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ABSTRACT: In this work, the rheological behavior of stable poly(lactic acid) (PLA) dispersions in water, fEsmgSt
intended for coating applications, was investigated. The newly prepared dispersion consists of PLA particles v
with an average diameter of 222 + 2 nm based on dynamic light scattering (DLS) and scanning electron
microscopy (SEM) analyses, at concentrations varying in the 5—22 wt % range. Xanthan gum (XG), a
bacterial polysaccharide, was used as a thickening agent to modulate the viscosity of the formulations. The
rheological properties of the PLA dispersions with different XG and PLA contents were studied in steady
shear, amplitude sweep, and frequency sweep experiments. Under steady shear conditions, the viscosity of all
the formulations showed a shear-thinning behavior similar to XG solutions in the whole investigated 1—
1000 s~' range, with values dependent on both PLA particles and XG concentrations. Amplitude and £ .

frequency sweep data revealed a weak-gel behavior except in the case of the most diluted sample, with e

i

[l Metrics & More | @ Supporting Information

moduli dependent on both PLA and XG contents. A unified scaling parameter was identified in the volume  |.+*
fraction (¢) of the PLA particles, calculated by considering the dependence of the continuous phase density
on the XG concentration. Accordingly, a master curve at different volume fractions was built using the
time—concentration—superposition approach. The master curve describes the rheological response of the system over a wider
frequency window than the experimentally accessible one and reveals the presence of a superimposed f relaxation process in the
high-frequency region.
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1. INTRODUCTION

Poly(lactic acid) (PLA) is an aliphatic polyester derived from

renewable sources, such as corn starch and sugarcane. It is

considered one of the most promising candidates to replace
1 oy

many petroleum-based polymers.” In addition to the good

mechanical properties, such as high tensile strength and

stiffness, and easy processability, it is also biodegradable,

preparation strategy provides very stable dispersions that can
be stored for several months and later used to prepare films
and coatings.” The thickness of polymeric coatings prepared
from water dispersions can be controlled through the
concentration (dry matter content) and the viscosity of the
same. The correlation with viscosity is quite complex and
depends on the rheological response under shear and on the

biocompatible, and nontoxic. It is mainly used in biomedical
applications (e.g., for sutures, clips, and drug delivery systems)
and in food packaging (bottles, sheets, films, and extruded
coatings).” Usually, PLA is converted into items through melt
processing, which can be considered environmentally benign as
it does not involve the use of organic solvents. However, by
this route, it is not possible to prepare very thin coating layers
(<100 ym). On the contrary, minimal coating thickness (<20
um) is often desired to reduce material consumption and thus
the environmental impact as well as the cost of the items. Thin
PLA coatings have been prepared by solvent casting, hot
pressing, or electrospinning methodologies.”” Despite the huge
interest in water-based coatings, only a few studies account for
the preparation of PLA dispersions in water.*® Furthermore,
in most of them, halogenated solvents are employed to
solubilize the polymer during the preparation of the aqueous
dispersion, preventing further use in many applications, in
particular the food contact ones.” An effective and environ-
mentally friendly method to prepare PLA aqueous dispersions
suitable for many applications, including thin coatings for food
packaging, has been recently developed by our group.” The
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actual shear rate during the application, which in turn depends
on the specific application technology and on the processing
parameters.® In addition to film thickness, the response to
deformation and flow under shear affects other application-
relevant properties.” In particular, dispersion coatings need to
have high viscosities in the low shear region to avoid settling
and instability during storage and transport. On the other
hand, they need to have low viscosities in the high shear rate
region, which corresponds to the application.'’ Furthermore,
the time-dependent viscosity buildup after exposure to high
shear should be fast enough to prevent sagging but still slow
enough to allow good flow leveling. Usually, suitable rheology
control is achieved with specific additives.'' Thickeners are
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Figure 1. Cartoon of the procedure for the preparation of the PLA dispersion in water.

rheological additives acting as viscosity-enhancing substances
that build up structures in a solution throu§h their interaction
with water and/or dispersed particles.'” The industrially
relevant thickeners for coating applications are cellulose ethers,
polyurethanes, and polyacrylates. The latter two are non-
biodegradable polymers mainly produced from fossil oil.
Cellulose ethers, obtained by chemical modification of the
naturally occurring cellulose, can be either biodegradable or
not, depending on the modification degree. A fully
biodegradable alternative is xanthan gum (XG), a high
molecular weight branched polysaccharide produced by
fermentation of Xanthomonas Campestris.'”” XG has the
same f-(1 — 4)glucopyranose backbone as cellulose, but
with additional negatively charged trisaccharide sidechains
linked to every other main-chain glucopyranose ring with a-1,3
linkage. The trisaccharide branches consist of a f-p-glucuronic
acid residue between two D-mannose residues. Approximately,
one-half of the p-mannose side-chain terminals bearing, with
unknown distribution, a pyruvic acid residue is linked via a
keto group to the 4 and 6 positions, while the inner p-mannose
unit carries an O-6-acetyl group.'” This biopolymer is nontoxic
and forms hydrocolloidal solutions with high stability at high
shear values and in a wide range of pH, temperature, and ionic
strength.''* Such branched polyelectrolyte chains can build
up a network even at low concentrations; thus, xanthan
solutions show a pseudoplastic behavior with predominant
conservative properties.'”~'® However, while at low frequen-
cies the predominance of the elastic (G’) over the viscous (G”)
modulus is similar to the behavior of a gel, XG is a nongelling
agent when it is used alone; thus, its solutions retain the flow
properties required for their effective spreading over surfaces.'”
XG is commonly used as a rheology modifier in food,””*'
cosmetic, agricultural, pharmaceutical,22 and petroleum in-
dustry applications,"*"® as well as in home- and personal care
product formulations.”> However, to the best of our knowl-
edge, it has not been proposed yet for industrial coating use.
On the contrary, in spite of its relatively high price, XG may be
considered as an interesting sustainable alternative to the
current waterborne coating additives because of its effective-
ness as a thickener at very low concentrations.”"”** Typical
shear rate values for coating, painting, brushing, and spraying
processes are in a range between 10? and 10° s™".** The highest
limit is not accessible with many of the commonly available
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instruments for rheological characterization even in research
laboratories. To overcome these limits, there are indirect
methodologies that account for the behavior of the studied
system at such high values. The time—temperature—super-
position (TTS)26 and time—concentration—superposition
(TCS)*” principles are among the most employed indirect
methods: they consist of superposing viscoelastic curves
registered at different temperatures (TTS) or at different
concentrations (TSC), with respect to a reference curve. The
obtained result is the so-called master curve. It extends over a
range of frequencies (or times) much larger than those directly
accessible to the experimental setup.”’ > Note that while the
TTC approach has been fully elucidated from a theoretical
point of view, TCS has not been yet. Nevertheless, it is
common to name TCS as a principle. The aim of this work was
to study the possibility of using XG as a biodegradable
thickener for water dispersions of PLA, so as to allow the
preparation of coatings made of more than 90% biodegradable
components. Once the possibility to incorporate XG in the
PLA emulsion had been assessed, the study was focused on
finding out a possible correlation between composition and
rheological response. It is worth emphasizing that the system
described here is the first example ever of a water-based
colloidal PLA dispersion. On the contrary, previous rheological
studies involving PLA dispersions have been limited to highly
viscous polymer melts in which the polyester was the matrix
and the filler was the dispersed phase, aiming at a particle-
modified PLA-based material.”**> Here, both the viscosity and
the viscoelastic behavior of aqueous PLA/XG dispersions were
studied at different compositions, where the concentration of
both the dispersed phase and the aqueous XG matrix were
independently varied. The time—concentration principle was
then applied to cover a wider range of frequencies.

2. RESULTS

2.1. Preparation and Characterization of the PLA
Dispersion. A water dispersion of amorphous PLA in water,
stabilized with starch and sodium dodecyl sulfate (SDS) as an
emulsifier, was prepared by a two-step procedure, as sketched
in Figure 1, and was previously reported by us.”

In the first step, an organic phase was prepared by dissolving
PLA in ethyl acetate, and an aqueous phase by solubilizing
SDS and starch in ultrapure water. The two phases were mixed,
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homogenized by sonication, and then the organic solvent was
distilled off under moderately reduced pressure. The obtained
dispersion, with 15.0 + 0.1% dry matter content, appears as a
white, homogenous, clots-free liquid with water-like viscosity
(Table 1; DO_15). Dynamic light scattering (DLS) analysis of

Table 1. Prepared Dispersions of PLA/XG with Given Cy
Concentrations of XG and C, Concentrations of PLA in
Water

acronym® Cx (wt %) Cp (wt %)°
Do 15 0 15.00 + 0.10
DIS_15° 0.151 1525 + 0.08
D25_15° 0.251 15.35 + 0.10
D35_15° 0.356 15.45 + 0.11
D50_15° 0.503 15.60 + 0.06
D65_15° 0.655 15.76 + 0.09
D75_15° 0.760 15.86 + 0.10
D505 0.50 5.02 + 0.03
Ds0_10¢ 0.50 10.02 + 0.08
Ds50_12.5¢ 0.50 12.5 + 0.10
Ds0_13.57 0.50 13.5 + 0.03
D50 207 0.50 22.29 + 0.10
D75 57 0.75 4.99 + 0.09
D75_10¢ 0.75 9.98 + 0.05
D75 207 0.75 20.25 + 0.07

“Samples are labeled with the acronym Dx_p, where x represents the
concentration of XG in wt % multiplied by 100, and p represents the
concentration of PLA particles in wt %. YDetermined as weighed dry
residue (see the Experimental Section). “Dispersions grepared by
varying the amount of XG added at constant dry residue. “Dispersions
prepared by varying the dry residue at a fixed amount of XG (0.50 or
0.75 wt %).

the dispersion revealed sub-micrometer-sized particles with an
average hydrodynamic diameter of 222 + 2 nm and
polydispersity of 0.230 + 0.003 (Figure 2a). A comparable

size could be observed by scanning electron microscopy
(SEM) analysis of the dried particles obtained from the
dispersion (Figure 2b).

The negative Z potential of —35.30 + 0.85 mV (Table S2),
as expected from the presence of the anionic SDS surfactant on
the particle’s surface, resulted in the high stability of the
dispersion. Indeed, no evidence of the onset of either
coagulation or sedimentation processes was visually detectable
over 6 months of storage both at room temperature and at 4
°C (Figure 3).

The DSC analysis of the polymeric material obtained upon
drying the dispersion showed a glass transition temperature T,
= 54 °C, close to that of the pristine PLA 4060D (T, = 58 °C)
used to prepare the dispersion. Neither melting nor
crystallization was detected, in agreement with the fully
amorphous structure declared for the pristine polymer.***” A
small peak at ~195 °C, detected during the first DSC heating
step (Figure S1), cannot be attributed to PLA as its maximum
reported melting temperature is 178 °C for the semicrystalline
homopolymer of the 100% 1i-lactide stereoisomer.”® The
mentioned endotherm could rather be attributed to the
degradation of some minor components or to the evaporation
of trapped water, linked to the starch component in the
dispersion.” Accordingly, TGA analysis revealed a minor
weight loss (about 1.5 wt % at 195 °C) process occurring just
before the onset, at about 200 °C, of the first of the two main
degradation steps (Figure S2).

No detectable difference in the PLA molecular weight and
molecular weight dispersity could be detected by GPC analysis
when comparing the pristine PLA and the product obtained
from the dispersion (Table S3), indicating the absence of
significant hydrolysis of the polyester during the ultrasound
processing in the water phase.

2.2. Addition of XG to the PLA Dispersion. The
addition of XG as a thickener to the PLA dispersions (Table 1)
did not result in any appreciable change in their apparent
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Figure 2. (a) DLS size distribution plots of PLA dispersions without xanthan gum (DO_1S, blue histogram) and with 0.35 wt % xanthan gum
(D35_15, red histogram); inset: DLS correlation plots of the same dispersions. (b) SEM micrographs of DO_15 (top) and D3S_15 (bottom)
dispersions at 40k magnification. Error bars are calculated as standard deviation (eq 8).
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(b) .

Figure 3. Pictures of the PLA dispersion DO_15 just prepared (a) and after 6 months (b).

properties, except for the higher viscosity. No creaming,
sedimentation, or coagulation formation was detected over a
few months of observation, indicating that XG does not
negatively affect the dispersion stability. Accordingly, the DLS
correlation plots obtained from the dispersions with added XG
are overlapping with those from the corresponding pristine
PLA dispersions (inset in Figure 2a): the DLS correlation
curve shows a single inflection point, suggesting the absence of
large clusters or of secondary phase domain formation. Particle
size distribution by volume is almost bimodal for both
dispersion types (with and without XG, Figure 2a). The
average particle size and polydispersity were found to not
appreciably depend on either XG or particles’ concentration
(Table S1).

The addition of XG confers to the initial PLA dispersion a
typical honey-like viscosity, a feature that will be discussed in-
depth in the next section. SEM analysis of the dried PLA/XG
dispersion shows a densely interconnected pattern (Figure 2b),
likely associated with the buildup of an interconnected network
between XG and nanoparticles. Individual particles are still
detectable but they are held together by XG resulting in a
biphasic morphology. The presence of such a network
becomes more evident at increasing XG/PLA mass ratio
(Figure S3a). Indeed, when the concentration of PLA
decreases, its particles are hardly detectable within the XG
network (Figure S3b).

Even in the presence of XG, the molecular weight (M,,) and
dispersity of PLA were comparable to those of the pristine
polymer (Table S3), an indication of the absence of any
degradation phenomena throughout all the preparation steps,
including the addition of the XG thickener.

2.3. Steady Shear Properties of PLA/XG Dispersions.
Neat PLA dispersions in water show, within the concentration
range of our interest, viscosity independent of the shear rate
and similar to water (Figure 4), as typically observed for low
concentration of hard-sphere colloids.*” On the contrary, when
XG is added to the dispersion it conveys a shear-thinning
behavior, and the Newtonian plateau is no longer observed.
The flow curve profiles of the thickened dispersion show the
same features as those of aqueous XG solutions (see Figure
S4a in the supporting information), a behavior previously
observed for aqueous dispersions of SiO, particles with XG.*!
However, the viscosity of the PLA/XG dispersion is higher
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bs ® D15_15 @ D50_15
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100 4 *
> 107" 5
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Figure 4. Viscosity as a function of shear rate for dispersions with (a)
different concentrations of XG and constant content of particles; (b)
different concentrations of particles and constant concentration of
XG. See Table 1 for the decoding of the acronyms in the legend. Error
bars are calculated as standard deviation (eq 8).

(Figure S4b) than that of the reference XG solution. The
increase of viscosity is higher than that expected from a simple
additive contribution by the viscosity of the neat PLA
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dispersion. This indicates the occurrence of specific
interactions between the particles and the polysaccharides.
Accordingly, the viscosity of the PLA/XG mixed dispersions
increases by increasing either the XG or the PLA particle
concentrations, with comparable dependence on the shear rate
at all investigated compositions (Figure 4).

2.4. Dynamic Viscoelastic Properties of PLA/XG
Dispersions. Amplitude sweep experiments performed on
samples with different concentrations of PLA or XG show, as
expected, a low strain sweep region in which both storage and
loss moduli are constant (Figure S). In this region, the former
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Figure S. Storage (G'—full symbols) and loss (G”—empty symbols)
moduli as a function of strain sweep for dispersions with 15 wt % PLA
particles and different XG concentrations (circles: 0.1S, triangles:
0.25, squares: 0.35, pentagons: 0.50, hexagons: 0.65, stars: 0.75 wt %).
The values in parentheses refer to the volume fraction of PLA
particles, resulting from different volume ratios of aqueous XG with
15 wt % PLA in the formulations. See Table 1 for the decoding of the
acronyms in the legend. Error bars are calculated as standard
deviation (eq 8).

is larger than the latter, indicating a gel-like behavior. The
difference between the two moduli increases with the content
of XG when mixtures of comparable PLA content are
considered, a clear indication of the key role of XG in
inducing such gel-like behavior. At larger deformations, the
storage modulus decreases at all investigated compositions, the
onset of the deviation from the plateau occurring at
progressively higher deformations with an increasing XG
amount in the formulation. The inability of the system to
completely recover the deformation within the experiment
time frame corresponds to the typical behavior of solutions of
high molecular weight polymers such as XG.*” The loss moduli
show a behavior similar to the storage moduli in the high-
amplitude region at a low XG content. On the contrary, at a
high XG content, a distinct peak is generally observed before
the value starts decreasing, disclosing the presence of the so-
called “weak strain overshoot”. This behavior is typical of
metastable complex fluids such as XG and it has been
correlated to a decrease of the structural relaxation time at
large strain values.™**

The deviation from the plateau starts at lower deformation
for the most concentrated solutions and it is faster for the

storage than the loss moduli so that the two plots cross. The
crossing point shifts at higher deformation for higher XG
content, an indication that the system is able to dissipate
progressively more energy and to recover elastically larger
deformations when the concentration of xanthan gum
increases. As a result, the linear viscoelastic region (LVR)
becomes more extended, and the crossing point between
storage and loss moduli shifts at higher strain as the
concentration of XG increases.*”

The frequency dependence of the viscoelastic moduli at
constant strain in the 0.5—1% range for dispersions with
different XG contents shows an increase of both storage and
loss moduli with both increasing concentration and increasing
frequency (Figure 6). The times of the experiment are too long
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Figure 6. Storage (G'—full symbols) and loss (G—empty symbols)
moduli as a function of frequency for dispersions with 15 wt % PLA
particles and different XG concentrations (circles: 0.1S, triangles:
0.25, squares: 0.35, pentagons: 0.50, hexagons: 0.65, stars: 0.75 wt %).
The values in parentheses in the legend refer to the volume fraction of
PLA particles, resulting from different volume ratios of aqueous XG
with 15 wt % PLA in the formulations. See Table 1 for the decoding
of the acronyms in the legend. Error bars are calculated as standard
deviation (eq 8).

to allow the system to relax; therefore, the crossover frequency
can hardly be observed and only at the lower investigated
concentrations. As a result, the systems exhibit a solid-like
behavior throughout the investigated frequency range (G” >
G).

The plots of oscillatory shear flow experiments on samples
with a comparable XG concentration showed an increase of the
moduli values with increasing PLA concentration in the 5—20
wt % range (Figure 7). In addition, higher moduli are shown
by samples with PLA particles as compared to samples without
PLA particles (Figures 7 vs SS5) at comparable XG
concentrations. This behavior indicates that not only XG but
also the dispersed PLA particles contribute to the viscoelas-
ticity of the system. Indeed, both storage and loss moduli vs.
frequency plots exhibit values dependent on both PLA and XG
contents. In other words, even if the neat PLA dispersion does
not exhibit any elastic behavior, we can say that PLA particles
enhance both elastic and viscous behavior of the thickened
dispersion, in a similar way that XG does (Figure 7).
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polymeric XG solution. Therefore, both components must be
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§ = :?*:f‘f“’i A single parameter including both components may be the
—F— s &= = t =3 S g—a— 8 icle vol fraction, @, defined as the fracti f vol
- t f o @@ E— - ﬁ Y particle volume ftraction, ®, defined as the fraction of volume
10’ E— oo o-o@ e A A0 occupied by the particles, ®@;, with respect to the whole volume
© g—o—o & A& of the system, ® It depends on the number of particles n in
3 oo g 4‘-#"3""8”‘ ystem, Oror. p p
= - s e S ,ﬁ"é’ the system and on the volume occupied by a single particle V7,
o A,,_,A--A;" "'A""' A b %j;jef %':»o\g with respect to the total volume of the system (eq 1)
C 0 & A e o o
@10 2a ‘:.4’;/,(;'-'9":/; 4 8 # ® @ n%
D y = =
&;::3/— ° o ® Oror  Vior (1)
&
10" o & = fg:g-?é%??gi) Tg;g—%%?%) The total number of particles in dispersion is given by
s ®-D50_15 (0.161) —m—D75_15 (0.179) ( )
% D50_20 (0.221) —%—D75_20 (0.216) w Wiy — W
. ' . - "o [VTOT - _xJ*VP_l = |Vior + ——— [V
107 10° 10’ 102 b b
)

w (rad/s)

Figure 7. Storage (G'—full symbols) and loss (G”—empty symbols)
moduli as a function of frequency for dispersions with different
particle concentrations and fixed XG concentration (red symbols:
0.50%, blue symbols: 0.75 wt %). The values in parentheses in the
legend refer to the volume fraction of PLA particles in the samples.
See Table 1 for the decoding of the acronyms in the legend. Error bars
are calculated as standard deviation (eq 8).

Therefore, the combined effects induced by the increase of
both XG and dispersion particle concentrations result in a
more pronounced viscoelastic behavior. The frequency
dependence of the moduli is higher in the low concentration
range; thus, the sample with the lowest concentrations of both
PLA (5wt %) and XG (0.5 wt %) is also the one displaying the
crossover at the lowest frequency of about 1 rad/s,
corresponding to a relaxation time of 5.5 s, indicative of a
fluid-like behavior at low shear. None of the other samples
presents the crossover within the investigated frequency range,
indicating a more marked elastic behavior.

3. DISCUSSION

3.1. Volume Fraction. A critical discussion of the
rheological behavior of the PLA dispersions described so far
requires a clear understanding of the specific features of the
system we are dealing with. The dispersed particles are made of
amorphous PLA and its T, = 54 °C was quite higher than the
temperature at which the 1nvest1gat10n was performed (25 °C).
As a result, under the study conditions, the system can be
approximated to a dispersion of hard spheres. The presence of
SDS as the surfactant provides a negative surface charge to the
particles, while XG in the continuous phase contributes to the
negative charge of the mixed PLA/XG network and to the
viscoelastic properties of the overall dispersion.”> Therefore,
we can describe the neat PLA dispersion as negatively charged
hard spheres dispersed in a continuous liquid phase, and the
PLA/XG system as negatively charged hard spheres dispersed
in a complex anionic fluid matrix."® The rheological results
described so far indicate that the viscoelasticity of the
dispersion with XG arises from the presence of the
polysaccharide in the continuous phase, as it generally occurs
for dispersions of solid particles in polymeric matrices.*
However, even if dispersions of neat PLA (hard) particles do
not exhibit any viscoelasticity, the same particles do affect the
viscoelastic response of the overall system once dispersed in a

where w, is the weight of the solvent, wrgr is the total weight
of the sample, wy,, is the weight of the sample without the
solvent, and p, is the density of the solvent. By substituting eqs
2 in 1 and rearranging the equation for the volume fraction, eq
3 is obtained

N &[& _ 1]

A\ Wror (3)
where p, is the density of the dispersion.

In our study, py and wg,,/wror were assumed as equivalent
to the density and the dry residue, respectively, of the neat
PLA dispersions in water, irrespective of the presence and
concentration of XG, while p, was assumed as equivalent to the
density of the XG solution at a given concentration in the
absence of the dispersed particles. The volume fraction, ®, was
thus obtained by substituting in eq 3 the experimentally
determined values for the densities (Figure S6) and the dry
residues. The obtained values for the dispersions were found to
depend on the concentrations of both PLA particles (Cp) and
XG (Cx) (Figure 8). Hence, ® can be used to describe the
effects of the dispersion composition on the dispersion
properties.

The calculated @ values range between 0.09 and 0.22,
scaling linearly with both PLA and XG concentrations, as
indicated by the R* values larger than 0.9 for the linear fits of
the data plots (Tables SI and S4 in the supporting info).

Based on the new scale by the volume fraction, it is
interesting to notice that the moduli vs. frequency plots shown
in Figure 7 scale monotonically although the compositions
differ in both PLA and XG concentrations. Indeed, if the
storage, loss, and complex moduli at a fixed frequency (0.169
rad/s) are plotted as a function of the volume fraction in the
log—log scale (Figure 9), an apparent linear trend is observed.
This suggests that the amount of PLA particles in the
dispersion affects its viscoelasticity by affecting the degree of
crowding, intended as the total amount of species in the
system, including the XG chains and the colloidal particles.
Based on DLS analysis, XG does not adsorb irreversibly at the
particle surface. In fact, in such a case, even after dilution,
particles would be larger in the presence of XG than in its
absence. Therefore, the observed effect must be ascribed to the
presence of obstacles hindering the diffusion of the XG chains;
such obstacles may consist solely of the PLA particles, although
a contribution from weak van der Waals interactions or

=1
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25 1.0 identified by shifting the loss factor tan§ (G”/G’) onto the
e reference (Figure 10), according to the procedure described by
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Figure 8. Left scale: volume fraction @ of dispersions with different
mass concentrations of particles, Cp, at a fixed XG concentration of

0.50 wt % (blue triangles; DSO_5-20, Table 1) and 0.75 wt % (red
dots; D75_5-20, Table 1), respectively. Right scale: volume fraction
@ of dispersions with different mass concentrations of XG, Cy, and
fixed concentration of particles (green stars; D15-75 1S, Table 1);
violet star: volume fraction of the dispersion without XG and 15 wt %
of particles (DO_15, Table 1). Straight lines: linear fitting (see Table
S4 for fitting data). Error bars are calculated as standard deviation (eq

8).
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Figure 9. Complex (red stars), storage (blue circles), and loss (green
triangles) moduli at 0.169 rad/s as a function of the volume fraction
for dispersions with different particle concentrations and fixed XG
concentration (full symbols: 0.50%, empty symbols: 0.75 wt %)
(DS0_5-20 and D75_5-20, Table 1). Straight lines are a guide to the
eye.

scattered hydrogen bonds between PLA particles and XG
chains, which are negligible at a low concentration but become
relevant as the concentration increases, cannot be excluded.*’

3.2. Master Curves of the Viscoelastic Moduli. The
abovementioned direct increase of the viscoelastic moduli with
the volume fraction suggests the possibility to build a master
curve through the TCS concept (Figure 9).** To this purpose,
at first, the data of the dispersions with 0.50 wt % of XG
(DSO_5-20) were elaborated. In particular, the data at 0.089
volume fraction were chosen as the reference, and the
horizontal factors aq for the different compositions were

10" 10° 10" 10%2 10® 10* 10% 10® 107 108
a,w (rad/s)

Figure 10. Master curve of the loss factor, tan §, as a function of the
scaled frequency, aew, for dispersions with different particle
concentrations (Cp) and 0.50 wt % XG. The values in parentheses
in the legend refer to the volume fraction of the samples. See Table 1
for the decoding of the acronyms in the legend. Error bars are
calculated as standard deviation (eq 8).

McKenna and co-workers.”” Similar to the procedure reported
in the cited reference, the superposition of the plots of tan é vs
the scaled frequency, aew, is good for all the less concentrated
samples (up to @ = 0.154) at all frequencies except at the
highest ones. On the contrary, for the samples with higher
concentrations (® > 0.161), the superposition is poor even at
low frequencies. This last deviation can be ascribed to the
occurrence of a simultaneous f-relaxation process, as it will be
discussed later.”” Nevertheless, the horizontal shift factors
determined through this procedure were applied to build the
master curve of the complex modulus, G*, throughout the
range of investigated frequencies (Figure 11). To collapse the
values of G* of samples characterized by different volume
fractions, the plots were shifted vertically, and such shifting
procedure resulted in a newly calculated vertical complex shift
factor, b*g. As a result, all plots of samples D50 «x perfectly
superimposed one another, except for those from the samples
with the highest PLA content.

The same procedure was applied to all of the plots of PLA/
XG samples with 0.75 wt % XG, resulting in a single master
curve of the scaled complex modulus (bpG*) as a function of
the scaled frequency (ag®) for samples with 0.50% and 0.75
wt % XG (Figure 14). In the case of 0.75 wt % XG samples, the
plots at the highest PLA concentrations showed poorer
superposition as in the case of the lowest XG concentration.
In any case, the obtained master curve included most of the
characterized samples with good accuracy, thus demonstrating
that the crowding of the system is the only factor that matters
for the investigated PLA/XG system. In other words, the effect
of PLA particles is only one of reducing the available volume
for XG to diffuse, a similar effect resulting from an increase of
the XG concentration.

The ag and by, factors used to build the master curve for the
complex modulus were also successfully used to obtain the
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- process typically activated at higher frequencies than a-
102 4 Tt oo® relaxation. Gotze*® described the p-relaxation process in
] Bﬁg colloidal systems through a cage effect. In a concentrated
system, at any instant, a particle is surrounded by a shell of
nearest neighbors (the cage). These cages represent metastable
10" - states with a partially arrested structure, which can display a
;_5 ] very long lifetime. For volume fractions below the highest
g random close packing, the f-process describes the motion
Q9 ggg'%?bo?gl) where the cages are almost but not yet completely closed.
< D50_12.5 (0.137) However, the range of volume fractions investigated by us lies
10 E ggg-zglfo(?gf)"') quite below the value characteristic of random close packing.
D50_20 (0.221) Therefore, the observed relaxation could well be ascribed to
D75_5(0.104) the polysaccharide chains. Indeed, the presence of several
. o g;g‘lgigil‘;gi relaxation modes in mono-, di-, and polysaccharides was

107" {a % D75_20 (0.216) evidenced by dielectric spectroscopy.*”’

10" 10° 10" 10% 10° 10* 10° 10° 107 10% 10°
a,w (rad/s)

Figure 11. Master curve of the scaled complex modulus as a function
of the scaled frequency, for dispersions with different particle
concentrations (Cp) and fixed XG concentrations of 0.50 (full
symbols) and 0.75 wt % (empty symbols), respectively. The values in
parentheses in the legend refer to the volume fraction of the samples.
See Table 1 for the decoding of the acronyms in the legend. Error bars
are calculated as standard deviation (eq 8).

corresponding plots for the real and imaginary parts of G*
(Figure 12).
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Figure 12. Master curve of the scaled storage (full symbols) and loss
(empty symbols) moduli as a function of the scaled frequency for
dispersions with different particle concentrations (Cp) and fixed XG
concentrations of 0.50 (red, orange, magenta, green, blue, and violet
symbols) and 0.75 wt % (yellow, cyan, black symbols). The values in
parentheses in the legend refer to the volume fraction of the samples.
See Table 1 for the decoding of the acronyms in the legend. Error bars
are calculated as standard deviation (eq 8).

Nevertheless, a deviation from the master curve was
observed for the highest PLA concentrations, in particular
for the loss factor. The inconsistency is here even more evident
than for the complex viscoelastic moduli. As mentioned for
tan §, a similar deviation was reported by McKenna and co-
workers and was attributed to the presence of f-relaxation,”” a

In sucrose, this
relaxation was associated with a twisting rotation of the two
monosugar rings (glucose and fructose) around the glycosidic
bond.”’~>* Something similar may also occur in XG.

Irrespective of the origin of the B-process, the coexistence
and the overlap of the two relaxation processes do not comply
with the TCS concept, and thus, it is not possible to extend the
master curve over the frequency range where the superposition
occurs (@ > 10° rad/s).”” In any case, the master curves
obtained through the TCS concept allowed us to predict the
behavior of PLA/XG samples with @ = 0.089 in the 0.1—
100 000 rad/s frequency range, which is broader than the ones
experimentally accessible, namely 0.1-200 rad/s. In the
extended frequency window, the system shows both a fluidlike
behavior at low frequencies and a weak gel one at high
frequencies with a characteristic relaxation time, 7, of 5.5 s
(Figure 12).

3.3. Viscosity Master Curve. The shift factors used to
build the master curve of the moduli were also used to build
the master curve for the complex viscosity via eq 4

* b *
n ((I)) w) = ﬁrl ((I)) acba))
ag (4)

The obtained master curve represents the scaled complex
viscosity (aq/ben*) as a function of the scaled frequency
(apw) (Figure 13). It operates even at the highest XG
concentrations, where the moduli-based master curve failed,
namely for @ > 0.161. In fact, in this case, the plots
superimposed quite well after the shifting operation. However,
the obtained master curve of n* could not be adequately
described with the Carreau—Yasuda model (eq 5) at a
frequency >10° rad/s (Figure 13, inset), where the a- and f3-
relaxation processes coexist. On the contrary, the model
describes quite well the data in the lower frequency region.

N =g+ (1, — n) 1+ (zw) "7V “

In the Carreau—Yasuda model (eq S), the parameters 7, and
1o represent the asymptotic values of the viscosity at infinite
and 0 frequency, respectively, 7 is the relaxation time, a is a
constitutive parameter, and # is the flow index. The relaxation
time (also called the characteristic time) of the system,
calculated from the fitting of the master curve, was 7 = 13.3 s,
in the same range as the one obtained from the crossover
frequency 7., of the master curve of the viscoelastic moduli.

3.4. Shift Parameters. The dependence of the shift factors
ap and by on the volume fraction (Figure 14) is often
desc2r7ibed by the Vogel-Fulcher—Tammann (VFT) equa-
tion
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Figure 13. Master curve of the scaled complex viscosity as a function
of the scaled frequency for dispersions with different particle
concentrations (Cp) and fixed XG concentrations 0.50 (full symbols)
and 0.75 wt %. (empty symbols). The values in parentheses in the
legend refer to the volume fraction of the samples. The inset shows
the fitting of the master curve of the complex viscosity. Red curve:
fitting (see Table SS for fitting data). See Table 1 for the decoding of
the acronyms in the legend. Error bars are calculated as standard
deviation (eq 8).
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Figure 14. Ratio of the shift factors (red dots) as a function of the
volume fraction; the red curve represents the VFT fit. See Table S6
for fitting data.

loga—®:A+i
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where A and B are the VFT parameters and @, represents the
volume fraction at which the motion of the particles freezes
completely (random close packing).

The best fit of the experimental data provides a value of
volume fraction at random close packing, ® ., = 0.62 + 0.02.
Despite the poor interpolation of the experimental data by the
adopted model (Figure 14), it is surprising that the obtained
@, value is similar to those determined both theoretically and

experimentally for hard-sphere dispersions.46’54

4. CONCLUSIONS

In the present study, aqueous PLA dispersions targeting
coating applications were prepared and thickened by the
addition of xanthan gum (XG). The colloidally stable neat PLA
dispersion, consisting of negatively charged particles of 222 +
2 nm size, was found to remain stable over time irrespective of
the presence of XG, thus indicating the suitability of XG as a
thickener for this system. The results of the rheological analysis
performed in steady and oscillatory conditions on dispersions
with the PLA content ranging between 5 and 22 wt % and XG
between 0 and 0.76 wt % showed a transition from the very
low viscosity of the neat PLA dispersions, typical of diluted
colloids, to the honey-like viscosity and strong viscoelastic
behavior of the dispersions obtained upon the addition of XG,
even at low concentrations. All of the investigated PLA/XG
formulations showed a gel-like behavior throughout the
explored frequency range, with the exception of the most
diluted sample (PLA S wt %), which revealed a fluid character
before the crossover frequency. Both storage and loss moduli
of PLA/XG samples vary monotonically with the concen-
tration of either PLA particles or XG, thus indicating the
participation of both components in the gel network. The
applicability of the TCS concept to the studied system, by
superimposing viscoelastic curves of dispersions at two
different concentrations of XG and six concentrations of
PLA particles, was also demonstrated. This allowed achieving a
description of the dynamics of these dispersions over a range of
relaxation times greater than that accessible by direct
measurements. The TCS concept failed at 10° rad/s, revealing
the onset of B-relaxation modes, overlapped to a-relaxation.
The understanding and control of the rheological properties of
the PLA/XG formulations achieved in this study is an
important starting point to explore the potential for different
applications of these colloidal dispersions. Indeed, thanks to
the advantages that PLA inherently offers (bio-based, stability,
nontoxicity, food compliance) and to the interesting properties
of the formulations described here, the range of possible
applications could span from coatings for paper-based food
packaging and single-use compostable items to component for
indoor paints.” Finally, the obtained results suggest a high
potential for XG to be exploited in new application fields.

5. EXPERIMENTAL SECTION

5.1. Materials. Polylactic acid Ingeo PLA 4060D (PLA)
was supplied by NatureWorks LLC (Minetonka, MN). PLA
4060D is an amorphous polymer with an L-lactide content of
around 88 wt % and a weight-average molecular weight M, =
115 x 10° g/mol.*® Sodium dodecyl sulfate (SDS, purity
>99.0%) and ethyl acetate (purity >99.5%) were purchased
from Sigma-Aldrich. Starch C*Icoat 07525 (starch) and
xanthan gum Satiaxane CX 2 QD (XG) were provided by
Cargill Deutschland GmbH.

5.2. Preparation of Water Dispersion of Polylactic
Acid. A 3 wt % solution of starch in ultrapure water was
prepared by heating at a reflux temperature for 1 h. About 51.8
g of this solution was diluted to 280 g with ultrapure water and
then 2.24 g of SDS was added. Meanwhile, 40 g of PLA was
solubilized in 360 mL of ethyl acetate under vigorous stirring
for 4 h. After parting both the oil and the water phases each in
8 equal fractions, 8 equal mixtures were prepared by mixing
one to one the oil and of the water phases, followed by
homogenization and ultrasound treatment (Vibra-Cell Ultra-
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sonic Liquid Processor VCX750, maximum power output: 750
W, equipped with a 13 mm diameter probe) in four continuous
steps of 30 sec each. The power amplitude was 50% in the first
step and then 90%. Steps were spaced out by 2 min during
which the mixture was kept under mechanical stirring with an
overhead stirrer. Each one of the resulting emulsions was
separately collected in a 1 L reactor and the organic solvent,
ethyl acetate, was distilled oft at 40 °C and 0.85 bar for 4 h
while keeping the emulsion under stirring at 120 rpm, resulting
in a residual ethyl acetate content <40 ppm by GC analysis and
dry matter content >15 wt % at 200 °C.

5.3. Preparation of Water Dispersion of Polylactic
Acid with XG. Dispersions with PLA and XG contents in the
5—22 and 0.15—0.76 wt % range, respectively, were prepared
(Table 1). They are identified with the acronym Dx_p, where
x stands for the concentration of XG given as 100X wt % and p
for the wt % concentration of PLA in the final aqueous
dispersions. Aqueous dispersions with 15 wt % PLA and
different amounts of XG (0.15, 0.25, 0.35, 0.50, 0.65, and 0.75
wt %) were obtained from the pristine PLA dispersion by
adding an appropriate amount of XG, stirring the mixture at
200 rpm overnight at room temperature, and then keeping the
dispersion under mild vacuum until air bubbles were removed.

Dispersions with concentrations of PLA particles lower than
1S wt % (5, 10, 12.5, and 13.5 wt %, respectively) were
obtained by diluting the pristine PLA dispersion with ultrapure
water before the addition of XG. Dispersions with 20 wt %
PLA were obtained by processing the 15 wt % dispersion
through an ultrafiltration cell (Millipore Amicon 8003)
equipped with a 100 kDa (membrane filter Ultracel 100 kDa
Millipore) until the desired concentration of particles was
reached (few minutes). Two dispersions were obtained by
thickening with XG at 0.50 and 0.75 wt %, respectively.
Reference XG aqueous solutions at 0.15, 0.25, 0.50, and 0.75
wt % were prepared by stirring a suitable amount of the
thickening agent in ultrapure water for a couple of hours.

5.4. Instruments and Methods. The dry residue (Cp) of
each dispersion was determined by drying 250 mg (wror) of
the sample in an oven at 200 °C for 20 min, followed by

weighing (wyy,)

Wi
ry
Cp =

X 100
Wror (7)

The diameter of the particles was determined by dynamic light
scattering (DLS) analysis at 25 °C using 2 NanoBrook Omni
Particle Size Analyzer (Brookhaven Instruments Corporation)
equipped with a 35 mW red diode laser (nominal 640 nm
wavelength). Samples at 0.15 wt % were analyzed by setting
the refractive index of the dispersion medium and of the
dispersed phase at 1.330 and 1.596, respectively. Each
measurement was repeated five times on the same sample,
and the reported data were the average over the five
measurements. The error was calculated as standard deviation,

o (eq 8)
1 w3
o= ﬁ Z; (xi x) (8)

where N is the number of measurements, x; is the value of the
ith measurement, and % is the arithmetic mean.

The Z-potential of the dispersions was determined by phase
analysis light scattering (PALS) at 25 °C using a NanoBrook
Omni Particle Size Analyzer (Brookhaven Instruments

Corporation) equipped with a 35 mW red diode laser
(nominal 640 nm wavelength). The analyses were carried
out on samples at 0.25 wt %, and the reported data are the
average over five repeated measurements.

Size-exclusion chromatography (SEC) analyses were per-
formed with a Jasco (Jasco Europe SRL, Cremella, Italy)
instrument comprising a PU-2089 Plus quaternary pump and
injector with a 20 uL loop, two in series PLgel MIXED-D
columns (Agilent Technologies Italia S.p.A., Cernusco sul
Naviglio, Italy; linearity range 200 to 2 000 000 g/mol based
on polystyrene equivalent) placed in a Jasco CO-206S column
oven set at 30 °C, a Jasco RI-2031 Plus refractive index
detector, and a Jasco UV-2077 Plus multichannel UV-Vis
detector. The sample in the form of films or powders was
dissolved in trichloromethane (HPLC grade Sigma-Aldrich)
with the aid of sonication and filtered through a 0.2 uL pore
size PTFE filter to remove the insoluble fraction before
injection as a $ mg/mL solution; elution was performed with
trichloromethane at 1 mL/min flow rate. ChromNav Jasco
software was used for data acquisition and analysis; the weight-
average (M,,) and number-average (M,) molecular weights are
based on a calibration curve obtained by running a set of four
monodisperse polystyrene standards (19 000, S0 000, 233 000,
and 300000 g/mol, respectively) and performing a fourth-
order fit.

A Zeiss LEO 1530 scanning electron microscope equipped
with a field emission gun as an ionization source was employed
for the morphological analysis of the dried formulations.
Samples obtained by air drying 1 mL of dispersion in Petri
dishes at room temperature were sputtered with gold before
observation.

Differential scanning calorimetry (DSC) analysis was
performed on a DSC 8000 (PerkinElmer Inc.) instrument
equipped with an IntraCooler II cooling device and Pyris
V13.3 software for instrument control, data acquisition, and
analysis. The instrument was calibrated for temperature and
energy with indium and zinc standards. About 5—10 mg of dry
samples were analyzed in aluminum pans under a dry nitrogen
atmosphere (30 mL min~"). Samples were heated up from 25
to 200 °C to erase the thermal history and to remove any
trapped volatile substances such as residual solvent; then, they
were cooled to —70 °C (cooling step), maintained at —70 °C
for S min, and finally, heated up again to 200 °C (second
heating step). Both heating and cooling steps were performed
at 10 °C min~'. Thermogravimetric analysis (TGA) was
carried out on a TGA 4000, (PerkinElmer Inc.) instrument
with Pyris software for data acquisition and analysis. Samples
(5—10 mg) were analyzed in an alumina pan at a heating rate
of 10 °C min~' from 30 to 720 °C under a nitrogen
atmosphere (30 mL min™').

The densities of the emulsions and solutions were
determined by measuring the weight of a precise volume of
sample (2—S mL) in a controlled temperature system. Each
measure was repeated ten times, and the data were taken as an
arithmetic average value on the calculated density. Data error
was calculated as standard deviation.

The rheology measurements were performed with an Anton
Paar MCR 102 Rheometer, equipped with a cone-plate CPS0-
1 (49975 mm of diameter) probe and Anton Paar software for
data acquisition and analysis. A solvent reservoir was attached
to prevent the sample from drying. Steady shear experiments
were performed at 25 °C by recording the flow curves in the
range of shear rates from 1 to 1000 s™. Such experiments were
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possible because weak xanthan gum gels do not exhibit rupture
or edge fracture even at large deformations.” Each measure-
ment on a given sample was repeated at least three times, and
the arithmetic mean was calculated on the collected data. The
error was calculated as standard deviation. Before each
oscillatory measurement, a preshear at 100 s™' for 60 s
followed by a 300 s rest was applied to erase the effect of
loading. Amplitude oscillatory sweep tests were performed to
determine the linear viscoelastic range (LVR), and the
viscoelastic response in the strain range from 0.01 to 200%
was measured at @ = 1 rad s\, Frequency sweep tests were
performed at a strain amplitude within the previously
determined linear viscoelasticity range. Each measurement on
a given sample was repeated at least three times, and the
arithmetic mean was calculated on the collected data. The
error on the viscoelastic moduli was calculated as standard
deviation. Further elaboration of the collected data was
performed with OriginPro 2018 software.
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