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Single polymer matrix and blend nanocomposites preparation

The aPLA, scPLA, and PBAT were first dried in a vacuum oven overnight at 55 °C and then each
polymer (about 40 g) was dissolved in 70 mL DMF using a magnetic stirrer for 2 h at 70 °C until
complete dissolution. Separately, the desired amount of CNCs (between 0.4-1.6 g based on the final
weight percentage of CNCs in the neat and blend nanocomposites) was dispersed in 70 mL of DMF
using a water bath sonicator (FS30 100 Watts Ultrasonic Cleaner, Fisher Scientific, Pittsburg, PA,
USA) for 2 h at room temperature. Afterward, the neat polymer solution was added to the CNC
suspension and magnetic stirring was continued for another 2 h at 70 °C to ensure a good distribution
and dispersion of the nanoparticles despite the rather high viscosity of the solution. Then, the
mixtures were poured into a petri dish and dried in an oven in two steps. First, the samples were put
in the vacuum oven (0.9 bar) with air circulation set at 60 °C for 2 days. Then, the drying process was
completed for another 2 days at 80 °C under vacuum (-0.65 bar). After removing the samples, the
nanocomposites containing the low molecular weight PLA (scPLA) could be ground into powder
using a coffee grinder, but the high molecular weight PLA (aPLA) and PBAT samples had to be
chopped to very small pieces using scissors.

Figure S1 shows blend nanocomposites preparation containing 75 wt% PLA and 25 wt % PBAT
and overall, 1 wt % CNCs. In the first two mixing strategies (Figures Sla,b), granules of the neat
complementary polymer (dried overnight at 55 °C) were added to the single polymer matrix
nanocomposites in the internal mixer. In the third strategy (Figure Slc) both PLA and PBAT
nanocomposites containing 1 wt% prepared from solution casting were melt mixed in the internal
mixer.
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Figure S1. Mixing sequences to prepare the blend nanocomposites. (a) and (b) granules of the neat
complementary polymers (PLA and PBAT granules) were added to the neat polymer matrix
nanocomposites and (c) PLA and PBAT nanocomposites prepared from solution casting were melt
mixed in the internal mixer. All single polymer matrix nanocomposites prepared initially from
solution casting.

Hansen solubility parameters (HSP) for PLA, PBAT, and CNCs

In our research group, the Hansen solubility parameter (HSP) theory [1] was used to determine
the chemical affinity of CNCs [2,3] and predict both their level of colloidal stability and behavior
upon solvent casting [4,5]. The HSP theory is based on cohesive energy density. The total cohesion
parameter, 07, is the square root of the cohesive energy density and is split into three components,
dispersive (0p), dipole-dipole (6r) and hydrogen-bonding (0x) (and other Lewis acid/base)
interactions. 67 is expressed as follows, with units of MPa'/:

87 = 85+ 65+ &

The chemical distance Rsa-8 between two substances A {6p,a; 6r,a; Ona} and B {6ps; Or; Ons} may
then be expressed as the norm of the vector AB in the HSP graph:

Roa = ”E” = 2\/4‘(5D,A - 50,3)2 + (5P,A - 5P,B)2 + (5H,A - 5H,B)2

Literature reports HSP values at room temperature of ~{18.1; 20.4; 15.3} MPa'2[3], ~ {18.5; 8.0;
7.0} MPa'2 [6], and ~ {18.0; 5.6; 8.4} MPa'? [6] for CNCs, PLA, and PBAT, respectively, along with
solvent solubility radii Rocne = 7.8 MPa'?, Ropra = 8 MPal”2, and Ropsar = 4.5 MPa'”? [3,4,6]. Ro is the
critical threshold chemical distance for the substance to be dispersed or dissolved in a solvent.
Solvents whose chemical distances with CNCs are smaller than 7.8 MPa'? were found to adsorb
significantly on CNC surfaces [3]. Therefore, by defining a sphere of radius Ro, which contains all the
good solvents, we can identify a relative energy difference, RED = R+/Ro. Solvents with RED <1 are
considered as good suspending media. Also, RED < 1 between two materials indicates a good
chemical affinity.

A combination of electrostatic and solvation-induced stabilization was found to be necessary to
reach sufficient colloidal stability for CNC particles [4] and among the best-suspending media,
dimethylformamide (DMF), with HSP values of ~{17.4; 13.7; 11.3} MPa'? stands after water,
formamide, N-methylformamide, and dimethylsulfoxide (DMSO) [7].

(S1)

(S2)
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If the temperature rises, then the density decreases and as a result, the HSP values decrease. The
effect depends on AT, (the change of temperature with respect to 25 °C), and the thermal expansion
coefficient, a, which is taken to be 0.0007/K for polymers, CNCs, and DMF [8]. So, dispersive, dipole-
dipole, and hydrogen-bonding (and other Lewis acid/base) interactions in the solubility parameters
will change as follows [8]:

8T =6, (1—AT -a-1.25)
8T =68p- (1— AT -a/2)

8T =6y - (1 — AT(0.00122 + a/2)

According to Equations S3, 54, and S5, the HSP values at 180 °C decrease to ~{15.6; 19.2; 11.4}
MPal2for CNCs, ~{15.9; 7.5; 5.3} MPa'2for PLA, ~{15.5; 5.3; 6.3} MPal2for PBAT, and ~{15.0; 12.9; 8.6}
MPa'”? for DMF. Also, Table S1 reports the HSP distances and relative energy differences (RED)
between PLA, PBAT, CNCs, and DMF (Equation 52) at 25 and 180 °C.

Table S1. HSP distances and relative energy differences (RED) between PLA, PBAT, CNCs, and DMF.

25 °C /RED 180 °C / RED
RapLA-PBAT 3.0 MPal2/ <1 2.6 MPal2/ <1
Ra,cNC-DME 7.9 MPal2/ <1 6.9 MPa2/ <1
Rucne-pLa 14.9 MPal?/ >1 13.2 MPal?/ >1
Ra,cNc-PBAT 16.3 MPal2/ >1 14.8 MPa'2/ >1

According to the HSP distances reported in Table S1, the RED values for Rscnepra and RecNe-pBAT
compared to the HSP radius of CNCs, Rocne = 7.8 MPa'2, are greater than 1 at 25 and 180 °C and,
hence, they predict a poor chemical affinity between CNCs and both polymers. In contrast, the RED
is less or equal to 1 for PLA and PBAT, and CNCs and DMF. This highlights a good chemical affinity
between PLA and PBAT, and CNCs and DMF. These results are consistent with the difficulties that
have been reported to disperse unmodified CNCs in these matrices [9,10]. Also, it should be
mentioned that the HSP parameters are affected by molecular weight and crystallinity [6,11]. For the
same two polymers of different molecular weights, the HSP radius of low molecular weight is larger
than the high molecular weight [12]. Hence, scPLA with a low molecular weight and higher
crystallinity compared to aPLA should have a larger HSP radius, Ro. As a result, the RED for scPLA
and PBAT with larger Ro is smaller than that for aPLA and PBAT. So, the chemical affinity between
scPLA and PBAT with smaller RED is better than that for aPLA and PBAT, although they are phase
separated.

Surface energy and interfacial tension

The Young model can predict the localization of solid particles in polymer blends [13] based on
the wetting parameter, w,,defined by :

Yis —Vas
@a = Y12
where yi5, V25, and y;, are the interfacial tensions between polymer 1 and solid particles, polymer
2 and solid particles, and polymers 1 and 2, respectively. Thermodynamically, the particles would be
localized in phase 2 when w, >1, while phase 1 is the preferred location of the solid particles when
wg < —1. The solid particles will be thermodynamically localized at the interface when -1 < w, <1
[13].
The harmonic-mean approach is used to estimate the interfacial tension between PLA and PBAT
[14]:

vivi vl )

vivl vy

Yij =Vi+)/j—4<

(S3)
(S4)

(S5)
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and the interfacial tension between PLA and CNC, and PBAT and CNC is determined via the
geometric-mean equation [14]:

Yij=Yity;—2 [ Vidl’]fi + Vipyjp] (S8)

where y;; is the interfacial tension between components i and j, y; is the surface tension of material
iand y? and y! are the dispersive and polar components, respectively, of the surface tension of the
same material. The harmonic mean approach is more accurate for estimating the interfacial tensions
between low surface energy materials while the geometric mean equation can predict the interfacial
tensions between low and high surface energy materials more accurately [14]. We can obtain the
values of the interfacial tensions between the PLA/PBAT/CNC components and the wetting
coefficient to estimate the localization preference of CNCs within the blend. The interfacial tensions
were calculated based on surface tension values for PLA, PBAT, and CNCs at 25 °C reported in the
literature [15-17]. To obtain the surface tension of the polymer components at the processing
temperature (180 °C), a temperature coefficient of 0.06 mJ-m2K-! was used to extrapolate the surface
tension values at 25 °C [18]. Also, the CNC surface tension was estimated at 180 °C using a
temperature coefficient of -0.2 mJ-m2K™ reported in the literature [17]. The surface tension
parameters of the blend nanocomposite components at the processing temperature of 180 °C and
their estimated interfacial tensions are reported in Table S2. Considering PLA as phase 1 and PBAT
as phase 2 and replacing the estimated interfacial tensions in Equation S6, the wetting parameter is
calculated as 6.67 (i.e., w > 1), which predicts that the thermodynamic equilibrium localization of
CNCs should be in the PBAT phase.

Table 2. Surface energy values of PLA, PBAT, and CNCs as well as the calculated interfacial tensions
between CNCs, PLA, and PBAT at 180 °C.

Interfacial tension at 180 °C

At 25 °C At 180 °C 112 (mN/m)
Yy (mN/m) y4(@mN/m) y?»(mN/m) y(mN/m) y4(mN/m) y»(mN/m) PLA PBAT CNC
PLA 394 33.6 5.8 30.1 25.7 44 - 0.06 2 340
PBAT 38.4 32.1 6.3 29.1 24.3 4.8 0.06a - 3.0°
CNCs 68.9 40.9 28 37.9 225 154 340 3.0° -

aCalculated from the harmonic-mean approach (Equation S7)

b Calculated from the geometric-mean approach (Equation S8)

Also, in this work, the emulsion model of Palierne [19] was used to determine the interfacial
tension of PLA and PBAT from the SAOS data [19,20]. This model (Equations S9 & S10) is used for
the neat blends prepared from granules and solution casting followed by melt mixing with narrow
droplet size distribution. As the average droplet size for the neat blends prepared by solution casting
are more than 2 um with varying droplet size distribution and coarse morphology, the Palierne
model is not applicable for the interfacial analysis of those neat blends [21]. The complex modulus of
a blend of narrow droplet size distribution (R+/Rx <2, where R« is the number-average diameter) and
constant interfacial tension is expressed by [21]:

1+3¢pH*(w)

G (@) = Gy () 222 (59)

and

H (@) = 4(%2) (267 () +56; ()] +]65 (@)~ Gin ()] 11667 (0) +196(w)]
w) = 40(H12) [ ()46 (@)]+[264(@)+ 36 (@)][16Gr (0)+1965 ()]

(S10)

where ¢, w, and y;, are the volume fraction of droplets of volume average radius, R, the angular
frequency, and the interfacial tension, respectively. G,(w), Gn(w), and Gi(w) are the complex
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modulus of the blend, matrix, and dispersed phase, respectively. The interfacial tension was obtained
by fitting the data to the model predictions for the neat blends (Figures S2a-d) using MATLAB
(MATLAB software package R2019b, the Mathworks, Inc. MA, USA) and for the values of Rv
determined from the SEM images. The storage and loss moduli of the blends can be expressed
explicitly in terms of the moduli of both components [21,22].

, 1 , ”
Gy = D [Gm(B1B; + B3B,) — Gy (B4B1—B;B3)]

soo1 ’ ”
Gy = D (G (ByBy — B3B3) + G (B1B2+B3B,)]

where the constants are expressed by:

By = €, = 2¢C3
Bz = Cl + 3¢C3
B3 = CZ - 2¢C4
B4 = CZ + 3¢C4

D= (C,— 2¢C4)2 + (G — 2¢C3)2
with

C, = 40 (2}—2) (G + Gy) + 38 ((;L;2 - Gf) +48 ((;,;12 - G,;;Z) +89(GG, — GG
C; = 40 (12) (G, + Gg) + 986Gy, + 766G, + 89(Gp Gy — GmGy)
Cs = 4(2) (26 +56) = 16 (G = G ) +19 (64" = G4 ) = 3(GnGy — GG

C, =4 (1}—5) (26, + 5G,) — 326y G + 38G,Gy — 3(GraGyy + Gy G

Figure S2 shows that the best fits (a—d; solid lines) are quite adequate, and the interfacial tensions
were found to be 1.2 mN/m (aPLA/PBAT granules), 0.8 mN/m (scPLA/PBAT granules), 1.8 mN/m
(aPLA/PBAT (+IMM)), and 1.3 mN/m (scPLA/PBAT (+IMM)). These values are quite different than
those estimated from the harmonic-mean equation. The lower calculated interfacial tension for
scPLA/PBAT compared to aPLA/PBAT confirms the better compatibility between scPLA and PBAT.
This better compatibility is expected from the HSP parameters as explained above. Also, the increase
in interfacial tension for the samples prepared from solution casting followed by melt mixing could
be due to fact that the Palierne model predictions are not always very sensitive to the interfacial
tension as shown by Lacroix et al. [22] and demonstrated here by the predictions using the interfacial
tension obtained for the blends prepared from granules, given the dashed lines in Figure S2c & d. For
both blends, the fits appear to be as good and one may assume that the interfacial tension values
obtained for the blends prepared from granules are quite reasonable. Overall, using these interfacial
tensions, the wetting parameter is calculated to be between 0 and 1, which predicts that the
localization of CNCs should be at the interface of the PLA and PBAT, in contrast to the localization
in PBAT predicted from the thermodynamics analysis presented above.

(S11)
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Figure S2. Palierne model predictions; solid lines: best fits of G and G~ for the blends of aPLA/PBAT
and scPLA/PBAT prepared from granules (a & b) and solution casting followed by melt mixing (¢ &
d) and dashed lines: comparison with the data of the 75/25 (wt%) aPLA/PBAT (c) and scPLA/PBAT
(d) blends using the interfacial tension obtained from the best fits of the neat blends from granules (a
& b).

Additional rheological data of the single polymer matrix and blend nanocomposites

Figure S3 presents the stress growth coefficient, n*, versus time, ¢, for scPLA/CNC (Figure S3a)
and aPLA/CNC (Figure S3b) nanocomposites for an imposed shear rate 5 s for the first 20 s of the
test that lasted 480 s (1 was about constant for a time longer than 20 s). Solid and dashed lines
represent the data for the samples prepared from solution casting and solution casting followed by
melt mixing, respectively. Neat scPLA and aPLA do not show any overshoot before and after melt
mixing in the absence of CNCs and network formation. On the other hand, the formation of a CNCs
network in the matrix of both PLA results in significant overshoots mainly for solution cast samples.
Also, melt mixing (dashed lines) results in a severe decrease in the intensity of overshoot due to the
re-agglomeration of CNCs during melt mixing.
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Figure S3. Variations of the shear stress growth coefficient, i, with time, t, for scPLA/CNC (a) and
aPLA/CNC (b) nanocomposites for an imposed shear rate of 5s7!. The solid and dashed lines represent
the samples prepared from solution casting and solution casting followed by melt mixing,
respectively.

Due to the startup flow experiments, the CNC networks in scPLA, aPLA, and PBAT were

destroyed and the rebuild-up of the networks was investigated through SAOS time sweep

experiments for 1800 s. Figure 54 reports the storage modulus versus time as solid and dashed lines
for the single polymer matrix nanocomposites prepared from solution casting without melt mixer

and

followed by melt mixing, respectively. There is no structural build-up for all neat polymers

before and after melt mixing, as expected. On the other hand, the structural build-up is clear for all

single polymer matrix nanocomposites, especially the ones from solution casting with a larger CNC

content. We note that after 1800 s, G”is still evolving as the structure has not attained an equilibrium
value. The structural build-up can be affected by both the pre-shear rate, time of the startup flow
experiments, and the concentration of CNCs.
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Figure S4. Structure evolution expressed by the storage modulus versus time for scPLA/CNC (a),
aPLA/CNC (b), and PBAT/CNC (c) nanocomposites right after the cessation of shear flow. Solid lines
are the data of samples from solution casting and dashed lines represent the effect of melt mixing.

The frequency sweep tests were conducted after the stress growth experiments of Figure S3 and
the results are presented in Figures S5 and S6 for the samples from solution casting and solution
casting followed by melt mixing, respectively. The reductions of the complex viscosity and storage
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modulus for the samples from solution casting are larger than the ones after melt mixing. Also, the
small decrease in the complex viscosity of aPLA/CNC nanocomposites at high frequencies compared
to the sample prepared from granules (Figures 2 and 3 in the main manuscript) could be due to
degradation of aPLA in the presence of CNCs. Although the structural recovery after time sweep
tests may not be completed, these differences between solution casting and melt mixing could be due
to the evaporation of the remaining solvent during melt mixing.
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polymers (0 CNC) and nanocomposites (1 and 3 CNC) from solution casting. Filled and empty
symbols are SAOS data before and after stress growth experiments (sh), respectively.
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Figure S6. Effect of melt mixing (solvent casting+IMM) on the complex viscosity (a-c) and storage
modulus (d-f) of the neat polymers (0 CNC) and nanocomposites (1 and 3 CNC) prepared through
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solution casting as functions of angular frequency and CNC content. Filled and empty symbols are
SAOS data before and after stress growth experiments (sh), respectively.

To confirm the absence of coalescence in the PLA/PBAT nanocomposites, time sweep
experiments were conducted at a frequency of 1 rad/s for 1 h, and the results are presented in Figure
S7. The initial increases of the complex viscosity could be due to the formation of an extended
interconnected network of nanoparticles with time. If we look at the SAOS data (Figure 9 in the main
manuscript), we observe a solid-like behavior at low frequencies when the CNCs are initially
localized in the matrix or both phases, whereas this behavior is not observed when the CNCs are
initially in PBAT. So, we can conclude that the proportion of CNCs at the interface between the matrix
and droplet results in an interconnected network of nanoparticles over time. Due to PLA degradation
and PBAT droplet coalescence, the time to reach a 10% drop in the complex viscosity is about 12 min
and 60 min for scPLA/PBAT and aPLA/PBAT, respectively. In the presence of 1 wt% CNCs, when
the CNCs were initially localized in the matrix or both phases, the system is stable up to 60 min. On
the other hand, localizing CNCs in the dispersed phase (upward triangle) results in a decrease in the
complex viscosity. However, this decrease is less than 10% for aPLA/(PBAT-1CNC) and around 10%
for scPLA/(PBAT-1CNC) blend nanocomposites. For example, the viscosity of aPLA/(PBAT-1CNC)
decreases from 3250 Pa.s to 3000 Pa.s, which is around 9% after 1 h.
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Figure S7. Complex viscosity (n*) versus time (f) of the neat PLA/PBAT (a: amorphous and b:
semicrystalline) and blend nanocomposites reinforced with 1 wt% CNCs during 1 h at a frequency of
1 rad/s and strain amplitude of 0.001.
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