitate the agglomeration and thanks to the competition between the forces CNC
particles do not agglomerate rapidly instead they find time to minimize their energy.
As a result, compact and dense CNC agglomerates in powder form is obtained [26].
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4.1.3.2 Freeze dried CNC

As explained before, freeze drying method takes place through the first freezing of
suspension then sublimation of the water. The freeze-drying unit is shown in figure
4.9. The agueous CNC suspension is frozen inside the freeze dryer unit equipped with
a condenser and a vacuum pump. Vacuum is applied to drop the pressure below the
triple point to enable the sublimation process. After pressure drop, the residual frozen

water is evaporated through heating.

compressor

refrigeration
coils

heated shelves vacuum

oump
Figure 4.9: Schematic of a commercial freeze dryer [26].

SEM and PLM images of freeze dried CNCs are shown in Figure 4.10 and 4.11,
respectively. Different from the spray-dried CNC, freeze-dried CNC has a flake-like
shape. That is because, during the freezing step, water crystals form and push the CNC

particles to each other resulting in a flake-shaped dense CNC agglomerates.
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Figure 4.10: SEM image of 4 wt.% CNC suspension frozen at -50°C in a refrigerator
at a) low, b) medium, and c) high magnification [26].

Figure 4.11: PLM image of freeze-dried CNC at 10X magnification [26].
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4.2 Mechanical Properties of PLA/CNC Nanocomposites

Incorporation of nanoparticles into polymer results in nanocomposite with better
mechanical properties compared to that neat polymer. The reinforcement mechanism
takes place by the stress transfer through the matrix to the nanofillers. As a result, a
good level of interface between polymer matrix and nanofiller, and a homogeneous
dispersion of nanoparticles are key factors to obtain enhanced mechanical properties.
Studies have shown that due to poor interfacial interaction between PLA and CNC
results in slightly improved mechanical properties due to non-uniform stress transfer.
As a result, to obtain pronounced mechanical properties surface chemistry of CNC is
modified [70-72]. However, there still some studies that obtained improved
mechanical properties especially at low amounts of CNC (less than 5wt.%) [17].
Figure 4.12 shows the mechanical properties of unmodified PLA/CNC
nanocomposites prepared by Bagheriasl et al. [29]. They reported a 23% increase in
Young modulus which can be resulted from the high stiffness of CNC. The change in
tensile strength was insignificant and attributed to the poor stress transfer between

matrix and filler having different polarities.
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Figure 4.12: Mechanical properties of unmodified PLA/CNC nanocomposites [29].
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4.3 Rheological Properties of PLA/CNC Nanocomposites

It was previously mentioned that PLA suffers from poor rheological properties which
limit its processability. Different studies have shown that PLA/CNC composites have
successfully improved the rheological properties of PLA through a network formation
of CNC in the PLA matrix. A rheological analysis is one of the most effective methods
to see network formation accordingly to the dispersion level [73]. The change in
complex viscosity and storage modulus versus shear rate clearly shows the effect of
the CNC network and dispersion on the rheological properties of PLA. The increase
in complex viscosity at lower shear rates reveals the interaction of CNC and PLA at

the molecular level.

Bagheriasl et al. [28] prepared PLA/CNC nanocomposites, without any surface
modification, by solution casting method. First, freeze-dried CNC was dispersed in
DMF through bath sonicator (2 hours) and magnetic stirrer was used (150 min) to
dissolve PLA in CNC-DMF mixture which was followed by drying in a vacuum oven
at 80°C for 36 hours. The rheological analysis is shown in Figure 4.13. The increase
in complex viscosity and storage modulus of PLA/CNC nanocomposites is an
indication of CNC network formation and that reveals the success of their method to
finely disperse CNC in PLA. The imaginary part of the complex viscosity is the storage
modulus (G’) and defines the energy stored in material for a half cycle [56]. The
storage modulus of neat PLA has a terminal zone slope equal to 2 on the log-log scale
which is typical for molten polymers while PLA/CNC nanocomposites exhibited
higher storage modulus values. Those improvements in rheological properties indicate
the strong network formation between PLA molecules and CNC at a molecular level.
The calculated percolation threshold of rheological properties was found to be 0.68 or
0.55%.

Bagheriasl et al. [29] prepared PLA/CNC nanocomposites by the same solution casting
method as previously mentioned without the use of any surface modification or
compatibilizer. Storage modulus (G’), loss modulus (G’’), and loss tangent (tan o)
versus frequency of neat PLA and PLA/CNC nanocomposites at different loadings are
shown in Figure 4.14. G’ and G”’ of nanocomposites increased by 4 and 1 orders of
magnitude compared to neat PLA and the increase is more pronounced for highly
loaded nanocomposites (Figure 4.14a). Loss tangent (loss factor or damping factor) is

a dimensionless factor and defined as tan 6 = G’’/G’. The phase angle (J) is equal to

32



0° for ideally elastic materials that doesn’t have a viscous property (G”’ = 0) and equal
to 90° ideal viscous fluids (G’ = 0) [74]. The loss tangent (tan &) as a function of
frequency is shown in Figure 14b. The neat PLAs tan 6 increases with the decreasing
frequency which is an indication of the Newtonian character of PLA. On the other
hand, tan 6 of nanocomposites decreases in a whole frequency range which indicates
that nanocomposites behave elastically. It was reported that the decrease in tan 6 and
plateau regions in G’ and G’ at low frequencies indicate the behavior of PLA turned

from liquid to solid-like resulted from CNC network formation.
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Figure 4.13: Complex viscosity (a) and storage modulus, G’,(b) versus frequency,
of the neat PLA and PLA-CNC nanocomposites at 170 °C (strain = 5%) [28].

Heshmati et al. [30] studied the dispersion of CNC in PLA/PAL11 blends. To prepare
CNC incorporated blends they first prepared PLA/CNC or PA11/CNC

nanocomposites as masterbatches. To do that CNC was dispersed in DMF using a bath
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sonicator for then, PLA is added to this mixture by further mixing with a magnetic
stirrer for 2 hours. Later on, those masterbatches are diluted with two polymers by
using the melt mixing method. They also studied the rheological properties of
nanocomposites used as masterbatches and the results of PLA/CNC nanocomposites
are shown in Figure 4.15. For the neat PLA complex viscosity versus frequency is
almost Newtonian with a slight shear thinning at high frequency. Meanwhile,
nanocomposites revealed shear thinning behavior at lower frequencies which became
more pronounced with increasing CNC loading. The slope of the storage modulus of
nanocomposites decreased to 0.12 which was 1.5 for neat PLA. Again the tend of
storage modulus to the plateau is an indication of network formation.
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Figure 4.14: Loss modulus (G”’, filled symbols) and storage modulus (G’, filled
symbols) versus frequency (a) and loss tangent (tan 8) versus frequency (b) at 170°C
with strain amplitude of 0.55 [29].
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Figure 4.15: Complex viscosity (a) and storage modulus (b) versus frequency of
PLA/CNC nanocomposites loaded with different amounts of CNC [30].

4.4 Thermal Properties and Crystallization behavior of PLA/CNC
Nanocomposites

Crystallinity is one of the key factors to control various final properties such as
degradation rate, thermal stability, optical, barrier, and mechanical properties of PLA
[75]. However, compared to many other thermoplastics, PLA has a slow crystallization
rate thus, PLA may not undergo crystallization during fast or even moderate cooling
rates [12]. The presence of homogeneously distributed CNC nanoparticles within PLA
can affect the crystalline morphology and crystallization kinetics of PLA by served as
nucleating sites to initiate the crystallization. These effects are usually more
pronounced for low filler loading levels since above certain amount rigid particles may
hinder the PLA’s chain mobility and act as obstacles for the chain folding and the
growth of lamellar crystals [76, 77].

The majority of the literature studies confirmed that during the isothermal or non-
isothermal melt crystallization process, the presence of CNC within the PLA matrix
leads to enhanced PLA’s crystallization rate [78-81]. Kamal and Khoshkava [33]
reported an isothermal melt crystallization (100°C) half-time of 2.2 min for 3wt.%
CNC loaded PLA/CNC nanocomposites which was 16.5 min for neat PLA. Trifol et
al. [82] prepared nanocomposites of PLA (2003D) with CNC, CNF (partially
acetylated), and clay (C30B) through solution casting method. They dispersed the
CNC in DMF with magnetic stirrer (24h, at room temperature) meanwhile separately
dissolved the PLA in DMF with magnetic stirrer (2h, 70°C). Then, the mixture of
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CNC-DMF and PLA-DMF were mixed and sonicated for 10 min followed by casting
and drying. The isothermal crystallization thermogram is shown in Figure 4.16. Faster
crystallization kinetics for all nanocomposites were reported. Moreover, the degree of
crystallinity of nanocomposites found to be higher especially for PLA/CNC

nanocomposites and results are shown in figure 4.17.
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Figure 4.16: Isothermal crystallization of the nanocomposites (1wt.% - best
dispersion) at 120°C [85].
Bagheriasl et al. [29] studied the crystal content and crystallization temperatures of
PLA/CNC nanocomposites prepared by solution casting. The results are shown in
Figure 4.17. In polymer nanocomposites crystallization takes place with the
competition of two phenomena. While nanoparticles act as nucleation points to
increase crystal amount polymer, they also restrain the chain mobility. The final crystal
content of the polymer is a result of those two competing factors. Here in Figure 4.18a,
the crystal content was increased to 45 and 49% for PLA loaded with 1 and 6 wt.%.

The onset of crystallization time from the cooling cycle of nanocomposites are also
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shown in Figure 4.18b. The crystallization temperature was shifted to higher
temperatures even with the addition of CNC in small amounts.
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Figure 4.17: Degree of crystallinity of PLA nanocomposites with C30B, CNF, and
CNC calculated from the 1st heating cycle (heat-cool-heat cycle between 0 and
200°C with heating and cooling rate of 10°C/min) [85].
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Figure 4.18: Degree of crystallinity of PLA nanocomposites with C30B, CNF, and
CNC calculated from the 1st heating cycle (heat-cool-heat cycle between 0 and
200°C with heating and cooling rate of 10°C/min) [29].

37



4.5 Production of PLA/CNC Nanocomposites

One of the major concerns about PLA/CNC nanocomposite making is the achievement
of a good dispersion of CNC in the PLA matrix which is very important to obtain better
mechanical, thermal, crystallization, and rheological properties. However, the
achievement of a good dispersion of hydrophilic CNC in non-polar PLA medium is
challenging. Several studies have shown that the preparation method of PLA/CNC
nanocomposite significantly affects the dispersion of CNC in PLA accordingly, the
final properties of the nanocomposite. Thus, it is really important to choose a
production method to obtain finely dispersed PLA/CNC nanocomposite systems.
There are two main methods for making nanocomposites: melt mixing and solution
casting. Those methods are extensively used to prepare PLA/CNC nanocomposites

and each method results in different nanocomposite properties.

Melt mixing achieved through heating the material above its melting temperature to
give the desired shape which is followed by cooling to obtain the final product. Melt
mixing mainly employs the use of the twin-screw extruder (TSE) or internal mixer
which are highly viable to be applied in the industrial scale. During the extrusion
process required heat is externally applied to the polymer through the heaters around
the barrel meanwhile the frictional force caused by the applied shear also provides
heat. To completely melt the crystal structure and to obtain suitable viscosity
processing temperature is set 40-50°C above the melting temperature of the material.
As previously stated melt rheological properties are crucial for the melting process of
PLA through TSE. However, due to the slow crystallization rate of PLA and short
cycle time of melt mixing processes, PLA processed with melt mixing suffers from
low crystallinity [4]. In case of the production of PLA/CNC nanocomposites through
melt mixing, hydrophilic CNC should be homogeneously dispersed in nonpolar PLA
media. However, researches have shown that the shear or elongational force of melt
mixing is not enough to deagglomerate hydrophilic CNC particles and disperse them

in the non-polar PLA matrix [16].

The solution casting process is applied through the dissolution of PLA and dispersion
of CNC nparticles in an appropriate solvent then casting which is followed by
evaporation of the solvent. To dissolve PLA, a solvent with a solubility parameter
close to that of PLA will be used with heat if necessary. On the other hand, the same

solvent should be suitable to disperse polar and hydrophilic CNC or CNC will be
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separately dispersed in another suitable solvent. The studies have shown that although
solution casting is not industrially viable as melt mixing, it is successful to
deagglomerate the CNC to develop a network inside PLA medium. Bagheriasl et al.
[28] compared the effect of melt mixing and solution casting on CNC dispersion.
Solution cast PLA/CNC nanocomposites were prepared by first dispersing the freeze-
dried CNC in DMF using a bath sonicator (2 hours) and then using a magnetic stirrer
(150 min) to dissolve PLA in CNC-DMF mixture which was followed by drying in a
vacuum oven at 80°C for 36 hours. Melt mixing was employed by using an internal
mixer where PLA and CNC are added to the internal mixer and melt-processed at 180
°C with 100 rpm (7 min, under N2 atmosphere). The rheological analysis of PLA/CNC
nanocomposites produced with melt mixing and solution casting methods are shown
in Figure 4.19. Although two nanocomposites have the same amount of CNC content,
the one processed with melt mixing exhibits a complex viscosity behavior similar to
that of neat PLA. The wide plateau indicates the melt mixing was not successful to
disperse CNC. On the other hand, the complex viscosity and storage modulus of
solution cast nanocomposite gradually increases as the shear rate decreases. This
increase at low shear rate resulted from the network formation of CNC and indicates
the molecular interaction between PLA and CNC. Moreover, through these rheological

analyses, the success of solution casting to finely disperse CNC could be interpreted.
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Figure 4.19: Complex viscosity (a) and storage modulus (b) of two different
PLA/CNC nanocomposites with same amount of CNC content one produced with
solution casting (S) and the other produced with melt mixing (M) [28].

4.6 Achievements in Development of PLA/CNC Nanocomposites

It was clearly shown that the solution casting method is more successful to develop a

well-dispersed PLA/CNC nanocomposite which is crucial for mechanical, thermal,
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and crystallization properties of the material. Accordingly, the solution casting method
has been extensively studied for PLA/CNC nanocomposites. Different studies
searched the effects of various parameters. This study focuse on the studies about
PLA/CNC nanocomposites without any additive or surface treatment for a better
understanding of the effect of solution casting parameters and drying type of CNC on
dispersion kinetics of CNC and crystallization behavior, thermal properties, and
rheological properties of the nanocomposite. Important achievements about PLA/CNC
nanocomposites that reveals key factors about preparation are listed below. These
studies are significant since they don’t employ surface modification, the addition of

chain extender, or compatibilizer.

Bagheriasl et al. [31] prepared PLA/CNC nanocomposites by first preparing
masterbatches through solution casting then diluting with TSE. Direct melt mixing
resulted in fibrillar shaped CNC agglomerates while the combined method achieved
smaller agglomerates. They also studied the rheological behavior of two different
nanocomposites and an increase in complex viscosity at low shear rates for
nanocomposites diluted from masterbatch was reported which is an indication of CNC
network development. Arslan et al. [83] comprehensively compared the efficiency of
solution casting, direct melt mixing, and a combination of solution casting with TSE
to produce PLA/CNC nanocomposites. TEM and SEM images in Figure 4.20 show
the morphological analysis of nanocomposites with 5wt.%CNC. TEM images indicate
that the solution casting method resulted in much better CNC dispersion and the mTSE
method resulted in some level of agglomeration. This was attributed to the fact that
strong hydrogen bonds between CNC particles in solution cast masterbatch caused re-
agglomeration during TSE process. However, the success of mTSE method was found
to be much higher than the direct melt mixing method. SEM images of directly melt

mixed nanocomposite with 5wt.% indicate large CNC agglomerates in Figure 4.20.

The effect of PLAs molecular weight and crystallinity on rheological and
crystallization properties of PLA was extensively studied by Vatansever et al. [17].
Four different PLAs was used as a matrix: semi-crystalline high and low molecular
weight PLA and amorphous high and low molecular weight PLA. The rheological
analysis revealed that the dispersion of CNC in crystalline PLA was the best in semi-
crystalline low molecular weight PLA. It was explained that since CNC act as

nucleating points for semi-crystalline PLA, the formation of crystalline regions locks
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the CNC particles thereby prevent their re-agglomeration. The rheological percolation
threshold was reported to be 2.8%.

P
SC ; 5 mTSE o ?

9. omm

Figure 4.20: TEM images of solution casted (SC) and masterbatch diluted (mTSE)
PLA nanocomposites with 5 wt% CNC (top row) and SEM images of the directly
melt mixed PLA with 5 wt% CNC through a TSE (bottom row) [83].

As previously explained spray drying involves the atomization of the CNC suspension
into a hot (>100°C) chamber which results in micron-sized powder form. The
agglomeration during spray drying is governed by capillary, hydrogen-bonding, and
van der Waals forces. Spray freeze drying method is commercially used in ceramic,
food and pharmaceutical industries. Studies have shown that due to porous structure
of spray freeze dried CNC (CNCSFD), a good level of dispersion of spray freeze dried
CNC by melt mixing in polymer melts was possible [32]. Khoshkava and Kamal [33]
compared the dispersion of the spray dried (CNCSD) and CNCSFD in PLA matrix
using melt mixing method. SEM micrographs of PLACNCSD, and PLACNCSFD and
TEM images of PLACNCSFD3 (7wt.%) and CNC particles are shown in Figure 4.21.
The agglomerates of spray-dried CNC were observed in PLA (Figure 4.21a) since
polymer couldn’t infiltrate into compact CNCSD particles. Well dispersion of
CNCSFD3 in PLA was achieved (Figure 4.21 b and c) due to the porous structure of
CNCSFD3 enabled polymer infiltration into CNC particles. TEM image of
PLA/CNCSFD3 and individual CNC (Figure 4.21d and e) shows that deagglomeration
took place. The storage modulus versus strain graph of nanocomposites with different
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loadings for PLACNCSFD3 is shown in Figure 4.22. The narrowing in linear
viscoelastic regions of samples with increasing CNC loading indicates network
formation resulted from the deagglomeration of CNCSFD3.

Figure 4.21: SEM micrographs of PLACNCSD (a), PLACNCSFD3 (b), and higher
mag. of b (c) with 7wt.% loading. TEM images of PLACNCSFD3 (d) with 7wt.%
loading and individual CNC (e) [33].

T % & % & & % k& & & % | m PLA
. * * *** ® PLACNCSFD3-0.5
10" 4 o A PLACNCSFD3-1
] * ¥ PLACNCSFD3-15
I T LS T S % ® PLACNCSFD3-3
’», " @ PLACNCSFD3-5
> » PLACNCSFD3-6
» % | % PLACNCSFD37
10°{ee ee e e e ete 0o e, .o
I~ 3 o > *
< "N g EgR AN EEE SN RE g, > o
- 2. > »,
~ - . *'
8 s
o 5 "vvv'vvvvvvvvvvvvv " > i
10° 4 Ve ™ Ll
] v = > x
.AAAAAAAAAAA““ ““‘A‘ V"'=. ‘
1 A
-000000.00.00000000000..“‘A'=
° A
....“'
L A R R R N R R N R A N N N R R .0!
101_5 IIIII.-..
e U
-2 - 0 1 2 3
10 10" 10 10 10 10

Y (%)

Figure 4.22: Strain sweep graph of neat PLA and PLACNCSFD3 with different
CNC loading [33].
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5. EFFECT OF SOLUTION CASTING PARAMETERS ON CNC
DISPERSION

The outstanding success of the solvent casting method to obtain well dispersion of
CNC in PLA without the use of any treatment or additive was proved by different
researches [17, 28, 30]. However, strong interparticle interactions of CNCs still
challenge its dispersion in hydrophobic PLA media [14, 16, 17]. Thus, the parameters
of the solution casting process strongly influence the dispersion quality of the CNCs.
A summary of the studies that employed the solution casting method to prepare
PLA/CNC nanocomposites without the use of any additional treatment is given in
Table 5.1. However, the literature of solution cast PLA/CNC nanocomposites varies
in terms of instruments (tip sonicator or bath sonicator), duration and sequence of the

applied process, type of PLA and CNC, and type of solvent.

The solvent to be used must be suitable to dissolve PLA and to disperse CNC.
However, due to their electrostatic character (surface charges) and strong hydrogen
bonding between CNC particles, cellulose nanocrystals tend to agglomerate in
nonpolar solvents. Thus, their dispersion is possible in agueous suspensions or organic
solvents with high dielectric constant [84]. As a result, to choose the most suitable
solvent, the characteristics of both PLA and CNC must be considered to obtain
effective dispersion without CNC surface modification or compatibilizer. Some of the
solvents commonly used to prepare PLA/CNC nanocomposites are tetrahydrofuran
(THF), chloroform (CHL), dimethylformamide (DMF), and dimethyl sulfoxide
(DMSO). The solubility parameters of these solvents are close to that of PLA which
is 10 (cal/cm®)Y2 [85]. Hildebrand solubility parameter, &, is an important solvent
property that defines the work that is needed to separate the solvent molecules to form
a cavity that is large enough to incorporate the solute. The solubility parameter of the
gas phase is equal to zero while the value of § is much higher for highly ordered
solvents. To determine the suitable solvent for a non-electrolyte material, the § values
should be similar. The polarity of solvents which is a qualitative parameter is also an

important factor. THF, DMF, and DMSO are polar aprotic solvents. Polar aprotic
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solvents accept hydrogen bonds and characterized by their high dielectric constant and
high dipole moments. Among the polar aprotic solvents listed in Table 5.2, DMSO has
the highest dielectric constant. DMF also has a high dielectric constant but, the value
is much lower for THF. Chloroform is a nonpolar aprotic solvent which means
molecules have a net dipole moment of zero. Another important characteristic of
solvents is the dielectric constant which defines its ability to separate negative charges.
DMSO and DMF have the highest dielectric constants among those four solvents [86].

The other important physical properties of those solvents are also listed in Table 5.2.

As shown almost all of the study differs in terms of the type of material, type of
instrument (magnetic stirrer, bath sonicator, and tip sonicator), duration, and
temperature. The situation makes it impossible to compare the effect of solvent,
process parameters, or type of CNC. This study aims to investigate the effects of
solvent and the preparation method on the dispersion of both SCNC and FCNC in
PLA. Moreover, the rheological and thermal properties of nanocomposites are also

aimed to be studied.
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Table 5.1: A review of studies employed solution casting to prepare PLA/CNC

nanocomposites without use of any treatment or additive.
Study PLA CNC Method Results
PLLA Chloroform (MS, RT)
CNCand agglomeration of CNC,
Biomer partially CNC Chloroform deagglomeration of
Pei et al.[71] L9000 surface SCNC, 16.4% crystallinity
(PLLA)  silylated CNC  PLLA-CNC Chloroform (MS, 4h) in CNC1, 30.4%
(SCNC) crystallinity in SCNC
Vacuum drying (RT, 48h)
CNC Chloroform (MS)
27.7% crystallinity in
Ingeo CNC (in PLA Chloroform (MS) CNC1, 34.5% crystallinity
Khoo et al.[87] . :
3051D suspension) PLA-CNC Chlorof MS in CNC5, 30.9%
g oroform (MS) crystallinity in neat PLA
Drying (RT, 24h)
CNC DMF (MS, RT, 24h)
CNC DMF (CF, 1500rpm, 10min)* o
~32% crystallinity in
o CNC1, ~13% crystallinity
. Ingeo CNC (in PLADMF (MS, 70°C, 2h) in neat PLA, shorter
Trifol ere({fHal 2003D suspension) PLA-CNC DME (SC. 200W. 10mi isothermal crystallization
g (SC, » 10min) time, improved storage
. modulus (DMA)
Drying (80°C, 15h)
Vacuum Drying (50°C, 24h)
CNC DMF (WS, 100 Watts, 2h)
Ingeo Freeze-dried Improved rheological
Bagheriasl et al.[28] 3Zng CNC PLA CNC-DMF (MS, 70°C, 150min) properties, percolation
conc. of 0.68wt.% CNC
Vacuum drying (80°C, 36h)
CNC DMF (WS, 100 Watts, 2h) Improved rheological
Ingeo Freeze-dried properties, 23%
Bagheriasl et al.[29] SZng CNC PLA CNC-DMF (MS, 70°C, 150min) enhancement in Young
modulus, 74% increase in
Vacuum drying (80°C, 36h) storage modulus
CNC DMF (WS, 100 Watts)
PLA-DMF CNC-DMF (MS, 50°C, .
Ingeo Spray-dried 2h) Improved rheological
Heshmati et al.[30] 3001D CNC properties in PLA/CNC
Vacuum drying of film (80°C, 48h) nanocomposites
Vacuum drying of powder (60°C,
48h)
CH
2500HP CNC DMF (WS, 2h)
CL

Low molecular PLA
3001D
Vatansever et al.[17]

enhance crystallization and
decrease percolation
treahold, better CNC
dispersion in CL PLA.
Vacuum drylng of film (850C, 36h) Percolation con. of
2.8wt.% in CL PLA
Vacuum drying of powder (85°C,
48h)
*to seperate aggregates, MS: magnetic stirrer, WS: water sonicator, SC:Tip sonicator, CH: semicrystalline high

Mw, CL: semicrystalline low Mw, AH: amorphous high Mw, AL: amorphous low M,

. PLA CNC-DMF (MS, 70°C, 150min)
Spray-dried

CNC
AH

4060D

AL
8321D
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Table 5.2: Some of the important properties of solvents commonly used to dissolve

PLA [85, 88]
Solubility - .
Molecular Parameter & - Dielectric Bm!lng Viscosity, Electrl_c a'I Surface
Solvent Polarity Point conductivity Tension, o
Formula , constant, € C) n (mPa.s) (uS.cm™) (mN/m)
(Calfcm?)2 -
CsH/NO Polar
DMF or HCON(CH), 121 Aprotic 36.7 153 0.92 6.00E-02 35
CHL CHCl, 9.3 Apolar 48 61 0563 1.00E-04 21.2
Aprotic
C4HgO or (CHy)s Polar
THF CH,0 9.1 Aprotic 7.6 66 0.48 4.50E+01 28
C,H¢OS or Polar
DMSO (CHs),SO 13 Aprotic 48.9 189 247 3.00E-08 43.54
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6. EXPERIMENTAL PROCEDURE

6.1 Materials

The PLA used in this study was supplied by NatureWorks® IngeoTM (3251D
Injection Molding Grade) with a D-content of 1.4 mol% and MFR of 80g/min (210°C)
[14]. PLA 3251D was chosen due to its low molecular weight and low D-content
which enables high crystallization ability to obtain enhanced CNC dispersion and final
crystallinity [17]. Spray-dried cellulose nanocrystals (SCNC) and freeze-dried
cellulose nanocrystals (FCNC) were kindly provided by Cellular Force (Canada) and
FPInnovations (Pointe Claire, Canada), respectively. Tetrahydrofuran (THF) with
99%, Chloroform (CHL), Dimethylformamide (DMF) with 99 %, and Dimethyl
Sulfoxide (DMSO) with 99% purity as the solvents were purchased from Sigma-
Aldrich.

6.2 Preparation of PLA/CNC Nanocomposites

Preparation methods are summarized in Table 6.1. Preparation of PLA/CNC
nanocomposites with different solvents done by first dispersing CNC in the solvent by
using a bath sonicator at room temperature. Then, PLA was added to the CNC solvent
mixture and further mixed with a magnetic stirrer. Bath sonication was conducted at
room temperature for all samples while magnetic stirring was achieved at proper
temperatures according to the type of solvent. The magnetic stirring temperature was
55°C for CHL and THF since PLA is soluble in them. Since PLA isn’t soluble in DMF
and DMSO, the temperature was above the Ty of PLA. It was 75°C for DMF and 95°C
for DMSO. After magnetic stirring, PLA and CNC mixtures poured into petri dishes
and left to dry under fume hood for 2 days followed by 2 days (5 days in case of
DMSO) of vacuum drying at 85°C. Then, the dried films peeled from petri dishes and

ground with a coffee grinder. Powders were further vacuum dried at 85°C for 2 days.

The disk shape rheological samples (25mm diameter and 1.5mm thickness) of
nanocomposites were prepared through the compression molding of powders. Before
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compression molding, the powders were vacuum dried overnight at 55°C. The molding
was conducted at 190°C for 5 minutes by gradually increasing the pressure up to 1.5
tons. After 5 minutes, the samples were fast cooled with water circulation before being

taken out from the mold.

The effect of the solvent was compared by considering the methods labeled with 1, 2,
3, and 4 in Table 6.1. The most successful solvent in terms of CNC dispersion was
select to compare the effect of preparation method especially the effect of bath
sonication. Thus, three more different preparation methods with varying bath
sonication time and sequence were used labeled as 5, 6, and 7. To see the effect of
drying type of CNC, PLA/CNC nanocomposites with both SCNC and FCNC with a
fixed 3 wt.% CNC content were prepared with each seven methods. After the selection
of best solvent, and preparation method, CNC nanocomposites with varying loadings

were prepared.

Table 6.1: Preparation methods.

Solvent Preparation Temperature Drying
CNC + Chloroform WS, 2h RT
1 Chloroform
PLA + CNC Chl. Mixture MS, 2.5h 55°C
Drying under fume hood
CNC + THF WS, 2h RT (RT 2D), Vacuum drying
2 THF of film (85°C, 2D),
PLA + CNC THF Mixture MS, 2.5h 55°C Vacuum drying of powder
(85°C, 2D)
CNC + DMF WS, 2h RT
3 DMF
PLA + CNC DMF Mixture MS, 2.5h 75°C
CNC + DMSO WS, 2h RT
4 DMSO
PLA + CNC DMSO Mixture MS, 4h 95°C
CNC + DMSO WS, Oh dorf hood
Drying under fume hoo
5 DMSO (RT 2D), Vacuum drying
PLA + CNC DMSO Mixture MS, 4h 95°C of film (85°C, 5D),
Vacuum drying of powder
CNC + DMSO WS, 4h RT (85°C, 2D)
6 DMSO
PLA + CNC DMSO Mixture MS, 4h 95°C
CNC + DMSO WS, 2h RT
7 DMSO PLA + CNC DMSO Mixture MS, 4h 95°C
PLA CNC DMSO Mixture WS, 2h RT
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6.3 Characterization

6.3.1 Rheological Analysis

Rheological properties of nanocomposites were determined in small amplitude
oscillatory shear (SAOS) by using an MCR-301 rotational rheometer (Anton Paar,
Austria) (Fig. 6.1) equipped with a parallel-plate geometry (plate diameter 25mm)
with a gap of 1 mm. All of the rheological experiments were conducted at 190°C
under the nitrogen atmosphere.

The linear viscoelastic region of sample nanocomposites determined with small
amplitude oscillatory shear (SAOS) experiments in which strain sweep from 0.01 to
100% was applied with a constant frequency of 1rad/s. The linear viscoelastic region
is defined by a 5% decrease in the viscoelastic properties (storage modulus, G’). To
be in the LVR for all nanocomposites strain amplitude of 0.3% (0.003) was selected
to conduct a frequency sweep experiment. Frequency sweep experiments were
conducted from 668 to 0.1 rad/s. The strain amplitudes were 5% for neat PLAs and
0.3% for nanocomposites.

Time sweep experiments were conducted to investigate the thermal stability of
samples at constant angular frequency of 1 rad/s. The strain amplitude was 5% for
neat PLAs and 0.3% for NCs.

Figure 6.1: Anton Paar MCR 302 Rheometer.
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6.3.2 FTIR analysis

FTIR spectra of the neat PLA prepared with different solvents were recorded at room
temperature in the mid-IR range (400 — 4000 cm™) by using a Bruker FTIR
spectrometer equipped with a Bruker Platinum ATR accessory. All of the
measurements were conducted on dry, powder films obtained after vacuum drying
of ground powders. Each spectrum was taken over 12 scans with a resolution of 2
cmL. The results were analyzed using OPUS Software (Bruker Optics).

6.3.3 Differential scanning calorimetry (DSC)

After selecting the best solvent, preparation method, and CNC the non-isothermal
crystallization kinetics were analyzed using a TA Instruments Q1000 series DSC under
nitrogen. The heating steps were as followed: the nanocomposites were first heated
from room temperature to 200°C at a heating rate of 10°C/min and remained for 5 min
to remove the thermal history of the samples Then, the samples were then cooled to
25 °C at a cooling rate of 2°C/min. The samples were again reheated to 200 °C at a
heating rate of 10°C/min.
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7. RESULTS AND DISCUSSION

The rheological properties of nanocomposites studied to understand the effect of
nanoparticles on the viscoelastic properties of polymer accordingly, its processability.
Moreover, rheological analysis has been extensively used to study the dispersion of
CNC in the PLA matrix since the direct microscopic analysis of organic nanoparticles

in organic PLA medium is challenging [14, 17, 28, 32].

To be consistent in each rheological test in terms of eliminating the effect of strain or
stress, at first, the linear viscoelastic region (LVR) should be determined which is
defined as where 5% reduction in viscoelastic properties occurs [32, 33]. The LVR of
nanocomposites were determined using strain sweep tests with strain sweep from 0.01
to 100% at a constant frequency of 1 rad/s and it was determined as 0.3% of strain

amplitude for nanocomposites and as 5% for neat PLAsS.

The nonisothermal crystallization on nanocomposites were also characterized to see
the effect of SCNC, FCNC, and amount of SCNC on crystallisation Kinetics.

7.1 The effect of solvent

To investigate the effect of solvent on CNC dispersion, the amount of CNC was fixed
at 3wt.%. Moreover, each nanocomposite was prepared with both SCNC and FCNC

to see the effect of the CNC drying method on dispersion.

Complex viscosity as a function of neat PLA and nanocomposites prepared with
different solvents are presented in Figure 7.1. The complex viscosity of the
nanocomposites prepared with THF, slightly increased in total compared to neat PLA.
However, they revealed linear behavior over the whole strain range which is a
characteristic of liquids. Although THF is a polar solvent due to its low dielectric
constant it was not much effective to disperse CNC. Complex viscosities of
nanocomposites prepared with CHL is much lower compared to that of neat PLA. CHL
as being both apolar and having low dielectric constant can not deagglomerate the
CNC thus, agglomerates in the structure resulted in poor viscoelastic properties than
that of neat PLA. Nanocomposites prepared with DMF and DMSO revealed significant
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improvements. The nanocomposites prepared with DMF revealed higher complex
viscosity in total compared to neat PLA, with a slightly narrow down in plateau region.
The narrow linear region in viscoelastic properties in strain sweep experiments is an
indication of solid-like behavior and an indication of CNC network formation [33].
The complex viscosity of nhanocomposites prepared with DMSO is greatly increased
and the plateau region becomes narrower. For the following rheological experiments,
the strain amplitude is determined as 0.3% for nanocomposites and as 5% for PLA

which are in the linear viscoelastic region.
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Figure 7.1: Complex viscosity as a function of strain for neat PLA, PLA3SCNC and
PLA3FCNC prepared with (a) THF, (b) CHL, (c) DMF, and (d) DMSO.

The frequency sweep experiments were conducted with a strain amplitude of 0.3% for
nanocomposites and 5% for neat PLAs. Results of frequency sweep experiments of
neat PLAs and nanocomposites prepared with different solvents are presented in
Figure 7.2. All the four neat PLAs prepared with different solvents revealed Newtonian
behavior over a wide range of frequency (the change in complex viscosities of PLAs
prepared with different solvents is discussed under the section 7.1.1). The complex

viscosities of nanocomposites prepared with THF are slightly increased in total
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compared to neat PLA. However, the nanocomposites revealed Newtonian behavior
over a wide range of frequency and slight shear thinning at high frequencies. Which is
consistent with strain sweep experiments. Although THF is a polar solvent due to its
low dielectric constant it resulted in a poor level of dispersion. The complex viscosity
of NCs prepared with CHL is much lower since the apolar CHL having low dielectric
constant can not deagglomerate the CNCs. Thus, the CNC network on a molecular
level can not be obtained. Figure 7.3 presents the visual appearance of PLA/SCNC and
PLA/FCNC NCs prepared with CHL. The huge aggregates are visible with the naked
eye exist in both PLASCNC and PLAFCNC. It is clear evidence that the

deagglomeration of CNC couldn’t be achieved with chloroform.

The overall complex viscosities of nanocomposites prepared with DMF and DMSO
increased compared to that of neat PLAs. Moreover, complex viscosity of NCs
prepared with DMF and DMSO sharply increased at low frequencies and revealed a
strong shear-thinning behavior without the plateau region. In nanocomposites, the
increase in complex viscosity at lower frequencies indicates the increased interfacial
interactions of molecules of matrix and nanoparticles resulted from the homogeneous
dispersion of nanoparticles [14]. With consistency with the polar nature of DMSO and
highest dielectric constant compared to other solvents, it was successfully

deagglomerate the polar CNC and revealed the highest improvement.

The difference between PLA/SCNC and PLA/FCNC nanocomposites is insignificant
in THF and CHL while PLA/SCNC nanocomposites have slightly higher viscoelastic
properties in NCs prepared with DMF and DMSO.

53



s | —8— neatPLA i s | (b) CHL - tPLA
10 (a) THF —e— PLA-3SCNC 10 ( ) +;i§’-‘\73SCNC
—a— PLA-3FCNC —&— PLA-3FCNC
10 1ot
w 2
© ©
a8 o
* > * s
.10 210
B e = S STy peys ]
g ——8 g B8 8 5 5 55580 0 4 0 08
T T T T T T
10" 10° 10' 10° 10° 10" 10° 10' 10° 10°
o (rad/s) o (rad/s)
T T T T T T T T T T TTTTTaT T ALELELRLLL | T Tt T AL | T T T
s | —a— neatPLA i 5 | d) DMSO —a— neatPLA |
10°4 (c) DMF e PLA3SCNC 10 ) —s PLA-33CNC
—&— PLA-3FCNC —&— PLA-3FCNC
10 __10*
—_ n
@ ©
o o
~ * 3
% 107 10°
5 (=
10* 10°
-
T T T T T T
107 10° 10' 10° 10° 10" 10° 10' 10° 10°
o (rad/s) o (rad/s)

Figure 7.2: Complex viscosity as a function of frequency for neat PLAs and
nanocomposites prepared with prepared with (a) THF, (b) CHL, (c) DMF, and (d)
DMSO.

Figure 7.3: Visual appearance of nanocomposites prepared with CHL (a)
PLA3SCNC, (b) PLA3FCNC, and (c) PLA3SCNC after frequency sweep test.

The visual appearance of the nanocomposites prepared with different solvents is
shown in Figure 7.4. The ones on top rows show PLA3SCNC while the ones below
show PLA3FCNC nanocomposites. Both PLA3SCNC and PLA3FCNC prepared with
DMF and DMSO revealed a darker appearance. The nanocomposites prepared with

chloroform contain agglomerates.
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PLA3SCNC

PLA3FCNC

Figure 7.4: Visual appearance of nanocomposites prepared with different solvents.
Upper row: PLA3SCNC and Lower row: PLA3FCNC

7.1.1 Time sweep experiment and thermal stability

The visiual appearance of NCs (Fig. 7.4) revealed a brownish appearance with
increased CNC dispersion. To be sure whether this brownish colur is resulted from the
CNC dispersion or thermal degradation the neat PLA and PLA-3SCNC samples
prepared with DMF and DMSO were subjected to time sweep test. The time sweep
experiments conducted at 190°C for 20 min. To observe the color change the visual
appearances of each samples are reported before and after the time sweep test. Figure
7.5 shows the change in complex viscosity versus time for neat PLAs and PLASCNC
nanocomposites (3wt.%) prepared with DMF and DMSO. The changes in complex
viscosity of samples are indicated on figure. The changes were found to be below 10%
for all samples which are in acceptable range. The visual appearances of samples
before (a) and after (b) the time sweep experiment are presented in Figure 7.6. The
colors of the samples before and after the time sweep test seem to be same. The time
sweep experiments were conducted at 190°C for 20 min and the applied heat during
production was much lower and during compression molding the duration is much
lower (5 min). Thus, it could be said that the darker appearance of NCs resulted from
the CNC dispersion and not from the thermal degradation of PLA or CNC.
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Figure 7.5: Time sweep results for neat PLAs and PLA-3SCNC NCs prepared with
DMF and DMSO (angular frequency = 1 rad/s, strain amplitude = 5% for neat PLAS
and 0.3% for NCs).

a) PLA PLA3SCNC b) PLA PLA3SCNC
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Figure 7.6: The visual appearances of neat PLA and PLASCNC NCs prepared by
DMF and DMSO a) before and b) after the time sweep tests.
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7.1.2 The decrease in rheological properties of neat PLAs and FTIR analysis

Figure 7.7 shows the complex viscosity of unprocessed PLA and neat PLAs prepared
with different solvents. Although one type of PLA is used in this study, the rheological
properties differ in neat PLAs. A decrease is observed in rheological properties of
processed PLAs compared to the unprocessed PLA which could be attributed to the
presence of solvent. To investigate the traces of solvent in PLA matrix, FTIR analysis
was done and results are shown in Figure 7.8. The intensities were normalized to one
with respect to the main peak of neat PLA at (~1083cm™). The main difference in
spectra exists around ~2750 and ~3500. Figure 7.9 shows the intensities in the range
of ~2750 and ~3200. The triple peaks of PLA at 2853, 2921, and 2998 are the C-H
vibrations of PLA. CHL, THF, DMF, and DMSO also have C-H vibrations around
3000. The C-H triplet of PLA is shifted in PLAs prepared with different solvents and
the weak vibration at 2853 seems to be disappeared or weakened. The shift in C-H
vibrations could be attributed to the interaction of solvent molecules and PLA
molecules. Thus, consistent with the rheological results (Figure 7.7) it could be

concluded that solvents haven’t completely removed. DMSO and DMF have high
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Figure 7.7: Complex viscosity of unprocessed PLA and neat PLAS
processed with different solvents.
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boiling points (189 and 153°C, respectively) which makes it hard to completely
remove from the films. Although, THF have much lower boiling points (66 and 61°C
respectively) due to good secondary interaction between THF and PLA, THF can not

removed completely.
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Figure 7.8: FTIR spectra of neat PLAs prepared with different solvents.
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Figure 7.9: FTIR spectra of neat PLAs prepared with different solvents
between 2800 and 3200 cm™.
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7.2 The effect of preparation methods

To investigate the effect of preparation method, DMSO was chosen since it was found
to be the most effective solvent for CNC dispersion. Both PLA/SCNC and PLA/FCNC
nanocomposites were prepared with varying water sonication times and sequence. In
total four different methods were compared: OWS-4MS, 2WS-4MS, 4WS-4MS, and
2WS-4MS-2WS. The complex viscosity as a function of strain is shown in Figure 7.10.
The narrow plateau region in complex viscosity of nanocomposites is an indication of
improved CNC dispersion.
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Figure 7.8: Complex viscosity as a function of strain for PLA/SCNC and PLA/FCNC
nanocomposites prepared with different solution casting methods.
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The results of the frequency sweep experiments are shown in Figure 7.11. The increase
of complex viscosity in low frequency indicates the interaction of PLA and CNC

interactions at a molecular level and network formation.
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Figure 7.9: Complex viscosity as a function of frequency for PLA/SCNC and
PLA/FCNC nanocomposites prepared with different solution casting methods.

The rheological experiments revealed the PLA/SCNC nanocomposite prepared with
4WS-4MS method has the highest improvement thus, the enhanced dispersion of
CNC. It can be said that the increased water sonication time increased the dispersion
of CNC however, the other methods displayed similar improvements. It could be also
concluded that since the SCNC was in powder form only four hours of vigorous

stirring at elevated temperature resulted similar improvement with other methods.
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These results indicate the DMSO’s much higher ability to disperse CNCs even without
use of bath sonicator. In the case of PLA/FCNC, OWS-4MS revealed the highest
improvement. Since the FCNC is in flake form, the bath sonication at room
temperature was not enough to disperse them. When the bath sonication time
increased, nanocomposites revealed lower viscoelastic properties. The method 2WS-
4AMS-2WS revealed the second-best result and also better than 2WS-4MS method. In
the 2WS-4MS-2WS method after 4 hours of magnetic stirring the PLA/FCNC and
solvent mixture is placed in the bath sonicator when it was still hot. Thus, the high

temperature could aid the solvent to further disperse the FCNC.

7.3 Investigation of CNC dispersion and percolation treshold

The results revealed that DMSO is the most effective solvent for CNC dispersion thus,
nanocomposites prepared with DMSO revealed much higher improvements. SCNC
also revealed higher and more consistent improvements in frequency sweep
experiments due to easier dispersion of powder SCNC. Thus, PLA/SCNC
nanocomposites with varying CNC amounts (0, 1, 2, 3, and 5 wt.%) were prepared
with DMSO by using the 2WS-4MS method. For the sake of comparison, NCs with
same amounts were also prepared with DMF by using the 2WS-2.5MS method.
Although DMSO revealed the highest improvement in SCNC with 4WS-4MS method,
the 2WS-4MS method was selected to compare the results with that of DMF.

7.3.1 Strain sweep results

Strain sweep results, complex viscosity as a function of strain, of PLASCNC NCs
prepared with DMF and DMSO, are presented in Figure 7.12. The complex viscosities
of NCs containing 2, 3, and 5 wt.% of CNC prepared with DMF increased compared
to neat PLA. The PLA-SCNC5 and PLA-SCNC3 revealed similar results which could
be due to agglomeration of CNC at higher content. Moreover, incorporation of CNC
resulted in narrow plateau region at lower strains which is an indication of network
formation [33]. However, PLA-SCNC1 revealed a wide linear behaviour similar to
that of neat PLA which could be due to inefficiency of DMF to deagglomerate CNC
at lower content. In the case of NCs prepared with DMSO, the complex viscosity

greatly increased in all NCs even at such low amounts. Moreover, the deviations from
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linearity started at much lower strain values which indicates strong network formation
resulted from the DMSO’s higher ability to obtain better CNC dispersion.
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Figure 7.10: Complex viscosity versus strain for PLA/SCNC NCs prepared with DMF
(@) and DMSO (b) with varying CNC content (angular frequency is 1 rad/s).

7.3.2 Frequency sweep results

The increase of complex viscosity with decreasing frequency is an indication of
interaction between nanoparticles and polymer molecules. Thus, it is also an indication
of good level of dispersion which results in increased interfacial interaction [13, 16,
17]. The complex viscosity as a function frequency for PLA-SCNC nanocomposites
(1, 2, 3, and 5 wt.%) prepared with DMF (a) and DMSO (b) is shown in Figure 7.13.
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Figure 7.11: Complex viscosity versus frequency for PLA/SCNC NCs prepared
with DMF (a) and DMSO (b) with varying CNC content (strain amplitude is 5% for

neat PLAs and 0.3% for NCs).
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Consistent with the strain sweep results, NCs prepared with DMF, except the PLA-
SCNC1, revealed increased complex viscosity with decreasing frequency. NCs with
2, 3, and 5 wt.% of CNC revealed solid-like behavior while NC with 1 wt.% revealed
Newtonian behaviour over the whole frequency region and lower complex viscosity
compared to neat PLA. In the case of NCs prepared with DMSO all of the NCs
revealed increased complex viscosity without a plateau region which is an indication
of strong network formation and it increases with increasing CNC content. Moreover,
the improvement of CNC dispersion with DMSO even with such small amount of CNC
(1 wt.%) is more successful than that of obtained at 2 wt.% of CNC with DMF. The



sharp increase in complex viscosity at low frequenct is an indication of strong network
formation thus the percolation threshold is assumed to be in between 1-2 wt.% for NCs
preapared with DMF and between 0-1 wt.% for DMSO.

Storage modules of NCs as a function of frequency is presented in Figure 7.14. Neat
PLAs revealed a slope close to 2 on the log-log scale of storage modules versus

frequency which is specific for molten polymers [28].
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Figure 7.12: Storage modulus versus frequency for PLA/SCNC nanocomposites
prepared with DMF (a) and DMSO (b).

For the all NCs prepared with DMF and DMSO, with increasing CNC content the
slope decreased in other words the modulus increased with decreasing strain. The

increase in G” of NCs was less pronounced at high frequency since at higher
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frequeinces polymer matrix dominates the viscoelastic properties while the terminal
region is an indication of polymer and nanoparticle interaction. The decrease in the
slope of NCs, or the increase in modulus at terminal region, is an indication of solid
like behaviour. The decrease in the slope is much pronounced in NCs prepared with
DMSO and the storage modulus of NCs become less frequency dependent.

As previously shown, with the homogeneous dispersion of nanoparticles in polymer
matrix the rheological properties increase at low frequency (or strain) which is an
indication of network formation. The concentration of amount of nanoparticles at
which the sudden increase in rheological properties occur is the onset of percolation
network concentration. With the increase in quality of the dispersion, the percolation
network formation is obtained at smaller amount of nanoparticles [14]. It can be
concluded that the percolation of solid-like behaviour is between 1-2 wt.% of CNC for
NCs prepared with DMF and between 0-1 wt.% for DMSO.

The visual appearance of the nanocomposites is presented in Figure 7.15. As the
amount of CNC increased the color of the nanocomposites turned into a brownish
color. The NCs preapared with DMSO revealed darker appearance compared to DMF.

That change in visual appearance is consistent with the time sweep results.

Figure 7.13: The visual appearance of PLA/SCNC nanocomposites containing
varying amounts of CNC prepared with DMF (upper row) and DMSO (bottom
row).
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7.3.3 Modified Cole-Cole plot analysis

The incorporation of nanoparticles results in structural change in polymer matrix and
this change can be investigated through modified cole-cole plot (or Han Plot) which
reveals the frequency dependence of G’ versus G*’ [89-93]. The modified cole-cole
plots of PLASCNC NCs prepared with DMF and DMSO are presented in Figure 7.16.
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Figure 7.14: Modified cole-cole plots of PLASCNC NCs prepared by DMF (a) and
DMSO (b).
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The slopes of the neat PLAs are close to 2 which is a specific behaviour for
homogeneous polymers and any deviation from this trend is an indication of
heterogeneity [33]. Below the percolation threshold, the behavior of nanocomposites
is very similar to that of neat PLA which could expleain the similar behaviour of PLA-
SCNC1 DMF to that of neat PLA DMF [89]. However, as can be seen in figure the
slope of G’ — G’ curves of NCs dramatically decreased for nanocomposites prepared
with DMF and DMSO with 2 wt.% and 1 wt.% of CNC respectively. This dramatic
change indicates the onset of percolation concentration which resulted from the
interaction between nanoparticles and polymer chains. As a result, consistent with the
strain sweep and frequency sweep results, the percolation concentrations of NCs
prepared with DMF and DMSQO are estimated to be in between 1-2 wt.% and 0-1wt.%

respectively.
7.3.4 Calculation of percolation threshold

The percolation network concentration could be calculated by fitting the empirical
power-law equation into storage modulus (at 0.1 rad/s) versus CNC content graph
obtained by rheological experiments. The empirical power-law equation is followed
as:

_ n
G' = B.G (m—mcG) for m > mG (7.1)

meG

where .G and n are power law constants, m is the CNC concentration in wt.%, and
m.G is the rheological percolation threshold in wt.% [17, 28, 94-96]. Figure 7.17
presents storage modulus (at 0.1 rad/s) versus CNC content obtained by rheological
expriments for PLASCNC NCs preapared by DMF (a) and DMSO (b). The percolation
threshold values were obtained by fitting the experimental results into equation 7.1
and and fitted curves (red curves) are presented in figure. For NCs prepared with DMF
and DMSO, m.G values are calculated as 1.52 and 0.44 wt.% respectively. The
calculated percolation concentration for NCs prepared with DMF is found to be better
than the results obtained by Vatanser et.al. [17] in which the same preparation method
and CNC was used. They reported percolation concentration of 2.8 wt.% for NCs with
low molecular weight semicrystalline PLA matrix. As the PLA matrix, present study
used comparatively low molecular weight and highly crystallizable PLA (3251D with
a D content of 1.4%) which has higher ablity to obtain homogeneous CNC dispersion.
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The percolation concentration obtained by using DMSO is found to be the lowest value

and it is an indication of strong network formation even at such low concentration.
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Figure 7.15: Storage modulus (at 0.1 rad/s) versus CNC content of PLASCNC NCs
prepared with DMF (a) and DMSO (b). The red lines are fitted into empirical power-
law equation (eq. 7.1).

7.3.5 Apparent yield stress

Incorporation of nanoparticles in polymer matrix results in an apparent yield stress.
The vyield stress defines the stress level at which flow initiates and it is highly
dependent on the interaction of nanoparticles with polymer matrix which must be

overcome for flow to initiate. The apparent yield stress is the yield stress determined
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by experimental method which is sensitive to the measurement method and parameters
[28, 94]. Frequency and strain sweep results, increased complex viscosity at low
frequency and narrow plateau region over strain sweep, revaled that with incorporation
of nanoparticles solid-like behaviour was observed which is also an indication of yield
stress. Apparent yield stress could be analysed by drawing complex viscosity versus
complex modulus (G*) in log-log scale [17, 28, 94, 97]. Figure 7.18 presents the

complex viscosity versus complex modulus of PLA-SCNC nanocomposites.
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Figure 7.16: Complex viscosity versus complex modulus of PLASCNC NCs
prepared with DMF (a) and DMSO (b). The black lines are fitted to modified
Herschel-Bulkley equation (egs. 7.2 and 7.3).

NCs revealed sudden increase in complex viscosity with decreasing complex modulus

and at concentrations consistent with the previously calculated percolation
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concentration. This behaviour is a strong indication of network formation of CNC and

it pronounces with increased amount of CNC.

The apparent yield stress of NCs could be determined by using the modified Herschel-
Bulkley equation:

= 2tk 0wy (7.2)

oo = Ggy° (7.3)

where Gg is the magnitude of the complex modulus at the lowest frequency, y° is the
strain amplitude (0.05 for neat PLAs and 0.003 for NCs), k is a constant and n is the
flow index. The solid lines in Figure 7.18 represents the calculated curves by fitting
the experimental data to Equation 7.2 and 7.3. The fitting parameters and the calculated
apparent yield stress of nanocomposites are given in Table 7.1. NCs revealed yield
stress behaviour after the percolation concentration. NCs prepared with DMF revealed
much lower yield stress compared to that of preapared with DMSO due to lower ability
of DMF to CNC effectively. Vatansever etal. [17] could not obtained yield stress value
below 3wt.% CNC with low molecular weight semicrystalline matrix. By using same
method with highly crystallizable and much lower molecular weight PLA yield stress
obtained at much lower concentration. However, Bagheriasl et al. [28] reported much
higher yield stress at 3wt.% by using same PLA grade in this study and freeze-dried
CNC. Although their method is similar, instead of water bath sonicator they used
ultrasonicator to disperse CNC which is much more effective. NCs prepared with
DMSO revealed much higher vyield stress compared to ones prepared by DMF.
Moreover, lowest CNC concentration at which yield stress obtained is 1wt.%. Thanks
to much higher ability of DMSO to disperse CNC, pronounced yield stress obtained
even at high concentrations. On the other hand, the results obtained by DMSO is still
lower than the results obtained by Bagheriasl et al. [28]. This could be attributed to the
used of sonicator and more importantly to the presence of solvent in NCs resulted from
the inefficient solvent removal process. At the end, increased apparent yield stress
resulted from the impediment of chain mobility resulted from particle-particle and
polymer-nanoparticle interactions [17, 28]. The melt flow index (n) decreases with
increased CNC content as expected with small deviations. The small deviations in the

melt flow index could be resulted from the residual solvent.
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Table 7.1: Yield stress and melt flow index of NCs calculated using the modified
Herschel-Bulkley equation

DMF c’(Pa) k(Pas") n DMSO o’ (Pa) k(Pas") n
PLA 0 131.8 0.98 PLA 0 50.00 0.98
PLA-SCNC1 0 48.7 0.98 PLA-SCNC1 1.21 28.29 0.59

PLA-SCNC2 0.27 616 0.79 PLA-SCNC2  25.76 200 0.7
PLA-SCNC3 1.80 1555 0.81 PLA-SCNC3  48.59 175 0.5
PLA-SCNC5 2.31 151 0.71 PLA-SCNC5 195.65 200 0.4

7.4 Differantial scanning calorimetry (DSC) analysis

Thermal and crystallisation behaviour PLA-SCNC and PLA-FCNC nanocomposites
(3wt.% CNC) prepared with DMF and DMSO is presented in Figure 7.19. Thermal
history of samples removed by heating from room temperature to 200°C with a heating
rate of 10°C/min. Cooling thermograms revealed that crystallisation temperature and
amount of crystallitinity of NCs prepared with DMSO increased. Rheological analysis
revealed that DMSO provide better dispersion of CNCs. Since, CNC could act as
nucleation points as crystallisation it promoted faster crystallisation. NCs filled with
FCNC and SCNC revealed no significant difference however, PLA-FSCNC NCs
prepare with DMF revealed a melting peak with a shoulder which could be due to
nonhomogeneous dispersion of FCNC in DMF resulted in heterogenous
crystallisation. Moreover, during the second heating NCs didn’t revealed any cold

crystallisation which is an indication of completed crystallisation.

DSC thermograms of PLA-SCNC NCs with varying CNC content prepared with DMF
and DMSO is shown in Figure 7.20. No cold crystallisation was observed during the
second heating of NCs. At the end, except PLA-1SCNC no significant changes were
observed. PLA-SCNC NCs prepared with DMSO revealed higher crystallisation
temperatures compared to the ones prepared with DMF. Although DMSO enabled
much better dispersion of CNC, presence of CNC especially at higher loadings could
hinder the chain mobility of PLA which could be the reason of slower crystallisation.
Morever, as presented previously in FTIR results, presence of solvent trace could also

hindered the PLAs molecular mobility thus, crystallisation.
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Figure 7.17: DSC heating-cooling-heating thermograms of PLA-SCNC and PLA-
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Figure 7.18: DSC heating-cooling-heating thermograms of PLA-SCNC NCs
prepared with DMF and DMSO (heating: 10°C/min, cooling: 2°C/min).
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8. CONCLUSIONS

The present work aimed to investigate the effects of solution casting method on
PLA/CNC nanocomposites rheological and thermal properties. Effect of solvent type,
duration and sequence of preparation was comprehensively investigated through
rheological analysis. Meanwhile, effect of SCNC and FCNC on dispersion of CNC
prepared with solution casted NCs was also investigated. Rheological analysis
revealed that DMSO due to its high polarity, high dielectric constant, and solubility
parameter was most effective to disperse CNC particles whose surface is negatively
charged. SCNC was found to be more effectively and consistently dispersed in PLA
matrix due to its powder form. The preparation methods were also compared by
preparing PLA/SCNC and PLA/FCNC nanocomposites with DMSO. The highest
improvement in viscoelastic properties was found in PLA/SCNC. The increased bath
sonication time increased the dispersion of SCNC while bath sonication was not much
effective for FCNC. Since the bath sonication is conducted at room temperature it
didn’t successful to disperse flake-like FCNC. However, vigorous stirring at elevated
temperature resulted in increased viscoelastic properties.

PLA/SCNC nanocomposites prepared with both DMF and DMSO. In nanocomposites
prepared with DMF, except PLA/SCNC1, nanocomposites revealed increased
rheological properties. For the NCs prepared with DMSO, this increase was more
pronpunced. The rheological percolation threshold of NCs prepared with DMF and
DMSO was calculated by employing the empirical power-law equation and found to
be 1.59 and 0.44 wt.% respectively. The percolation concentration again revealed that
DMSO is much more effective to obtain high quality dispersion of CNC.

The apparent yield stress of NCs were calculated by employing Modified Herschel-
Bulkley equation. NCs prepared with DMSO revealed much higher apparent yield
stress values compared to ones prepared with DMF. Both the modified cole-cole plot
analysis and Herschel-Bulkley plots of NCs revealed solid like behaviour started at

percolation concentration.
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The nonisothermal DSC analysis of NCs revealed that due to better dispersion of CNC
with DMSO, the NCs prepared with DMSO exhibit faster crystallisation Kinetics.
However, no significant change was observed between FCNC and SCNC. The neat
PLA processes with DMSO revealed faster crystallisation compared to one with DMF.
This could be due to higher plasticizing effect of DMSO since it is expected that higher
amount of DMSO is remained in samples. Similarly, NCs prepared with different CNC
content revealed that crystallisation time is close to that of neat PLAs. Those, results
shows the effect of remaining solvent on NCs crystallisation.
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