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ABSTRACT 

In the present study, ve1y small concennations of CNCs and CNFs were melt-compounded into PLA using a 
solvent-free process where poly(ethylene glycol) (PEG) was used to disperse the nanoparticles in PLA. As a 
comparison, the commercial nucleant, talc, was processed similarly into PLA. CNC and CNF were shown to be 
efficient nucleants for PLA, similar to talc, and conventional Avrami and Lauritzen-Hoffman analysis of the 
c1ystallization behavior was performed for isothermal temperatures from 90 °C to 130 °C across all compositions. 
From the Avrami analysis, the c1ystallization rate, half-time, and Avrami exponent were calculated and suggested 
a synergistic effect of nanocellulose and PEG, even at ve1y small concentrations. The c1ystallization half-time was 
lower than talc at higher temperatures indicating faster c1ystallization for samples containing nanocellulose 
under certain conditions. Analysis of seconda1y nucleation revealed a decrease in the surface energy for CNC 
containing samples, further suggesting that, given the enhanced mobility of plasticized PLA, ve1y small con­
centrations of CNC are effective nucleation agents. Lastly, scanning electron microscopy was used to correlate the 
c1ystal morphology of chemically etched samples with the thermal analysis. Coarsening of the microsn·ucture 
was obse1ved initially with the addition of PEG, and further coarsening was obse1ved upon the addition of 
nanocellulose. 

1. Introduction 

Polylactic acid (PLA) has generated interest because it can be syn­
thesized from corn, and is thus inherently more renewable than con­
ventional, petroleum-based polymers (1,2]. In 30 printing, it is used for 
its ease of use and printability, i.e. its low melting point (150-170°) and 
desirable melt viscosity; e.g. PLA is being investigated as a material for 
30 printed scaffolds [3]. While its other uses are predominately in 
packaging and consumer goods, there are drawbacks to using PLA in 
these applications (2,4]. The glass transition temperature (T ) is be­8
tween 50 and 60 °C, it has a low heat deflection temperature also around 
50-60 °c and can be brittle [4]. Compared to other commercial con­
sumer goods plastics, it is typically limited to short-term, single-use 
items that are used at room temperature, e.g. plastic utensils, cold-drink 
cups, and thermoformed lunch boxes-not reusable plasticware, plastic 

film, etc. (2,4]. Some of the properties of PLA could be improved by 
enhancing its crystallinity. However, PLA is a slow crystallizing polymer 
and without additives to increase the rate of crystallization, crystallinity 
in PLA is typically low after processing [2]. 

Nanocellulose, high-aspect ratio particles derived from wood, cot­
ton, tunicates, bacteria, and various other sources, have inspired interest 
due to their remarkable properties and renewability (5-7]. Within the 
broad class of nanocelluloses are cellulose nanocrystals (CNCs) and 
cellulose nanofibrils (CNFs) [5]. CNCs are rod-like, highly crystalline 
(54-88%), nanoparticles with dimensions between 5 and 20 nm wide 
and 20-500 nm long that possess excellent stiffness (110-220 GPa) and 
strength (7.5-7.7 MPa) (5,6]. CNFs are nanoparticles with lengths up to 
10 µm, typically higher amorphous content than CNCs, and which have 
shown good potential as a mechanical reinforcement in polymers due to 
high entanglement density [5]. Additionally, nanocellulose has 
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potential for enhanced thermal properties (8,9] and gas barrier behavior 
(10]. Hydroxyl groups present on the surfaces of both CNCs and CNFs 
govern dispersion and are a common site for surface modification to 
achieve dispersion in various media [6,11,12]. 

Plasticization and heterogeneous nucleation of PLA have been 
investigated to increase total crystallinity and accelerate the crystalli­
zation rate of PLA, which is relatively slow [2]. Typical plasticizers for 
PLA and PLA blends include citrate esters, glycerol, polyethylene glycol 
(PEG), and polypropylene glycol [13-15]. Although plasticizers can 
impart many benefits, there is a trade-off with performance. For 
instance, plasticizers increase ductility and toughness but typically 
decrease stiffness and strength. Nucleation agents and fillers can miti­
gate losses. Nucleation agents and fillers, which reduce the surface en­
ergy requirement for stable nuclei formation, impact the crystallinity by 
increasing the number of crystallites. Talc is a common nucleation 
agent/filler in PLA when faster crystallization kinetics are desirable [2, 
14,16]. The combination of plasticizers and nucleation agents has a 
synergistic effect on the crystallization rate. For instance, the addition of 
talc to PLA can reduce the crystallization half-time significantly, but the 
addition of PEG and talc further reduces the half-time and extends the 
crystallization window to lower temperatures [14]. 

Acquisition of more efficient and renewable nucleation agents has 
inspired exploration and development of various organic materials from 
nanocellulose, including pristine CNCs [17] and lignin-coated CNCs 
[18]. The efficacy of nanocellulose as a heterogeneous nucleation agent 
depends on specific surface area and dispersion in the polymer matrix. 
However, while nanocellulose has a high specific surface area to volume 
ratio which is good for nucleation, native CNC/CNF has poor compati­
bility with PLA and so disperses poorly leading to aggregation and 
inefficient crystallization. Commonly, organic solvent has been used to 
overcome this issue [17,19,20]. However, surface grafting has also been 
employed to improve the compatibility of nanocellulose with PLA 
through various modifications [21,22], utilizing grafted PLA chains [1, 
23], as well as grafting of known-plasticizers, like PEG, onto CNCs and 
CNFs [24,25]. However, using unmodified nanocellulose may offer 
significant cost savings if dispersion can be achieved. Some of the po­
tential benefits of exploring organic nanoparticles as nucleation agents 
are speeding up crystallization kinetics or reducing crystallite size, as 
well as increased optical transparency, and tertiary effects like modi­
fying the rheology of the polymer melt. 

In many cases, the observed effects on crystallization are not inten­
ded as the CNC/CNF are used as reinforcements, and as such the con­
centration is high (above 1.0 wt%), while typical nucleant 
concentrations are much lower. Concentration is a critical parameter in 
promoting nucleation as above a critical concentration many hetero­
geneous nucleation aids, including nanocellulose, can inhibit molecular 
processes due to network formation. Gupta et al. demonstrated that 
lignin coated CNCs could be efficient nucleation aids at small concen­
trations (0.3%), but did not explore lower concentrations after observing 
that 0.1 % of the lignin-coated CNC did not improve crystallization rates 
in PLA [18]. Moreover, CNC and CNF have been shown to affect the 
crystallization of PLA [18,20,24-27], but the majority explored high 
concentrations that bear little relevance to more typical nucleant 
concentrations. 

The present work explores the combination of nanocellulose and 
plasticizer, specifically PEG, on the crystallization kinetics and 
morphology of PLA. To disperse nanocellulose in PLA, nanocellulose 
(CNC and CNF) were melt-compounded into PLA using a method re­
ported by Clarkson et al. where CNC and CNF were first mixed with low 
molecular weight PEG through a process similar to conventional solvent 
exchange [22]. The solvent-free CNC/PEG and CNF/PEG solid solutions 
were melt-compounded into PLA to produce a fixed content of 5 wt% 
PEG and very small concentrations of CNC or CNF. Avrami analysis was 
performed on isothermal data spanning 90-130 °c and melting peak 
data was collected for all thermal histories for a Hoffman-Weeks esti­
mate of the equilibrium melting temperature. Lastly, secondary 

nucleation theory was applied to further quantify the nucleation effi­
ciency and the morphology was analyzed by scanning electron micro­
scopy for select isothermal histories. 

2. Materials & methods 

Two types of nanocellulose were purchased from the University of 
Maine, Oronoa, ME, USA: Mechanically fibrillated CNF (Lot #U22; 3 wt 
% CNF-water slurry; 90% fines) and sulfuric acid-derived CNCs (2014-
FPL-CNC-065; 11.9 wt% CNC-water slurry; 0.99 wt% sulfur on dry CNC) 
[SJ. Transmission electron microscopy (TEM) images for these materials 
are provided in the supporting information, Fig. Sl. CNC dimensions 
were 8.2 ± 7 nm by 91.7 ± 35.2 and CNF were 45.7 ± 18 nm wide and 
length dimensions exceeded the TEM view. Polyethylene glycol (PEG) 
was purchased from Millipore Sigma, St. Louis, MO, USA (Mn = 600 
g/11101) and Nature Works INGEO-3001D poly(lactic acid) was pur­
chased from Jamplast, Ellisville, MO, USA. The comparison material, 
Acros Organics talc (Lot A0381563; <75 µm/-200mesh; MW= 379.26 
g/mol), was purchased from VWR International, Radnor, PA, USA. 
De-ionized, ultra-clean water was produced in house using a Barnstead 
device and was used for all solutions to avoid extra contamination. 

As reported elsewhere, prior to compounding, solutions of CNC and 
CNF with PEG were prepared (22]. In brief, a solution of PEG in water 
was prepared by mechanically mixing. Meanwhile, CNC and CNF solu­
tions were diluted with water and ultrasonicated using a Branson 
Ultrasonifyer at 30% power amplitude for 30 s with a 1 s pulse and 1 s 
rest for a total energy of 1800 J/g CNC. The respective CNC and CNF 
solutions were then poured into the PEG/water solution and allowed to 
mechanically mix on low heat for several hours prior to being ultra­
sonicated similarly a second time. A rotary evaporator at 70 °c and 125 
Torr was used to remove the bulk of the water from the nano­
cellulose/PEG solution. A higher vacuum (2 Torr) at 70 °C was used to 
remove the remaining water. The procedure was used to create 1 wt% 
and 10 wt% CNC in PEG and 1 wt% CNF in PEG solutions; initial 
dispersion of nanocellulose in PEG is shown in polarized optical mi­
crographs in the supporting information (Fig. S2). The 1 wt% CNC so­
lution showed the best dispersion witl1 little to no micron scale 
agglomerations, while increasing to 10 wt% CNC some agglomerations 
are present in the material (Fig. S2). The 1 wt% CNF shows evidence of 
agglomerations and entanglements which is expected since, as Fig. Sl 
shows, CNF entanglements can persist despite best efforts to disperse the 
nanoparticles (Fig. S2). Using this method, it was difficult to obtain 
higher concentrations of CNF in PEG for comparison to the CNC nano­
composites as the CNF starts at a much lower concentration in water 
compared to CNC and phase separation was a concern. Immediately 
after drying, the CNC/PEG and CNF/PEG solutions were injected with a 
syringe-style hopper into PLA (dried at 100 °C for 12hrs) at fixed 
quantities to produce the following compositions with 5 wt% PEG: 0.05 
wt% CNF, 0.05 wt% CNC, and 0.55 wt% CNC. Talc was premixed with 
PEG to produce a 1 wt% solution for compounding using mechanical 
mixing and ultrasonication in line with the method used to prepare the 
nanocellulose compositions. Compounding was performed in a 
twin-screw 5 cc Xplore micro-compotmder with continuous feed hopper 
at 200 °C and 100 rpm for 5 min for all compositions. Cross-polarized 
optical microscopy of all samples showing dispersion is in Fig. S3 of 
the supporting information. 

All thermal experiments were performed in a Thermal Analysis (TA) 
Q800 differential scanning calorimeter (DSC). Samples were prepared in 
hermetically sealed aluminum pans with a mass of 11.1 ± 2.9 mg. For 
non-isothermal experiments, materials were first held at 200 °C for 2-5 
min, quenched at 50 °C/min and reheated to 200 °C at 10 °C/min; ex­
periments were run in triplicate Isothermal experiments were performed 
by first allowing the materials to fully melt at 200 °c for 3-5 min then 
quenching (50 °C/min) to the desired isothermal temperature (Tc = 90 
°C, 100 °C, 115 °C, 120 °C, and 130 °C). All samples were held until 
crystallization had completed (indicated by a flat baseline) prior to a 
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quench to O °C and subsequent heat at 10 °C/min to 200 °C. 
An FE! Quanta 650 FEG scanning electron microscope (SEM) was 

used to image crystal morphology for chemically etched specimens. For 
this analysis, DSC samples were removed from the aluminum hermetic 
pans after isothermal aging at 90 °C or 130 °C and then quenched to 
room temperature. Chemical etching of isothermal specimens was per­
formed by submersing specimens in a solution of 0.025 11101/L NaOH in 
a 1:e1 ratio of water/methanol for 4 h at 65 °C following the procedure of 
He et al. [29,30] .  After etching, samples were rinsed with water and 
methanol, then dried in high vacuum for 30 min at room temperature to 
remove any residual solvent. Samples were sputter-coated prior to im­
aging with palladium/gold using an SP! Sputter Coater. SEM parameters 
for imaging were as follows: small working distance of 9-12 mm, 2-5 
KeV accelerating voltage, and a spot size of 3-4. 

3. Results and discussion 

3. 1 .  A vrami crystallization kinetics 

Non-isothem1al and isothermal history data capture the complex 
relationships of nucleation and growth with time and temperature and 
the effects of these different thermal histories can be observed in sub­
sequent heating cycles. The following parameters were measured from 
DSC thermograms: glass transition (T

g
) measured as the inflection point, 

cold crystallization temperature (Tee) taken as the peak temperature, 
and melting point Tm 1 or 2 as the temperature at the minimum of the 
well. Tm i  is the melting point of the first melting peak (if exhibited) and 
Tm2 is the second melting peak. The appearance of two melting peaks in 
PLA is commonly associated with the formation of the ordered and 
disordered ex and ex' phase, respectively [31-33]. The enthalpy of 
melting, .1Hm and enthalpy of cold crystallization, .1Hcc, are opposite in 
sign and were used to calculate the relative degree of crystallinity, X, 
from equation (1) where .1Hm 

0 is the theoretical maximum melting 
enthalpy, 93 J/g [21,27,28,34] .  For samples exhibiting an exothermic 
shoulder immediately before melting, the area under this peak was also 
subtracted from .1H,r,; details are published in the supporting informa­
tion (Fig. S4). 

(.1H., + .1Hcc)
X(%) = 1 00% (1)

.1H: ( l  - WNc - WpEc) 

A quench and subsequent heat indicated no detectable crystallization 
upon cooling at 50 °C/min for the compositions explored and provided a 
baseline for material properties (Fig. 1). The materials properties (T

g, 

Tee, and T m l, T m2) measured upon heating from Fig. 1, were recorded in 
Table 1. Compared to the neat PLA, all compositions showed a decrease 
in Te

g
, T ml and T m2, although only neat PLA and 0.05 wt% talc exhibited 

strong double melting peaks (Fig. 1) .  Te
g 

suppression is one of the mea­
sures for determining plasticizer efficiency and the observed values are 
comparable in magnitude to other PLA/PEG studies [34,35]. Likewise, 
decreased Tee and Tm have been observed with the addition of nano­
cellulose as well as talc, which agreed with previous crystallization 
studies for both classes of materials [14,18,36] .  Importantly, a decrease 
in Tee (Table 1) can be desirable as it implies that the crystallization 
window is moving to lower temperatures. For processing, this is better as 
thermal gradients in the part govern the degree of crystallinity 
throughout the component and by expanding this window, the crystal­
linity for the entire component can effectively be increased or the pro­
cessing temperature can be lowered leading to more efficient processes. 

The crystallization window provided by the temperature range of Tee 
was the basis for selection of isothermal crystallization temperatures, Tc, 

and isothermal experiments were run at 90 °c, 1 00 °c, 11 0 °c, 115 °c, 
120 °C, and 1 30 °C. While growth is favored at higher Tc, investigation 
of low T

c 
is industrially relevant as many plastic components are exposed 

to cooler surfaces during processing. For instance, low mold tempera­
tures in injection molding are desirable as reducing mold temperature 
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Fig. 1 .  Experimental data for a 50 °C/min cool followed by subsequent heating 
at 10 °C/min. 

Table 1 

Thermal properties measured from non-isothermal experiments. 

Sample Nanocellulose PEG Tg(° C) Tcc(e° C) Tm1 (e° C) Tm2 
°(wt%) (wt ( C) 

%) 

Neat 0 0 58 .6  ± 105 .3  161 .3  ± 1 68.4 
PLA 2 .7  ± 1 .0  1 .6  ± 1 .0  

PEG 0 5 48 .2 ± 92 .3  ± 164.1  
0 . 1  1 .0  ± 0.2 

CNF/ 0.05 5 48 .4 ± 94.4 ± 165.2 
PEG 1 . 8  2 .0  ± 0.5 

CNC/ 0.05 5 44.9 ± 88.0 ± 1 63.4 
PEG 1 . 0  2 .0  ± 0.4 

0.55 5 45 .8  ± 88.6 ± 1 63.6 
1 . 0  1 . 2  ± 0.2 

Talc/ 0.05 5 50 .4  ± 95 .7  ± 1 64.7 
PEG 3 . 2  4 . 2  ± 1 .8  

reduces cycle times and Jowers cost if the mold does not have to be 
heated as high in temperature. As an example, in Fig. 2A-C, specific heat 
flow, .1H(t)/ .1Hw,a& which has been used to calculate relative crystal­
linity conversion, Xe, is shown for 100 °C. Generally, a steep slope sug­
gests faster crystallization kinetics. From 1 00 °C to 1 30 °C, Xe is observed 
to take longer and longer times to complete conversion Cxc = 1) for a 
specific Tc· At the lowest T0 90 °C, Xe is observed to shift right as well, 
suggesting that the maximum crystallization rate is between 90 and 110 
0 C. To quantitatively determine the crystallization rate, the Avrami 
formalism was employed. 

Analysis of the isotherms was performed in Origin® with a custom 
Origin® plugin designed for Avrami and Lauritzen-Hoffman analysis by 
Lorenzo et al. [37]. In brief, a baseline was subtracted from the iso­
therms, for example, Fig. 2A and converted to Xe shown in Fig. 2B (all 
temperatures in Fig. S5 and Fig. S6 in supporting information). The mass 
fraction of crystallized material, We, shown in Eq. (2) is proportional to 
Xe· The volume fraction of converted material (Ve) is then calculated 
from Eq. (3), where the amorphous and crystalline densities were 
assumed to be Pa = 1.25 g/cc and Pc

= 1.359 g/cc for poly(L-lactic acid) 
(PLLA). The software uses equations (2)-(5) to create the 'Avrami plot' 
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Fig. 2. Progression of Avrami analysis from isothermal data at 100 °C: A) Experimental isothermal data, B) Crystallinity conversion versus experiment time and C) 
Avrami type plot of Log(Ln(l -V,)) vs Log(t-t

0
) .  

of Log(-LnCl -VcD vs. Log(t-t0) .  A representative plot is shown in Fig .  2C .  
The Avrami index (11) and rate constant, k, were determined from a 

2 linear regression of the Avrami plot for Ve = 1-40% to obtain an R = 

0.99. The rate constant, k combines the nucleation and growth rate 
contributions to describe the total crystallization rate. The Avrami 
exponent, 11, is a value between 1 and 4 and is the sum of the dimen-
sionality, 1 1c1, and nucleation, f in, components [38] .  Theoretically, lld can 
be integer values of 1 ,  2, or 3, and fin can be either 0 (instantaneous 
nucleation) or 1 (sporadic nucleation) [38] .  However, non-integer 
values of n are often observed because many materials are thought to 
be in a transition state between clearly defined modes. Generally, the 
morphology of the sample corresponds with 11 = 1 for a line, 11 = 2 is a 
sheet, and above 11 = 3 are spherulites [38] . Lastly, time for 50% con-
version or the half-time, -r112, can be calculated from Eq. (6) [1 8,29,39].  
These values are recorded in Table 2. 

_ t:.H(t)
We X, = -- (2) 

LlH,otal 

w,
V, = (3) 

W, + (P,/ J ( 1  - W,)
p 

I - V, (t) = ex ( - kl' p ) (4) 

Log[ - Ln [ l - V, (t)] ] = Log(k) + nLog(t) (5) 

T ( r 
n 

1 ;2 = ln (2)fk (6) 

As the growth rate depends on the diffusion of polymer chains, the 
addition of PEG, which will improve molecular mobility, will affect the 
crystallization rate. Previous studies have observed improvement in 
crystallization for low molecular weight PEGs in PLA at concentrations 
of 5-20 wt% [35,40-42] .  While it was expected that the addition of PEG 
would have a similar effect here, the effects were relatively small. In 
Table 2 and Fig. 3A, k was observed to increase slightly compared to the 
neat PLA, and -r112 decreased for Tc = 90-1 20 °C. The Avrami exponent, 
11, did not change significantly from that of neat PLA which was around 
11 = 3 for 3 dimensional or spherulitic growth. 

With the addition of nucleation agents, larger changes in k and -r112 
were observed. The addition of CNC or CNF with 5% PEG caused k to 
increase more substantially than 5% PEG suggesting that CNC and CNF 
are improving crystallization rate, specifically at low Tc like 90 °C or 
1 00 °C (Table 2, Fig. 3A) . Consequently, an overall decrease in -r112 was 
also observed (Table 2, Fig. 3B) . At 0.05% CNF and both CNC compo­
sitions, k more than doubled at Tc = 100 °C where the fastest 

Table 2 
Avrami isothermal kinetics data. 

Nanocellulose PEG T,( °C) k(min-1)" n r11 

(wt%) (wt%) 2(min) 

Neat 0 0 90 0 .0312 3 .1  2 .73 
PLA 100 0 .161 2 .9 1 .66 

1 1 0  0.06 3.0 2.27 
1 1 5  0.0086 3 . 1  4.26 
1 20 0.00091 3 . 1  8.78 
130  0.00001 2  3 .6 2 1 . 1  

PEG 0 5 90 0.096 2.7 2.06 
100 0 .17  2 .9 1 .63 
1 1 0  0.072 2.9 2 . 18  
1 1 5  0.053 2.7 2.55 
1 20 0.0065 3 . 1  4.58 
130 0.0000528 3 . 1  2 1 . 9  

CNF/ 0.05 5 90 0 .412 2.8 1 .21  
PEG 100 0.404 2.9 1 .20 

1 1 0  0.087 2.7 2 . 12  
1 1 5  0.027 3 .0 3 .04 
1 20 0.009 2.8 4.64 
130 0.0001 2  3 . 1  1 6.42 

CNC/ 0.05 5 90 0.435 2 .6  1 . 1 7  
PEG 100 0.436 2.7 1 . 1 6  

1 1 0  0 .166 2.7 1 .67 
1 1 5  0.095 2.7 2.04 
1 20 0.055 2.8 2.47 
130 0.00026 3.0 1 4.26 

0.55 5 90 0.37 2.8 1 .25 
100 0.47 2.7 1 . 1 4
1 1 0  0.078 2.8 2 . 14  
1 1 5  0.039 2.8 2.78 
1 20 0.0099 2.9 4.20 
130 0.000179 2 .9 18 .21 

Talc/ 0.05 5 90 0.70 2.8 0.99
PEG 100 0.84 2.8 0.93

1 1 0  0.26 3.3 1 .36 
1 1 5  0 .186 3 .0  1 .53  
1 20 0.00265 3.9 4.3 
130 0.0000389 3.4 1 7.80 

 

crystallization rates were observed for all conditions. While the talc 
composition was faster at low Tc, the CNC was faster at 120 °C and 1 30 
°C and the CNF was faster at 1 30 °C .  The comparison material, in this 
case, was a known nucleation agent for PLA, talc, and as expected, it 
improved the crystallization kinetics of PLA of which surface area and 
surface energy are important factors in determining nucleation effi­
ciency [ 1 4] .  Compared to CNC, the surface area/volume ratio of talc 
should be smaller since the talc particles were micron-scale, however, 
the surface energy of talc is probably lower than that of CNC or CNF at 
low temperature (Table Sl  in supporting infomiation). Furthermore, the 
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Fig. 3. A) c1ystallization rate, k, and B) Half-time, -r112, versus T, for all compositions. 

surface energy is not expected to remain constant with temperature. As 
Khoshkava and Kamal demonstrated, the surface energy of CNC at room 
temperature is above PLA, but at 1 90 °C, it is significantly lower [43].  
This may explain why the CNC and CNF demonstrated faster crystalli­
zation at higher temperatures. 

Interestingly, at low concentration, the crystallization rate of CNC 
and CNF are very similar despite the large difference in size between 
nanoparticles. Although CNFs have comparable widths, they are very 
long (several microns) compared to CNCs which are 5-20 nm wide and 
20-500 nm long [5] .  CNCs, which provide a higher total surface area per 
volume compared to CNFs are expected to be the superior nucleation 
agent. Also, CNFs have been observed to exhibit entanglements (Figs. Sl 
and S2) which further limit the available surfaces for nucleation as these 
entanglements will most likely be carried over into the composite to 
some extent. 

Several potential reasons exist for the observation that the CNC and 
CNF effects at small concentration are very similar. First, surface energy 
differences between CNC and CNF may arise from the processing of 
these materials. The CNC has a sulfate half-ester that is substituted for 
some of the OH- in the acid hydrolysis process, whicl1 puts a negatively 
charged sulfate half ester, -OSO3 H+ , on the surface [ 44,45] .  While the 
negative charge is effective at stabilizing CNC/water suspensions, it may 
also account for a slight change in surface energy making the CNC more 
hydrophilic compared to mechanically fibrillated CNF, and thus, less 
compatible with PLA. Comparing surface energy measurements for 
similar nanocellulose materials, this appears to be the case (Table S l ). 
Secondly, the interfacial energy between the nanocellulose and PLA may 
be changed by the addition of a plasticizer such as PEG due to adsorption 
of the PEG onto the surface of CNC/CNF. A study by Angles et al. 
demonstrated that the interfacial energy between glycerol and cellulose 
whiskers was higher than the starch matrix these materials were meant 
to modify [ 46] .  Thirdly, CNC/CNF may have a higher affinity for PEG 
than PLA causing partitioning of the PEG to the nanocellulose inter­
phase. This has been observed for CNCs in polyurethanes where the CNC 
preferentially located in the polyol-rich soft blocks [47] .  One would 
expect that a more hydrophilic CNC to be more affected than CNF. These 
additional factors could explain why the surface area is not the only 
driving factor in improving the crystallization rate. 

While the nanocomposites showed no optical indication of agglom­
eration, sub-micron agglomerations could persist despite best efforts to 
distribute and disperse the nanoparticles. In tum, this could reduce the 
effective surface area. Numerous studies have investigated the use of 
PEG as a material to help re-disperse dried CNC and have shown that in 

dried products, PEG does shield neighboring CNC interactions and CNC/ 
PEG exhibited reversible hydrogen bonding when re-dispersed in water 
(48] .  They also showed that the shielding was not 1 00% effective as 
after redispersion particle size was still larger than before [48].  Though 
similar behavior may be expected in the dry nanocellulose/PEG solu­
tions employed in the present study, between the two concentrations 
examined here, the degree of agglomeration in the 10 wt% CNC/PEG 
solution (Fig. S2), appears to be slightly higher than lower CNC coun­
terparts. CNC agglomeration would result in a lower effective surface 
area/volume ratio despite more CNCs being present. This may explain 
why a significant improvement in rate or half-time was not observed 
between 0.05 wt% and 0.55 wt% CNC despite an over ten-fold increase 
in nanoparticle concentration. Alternatively, higher concentrations of 
CNCs acting as a barrier to molecular motion, such as growing crystal­
lites, has been proposed in other materials and could be the case here as 
well, though the concentrations are much lower than expected (1 9] . 

3.2. Effects 011 melting behavior 

Composition was shown to affect the melting behavior of isother­
mally crystallized samples as shown in Fig. 4. PLA commonly crystallizes 
into an ordered a phase and disordered a! phase (3 1 ,49].  The two crystal 
structures are very similar and can be difficult to distinguish by 
wide-angle x-ray diffraction, however, the appearance of double melting 
peaks can be quite indicative of crystallization processes (3 1 ] .  In poly 
(1-lactic acid) (PLLA), the a' phase is known to crystallize at low Tc while 
a phase crystallizes at high T6 the transition coincides with the 
appearance of the double melting peaks and the shoulder on the melting 
exotherm which sometimes appears is the a' to a transition (31-33,50].  
The a' phase is thought to undergo a solid-solid phase transition to the 
ordered a phase when an exothermic shoulder is observed during 
heating cycles (33] .  Both phenomena were observed in Fig. 4. At 90 °c, 
PLA and 5 wt% PEG compositions exhibited distinct exothermic shoul­
ders immediately before the melting endothem1. The samples containing 
nucleation agents exhibited a very shallow melting endotherm, except 
for 0.05 wt% CNC which exhibited a strong endotherm, instead. How­
ever, all samples exhibited the shoulder in the non-isothermal history 
which would have undergone crystallization over a wide temperature 
range (Fig. 1 ). After the materials switched to the melt recrystallization 
mechanism, either Tc = 90 °C or 1 00 °C, the peaks in Fig. 4 showed a 
distinct temperature dependence, where at low Tc the first melting peak 
is distinct from the second peak and as Tc increases, the two peaks 
become merged. At very high Tc, a single peak is observed ( 1 30 °C) 
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Fig. 4. Thermograms after isothermal c1ystallization at A) 90 °C B) 100 °C C) 1 10  °C D) 1 1 5  °C E) 1 20 °C F) 130 °C. 

which agrees well with expectation [1 ,3 1 ] .  While the melting points of 
peak 1, Tml, increased with increasing Tc, T m2 showed only weak tem­
perature dependence which is to be expected as at elevated temperature, 
reorganized/regrown crystals will be more uniform in size and perfec. 
tion (Fig. SB and Table S2 in supporting information). Of the nucleated 
compositions, talc exhibited the largest suppression in melting point, 
Tml, followed by 0 .05 wt% CNC, 0.55 wt% CNC, 0.05 wt% CNF, and 
then 5 wt% PEG (Fig. SA; Table S2 in supporting information). Smaller 
Tml and broadening of the melting endotherm, like in Fig. 4F, suggests a 
smaller and/or less perfect, but wider distribution of crystallite sizes. 
Since the k increased, it is expected that crystallite size, and therefore 
Tml, should decrease because of more nuclei growing means a smaller 

average size before growing into a neighboring crystal. Melting point 
suppression suggested that the 0 .05% CNC and 0.05% talc would be the 
fastest crystallizing materials since these materials would be expected to 
have the smallest crystallite size distribution. Slight variations in 
experimental melting points could be due to variation between samples 
as well as lamellar thickening during the thermal experiment either 
during crystallization or during subsequent heating. Regardless, a larger 
melting temperature can lead to higher temperature usage in polymers. 

During isothermal crystallization, samples are held at Tc until the 
crystallization process is complete, and from the second heat, the degree 
of crystallinity, X, can be calculated using equation ( 1 ). At higher Tc, the 
molecular mobility is higher and larger molecular weight chains can be 
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Fig. 5. A) T mi versus T, and B) the crystallinity, X, versus T,. 

more easily incorporated into the crystal. Consequently, x is observed to 
increase with increasing Tc over the range selected (Fig. 5B; Table S2 in 
supporting information). Although the total degree of crystallinity is 
improved at higher T,, the rate of crystallization, Table 2, decreases with 
increasing Tc even if growth is favored at higher temperatures, and the 
time to complete crystallization at a given temperature dramatically 
increases. This is because, at higher Tc, nucleation is the limiting factor 
in determining the crystallization rate. Samples containing nano­
cellulose exhibited higher x compared to the neat PLA, 50/oPEG, and 
0 .05% talc. Interestingly, from Table 2, the half-time was comparable or 
smaller for these materials which suggests that the nanocellulose/PEG 
combination is improving growth in addition to nucleation, the primary 
contribution in improving the crystallization kinetics of PLA. Larger x is 

generally correlated to better properties such as heat deflection tem­
perature and gas barrier and is a major reason that nucleants are added 
to polymers. In this case, nanocellulose may be superior in some in­
stances as it leads to higher overall crysta!linity than nucleants such as 
talc. 

3.3. Nucleatio11 efficiency from seco11dary m1cleatio11 theory 

Secondary nucleation theory provides access to additional informa­
tion about nucleation efficacy and growth. Lauritzen and Hoffman's 
expression for the growth rate in Eq (7) consists of two primary com­
ponents : the activation energy barrier for diffusion of chains to the 
growth front and the surface energy component to overcome during the 
addition of strands on a layer, i .e .  the initial process of nucleation [38] .  
While the former is represented by the first exponent, the latter is rep­
resented in the second in which Kog is the nucleation constant. The
growth rate data were approximated as, G = l/T1;2, and fit with equa­
tion (7), where U* = 1500 cal/mo!, T00 = Tg-30 °c (Table 1 ), R is the 
ideal gas constant, LJ.T = T 0 

m -Tc, and f is a correction factor (j = 2TclCTc 
0+ Tm ) [ 1 8] .  The equilibrium melting temperature, Tm 0, was estimated 

from a nonlinear Hoffman-Weeks extrapolation (Fig. S7 in supporting 
information) and is reported in Table 3 [38] .  Tm 

O estimates were in the 
acceptable range for various PLA materials [1 8,29,50-54] .  Variation in 
Tm 

O could be the consequence of lamellar thickening during the 
isothermal experiments [29] .  Equation (7) was re-arranged and plotted 
in Fig. 6 where the slope of the line is Kg, 

- P ( -u• 
G - G 0ex ---- p R(T

) ex (--"o -K 
-, -
)

(7)
T00 ) T,LJ.Tf 

Surface energy terms which describe nucleation are buried in Kg 

Table 3 

Parameters from seconda1y nucleation theo1y. 
Material Tm0 

c·cJ 

Kg ( 105 

K2) 
a, (erg/ 
cm2) 

a (erg/ 
cm2) 

" "• 

Neat0PLA 207.4 8.69 217 .3  7 .02 1525 .5  
5 wt% PEG 202.8 6 .71 169 .3  7 .02 1 188 .5 
0.05 wt% CNF 5 wt% 202.4 6.97 176 . 1  7 .02  1 236.2 

PEG 
0.05 wt% CNC 5 wt 1 96.2 5 .51 1 4 1 . 0  7 .02 989.8 

o/o PEG 
0.55 wt% CNC 5 wt 1 99.0 5.7 146 . 1  7 .02  1025 .6  

o/o PEG 
0.05 wt% Talc 5 wt% 1 88.8 5 .0  1 30 .2  7 .02 914.0 

PEG 

(Equation (8)) .  In equation (8), Kg is the energy required for nuclei of a 
critical size to form which depends on several factors such as the free 
energy of folding, ae, the lateral surface energy, a, thickness of a single 
layer, b, the Boltzmann constant, ks, enthalpy of melting per unit vol­
ume, LlHJ, and 11 , which corresponds to the three crystallization regimes 
[38] . The three regimes are: regime I, regime II, and regime III [38] .  In 
regime I and regime III, 11 = 4 and in regime II 11 = 2 [38] .  Polymers can 
exhibit a combination of the regimes or a single regime. PLA most often 
exhibits regimes II and III [5 1 ,55] .  

_ nbaa, T�K n8 - (8)LJ.H1kll 

All compositions exhibited linear behavior in Fig. 6 After testing 
multiple possible regimes for KglII/KII = 2 by measuring the ratio of 
slopes between high and low Tc from Fig. 6, there was no conclusive 
evidence that any of the compositions exhibited a second regime above 
1 1 5 •c. The slopes in Fig. 6 are observed to decrease as the composition 
is changed which indicated that the energy for nuclei to form is 
decreasing as well. Theoretically, TmO should not change since only the 
PLA is crystallizing. However, for the present study, unique Tmo0 were 
estimated for each composition and so, the data is also observed to shift 
right as the experimentally fit Tmo0 was observed to decrease for the more 
efficient nucleating compositions. The exhibited regime was assumed to 
be regime III as regime 3 is the commonly observed regime in PLA and is 
typically reported to cover the temperature region below 1 1 5-1 25 °C. 
The parameters used for the custom Origin plugin developed by Lorenzo 
et al. where: a =  5 . 1 7, b = 5.97, and LlH1 = 1.26 x 1 08 J/m3 [37] .  The 
results of the linear regression of Fig. 6 are shown in Table 3 where the 
slopes of the trend lines, Kg, are tabulated and additional parameters 
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Fig. 6. Plot of Ln(lh1;2)+U*/(R(T,-T .,)) vs. 1/(T,,fff). 

from Eq. (8) have been calculated and reported. 
From Table 3, it was observed the Kg and <Je both decreased with the 

addition of PEG and nucleation agents. From Table 3, a, was observed to 
decrease for all compositions. The reduction in a, was largest for talc, 
followed by CNC indicating that, at this concentration, these materials 
are the superior nucleation agent as the energy requirement to create a 
new fold is reduced in the presence of a desirable nucleation surface. 
Between 0.05 wt% CNC and 0.55 wt% CNC, <Je was very similar ( 1 4 1  and 
1 46 . 1  erg/cm2) which is to be expected and the difference between the 
two concentrations is acceptable in light of previous CNC concentration 
studies ( 1 8] .  At small concentrations, CNCs are not expected to form a 
percolation network which can inhibit crystallization and the difference 
in a, may simply be due to variation in fitting of the growth rate or Tmo0 or 
experimental variation. The 5 wt% PEG and 0.05 wt% CNF appear to be 
very similar in Fig. 6 . Addition of PEG produced a decrease in Kg indi­
cating that increasing the mobility of PLA chains is enough to reduce Ge 
while addition of 0.05% CNF did not further reduce a, or Kg, 

3. 4. Crystal 11 1orphology 

Crystal morphology is of key interest as crystallite size and 
morphology, in part, determine materials properties such as opacity or 
melting point. Neat PLA and PLA blends have been previously shown to 
exhibit banded spherulitic structures under certain conditions [56-58] ;  
e.g. blends o f  poly(ethylene oxide) (PEO) and PLA exhibited highly 
periodic banded spherulites when crystallized at 1 25 °c [56] .  The 
morphology of compositions in the present study were examined by SEM 
after chemically etching samples that had been isothermally crystallized 
at two temperatures: 90 °c and 1 30 °c (Fig. S9 jn the supporting in­
formation and Fig. 7, respectively). Conceptually, the poor solvent 
mixture dissolved the less crystalline and amorphous areas of the surface 
as well as the water-soluble PEG; only highly crystalline areas were left 
behind. At low T0 SEM micrographs showed 11011-spherulitic, unordered 
structures similar to that of the low Tc PLA structures observed 

previously (supporting information Fig. S9) [29] .  At low T,, growth will 
be severely hindered and so a large amount of material remained 
amorphous/disordered and was dissolved during etching. Likewise, 
samples crystallized at low T, exhibited smaller x values upon reheating 
compared to high T,, and crystallized structures, which were very small, 
would be expected to have low melting points like those observed 
(Fig. 5) .  High Tc conditions produced spherulites across all composi­
tions . The centers, containing the nuclei of the spherulites, were also 
dissolved during etching. This has been observed by other authors for 
PLA and a potential reason for the etching out of centers is that the 
nuclei are disordered compared to the outer layers that are placed later 
[29,30] .  This phenomenon was observed across all high Tc samples, but 
to different degrees along with spherulite size as nucleant type and 
concentration was varied. 

The addition of PEG alone changed the crystal morphology of PLA. 
PLA spherulites were denser and fuller (very fine lamella) , with distinct 
interfaces between neighboring spherulites comparable to those previ­
ously observed for high molecular weight PLA [29] . The addition of PEG 
produced large, coarse spherulites where small gaps between neigh­
boring crystals could be observed; this space may be caused by the 
ejection or exclusion of PEG to the interface during crystallization. 
Additionally, larger pores or pockets of free space were observed in the 
samples after etching (Fig. 7C and D). The spherulites in Fig. 7 are not 
reminiscent of banded spherulites since they do not exhibit a periodic 
structure across the spherulite but are isolated. Two potential reasons 
are solute ejection and/or phase separation of the PEG during crystal­
lization or spherulite fall-out/pull-out. Full phase separation is unlikely 
as no distinct melting or crystallization peaks around 15-25 °C, which 
correspond to low molecular weight PEG, were observed in the DSC 
thermograms (Fig. 4) .  However, solute ejection of the PEG ahead of the 
crystallization front may still be occurring if the PEG is simply higher in 
concentration and forming a solid solution. Studies on the solubility of 
PEG in PLA have reported that phase separation occurs above 1 0% and 
coincides with the appearance of a melting/crystallization peak in the 

8 



C.M. Clark.son et al. Polymer 187 (2020) 122101 

Fig. 7. Scanning electron micrographs of chemically etched specimens isothermally c1ystallized at 130 °C: A) Neat PLA, B) 5 wt% PEG, C) 0.05 wt% CNF-5 wt% PEG, 
D) 0.05 wt% CNC-5 wto/oPEG, E) 0.55 wt% CNC-5 wto/oPEG, and F) 0.05 wt% Talc-5 wto/oPEG. 

DSC thermogram [35] ,  so that if solute ejection is happening, the con­
centration of PEG in PLA cannot be above this value. Tims, it is more 
likely that pull-out, where loose spherulites would have fallen out dur­
ing chemical etching as the amorphous regions were dissolved, occurred 
instead, although any solute ejection that raises the PEG concentration 
locally at the periphery may make this more likely. 

The addition of nucleation agents (CNC, CNF, or talc) resulted in 
additional changes to the crystal microstructure of PLA. Like the 5 wt% 
PEG, samples containing a nucleation agent and PEG also exhibited 
evidence of crystallite pull-out (Fig. 7C and D). Unlike the neat PLA, 
samples with additives are growing faster due to enhanced growth from 
mobility and nucleation and thus, significant coarsening of the micro­
structure is observed. Coarsening of the microstructure and large grain 
size can lead to poor mechanical performance. For the 0.05 wt% 
nanocellulose compositions, a shell microstructure can be observed 
around some crystallites (Fig. 7 C-D; Fig. 8) . Although talc compositions 
did not exhibit a similar shell around spherulites, talc did show a slight 
reduction in size compared to samples containing nanocellulose or only 
PEG. As expected, talc is a good nucleation agent for PLA as many nuclei 
were formed, the crystallization rate was improved (Table 2) and the 
surface energy reduction (Table 3) was largest for talc. 

Fig. 8. Micrograph of 0 .05% CNF-5%PEG isothermally crystallized at 130 °C 
and then chemically etched. 
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4. Conclusion 

In the present study, polymer nanocomposites were prepared using 
PEG as a plasticizer and as a compatibilizer for CNC and CNF as nude­
ants for PLA, with talc being used as a commercial comparison. Very 
small concentrations of CNC and mechanically fibrillated CNF, similar to 
those used for commercial nucleation agents, were investigated as 
heterogenous nucleation agents using conventional kinetics approaches : 
Avrami and Lauritzen-Hoffman formalisms. Isothermal crystallization 
kinetics were studied for a wide temperature zone that spanned the 
temperature range where cr' to Cl transitions . At high Tc , the CNC and 
CNF containing compositions were faster than talc. The Lauritzen­
Hoffman analysis showed a decrease in the nucleation constant, Kog, 
and a decrease in the surface energy of folding, cre, suggesting that at 
very small concentrations CNC and CNF are good potential nucleation 
agents for PLA. 

Additionally, the spherulite morphology was studied though chem­
ical etching of the isothermally crystallized samples and morphologi­
cally, the nucleation agents produced very different results. For 
isothermal samples at Tc = 1 30 °C, the addition of 5 wt% PEG produced 
a coarse structure which was made coarser by the addition of CNC or 
CNF and suggested that these composites were indeed crystallizing 
faster at the higher Tc compared to talc. While the microscopy images 
cannot provide an estimate of spherulite size, the spherulites of the 
nanocellulose compositions did appear smaller, but not as small as the 
talc comparison group which exhibited both lower melting points in the 
DSC thermograms and visually smaller spherulites in the micrographs. 

Overall, the CNC and CNF were found to be efficient nucleants with 
faster crystallization kinetics than talc, a commercial PLA nucleant, at 
high temperatures, and with a similar morphology for the concentra­
tions examined. Importantly, CNF and, especially, CNC were found to 
give a significantly higher overall crystallinity, indicating that they may, 
ultimately, give better properties than the commonly used talc for the 
concentrations examined. 
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