
Citation: Miller, K.; Reichert, C.L.;

Loeffler, M.; Schmid, M. Effect of

Particle Size on the Physical

Properties of PLA/Potato Peel

Composites. Compounds 2024, 4,

119–140. https://doi.org/10.3390/

compounds4010006

Academic Editors: Dario Pasini and

Andrei Victor Sandu

Received: 30 July 2023

Revised: 12 January 2024

Accepted: 26 January 2024

Published: 1 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Effect of Particle Size on the Physical Properties of PLA/Potato
Peel Composites
Katharina Miller 1,2 , Corina L. Reichert 1 , Myriam Loeffler 2 and Markus Schmid 1,*

1 Sustainable Packaging Institute SPI, Faculty of Life Sciences, Albstadt-Sigmaringen University,
72488 Sigmaringen, Germany; miller@hs-albsig.de (K.M.); reichert@hs-albsig.de (C.L.R.)

2 Meat Technology & Science of Protein-Rich Foods (MTSP), Department of Microbial and Molecular Systems,
Leuven Food Science and Nutrition Research Centre, KU Leuven Campus Ghent, B-9000 Ghent, Belgium;
myriam.loeffler@kuleuven.be

* Correspondence: schmid@hs-albsig.de; Tel.: +49-(0)-7571-732-8402

Abstract: In recent years, agricultural by-product fillers have been investigated in composites to
influence the physical properties of the packaging material, increase biodegradability, and reduce
costs. In general, the properties of composites are mainly influenced by the type, amount, and size of
fillers. The aim of this study was to characterize potato peel particles as a filler in a poly(lactic acid)
(PLA) matrix and to determine the effect of particle size on the physical properties of the composite.
Therefore, different fractions of potato peel powder (0–53 µm, 125–250 µm, and 315–500 µm) were
incorporated into PLA matrix via compounding and injection-molding. Microscopic analysis of the
injection-molded samples revealed that the average particle shape did not differ between the different
fractions. Overall, increasing the particle size of potato peel particles resulted in increased stiffness
and decreased ductility. The cold crystallization temperature and water vapor transmission rate of
the composites were independent of particle size but increased upon the incorporation of potato
peel particles. In conclusion, the effect of particle incorporation on packaging-related properties was
higher than the effect of using different particle size fractions. This means that potato peel particles,
regardless of their particle size distribution, are promising fillers for composites, with the potential to
improve biodegradability, maintain some level of protection for the packaged product, and reduce
the cost of the composites.

Keywords: biocomposites; agricultural by-products; side stream valorization; tensile properties;
water vapor transmission rate; particle characterization; filler size

1. Introduction

To counteract the negative environmental impact of petrochemical-based packaging,
bio-based polymers have been studied more intensively over the past decades as alter-
natives. Poly(lactic acid) (PLA) is a bioplastic which is gaining increasing commercial
interest in various sectors, including biomedicine, the automotive industry, construction,
agriculture, single-use items, and food packaging [1]. Thus, the increasing production
capacity of PLA is projected to account for 37.9% of global bioplastic production capacity by
2027 [2]. PLA is an aliphatic polyester which consists of polymerized, ring-opened lactide
building blocks. Lactic acid is obtained from fermentation of agricultural carbohydrates
(e.g., from corn, sugar cane, tapioca, and potatoes) [3,4]. Compared to most biopolymers,
PLA has good mechanical properties and can be thermally processed via injection-molding,
extrusion, or film-blowing, making it attractive for the packaging industry. However,
the high cost and sometimes low barrier properties of PLA compared to petrochemical
alternatives limit its applicability. The use of PLA-based composites can be an option to
increase the biodegradability and reduce the cost of PLA-based packaging [3,5].

The incorporation of particulate or fibrous fillers into a polymer matrix can reduce
the materials cost and increase its biodegradability as well as its thermal-, gas barrier-,
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and mechanical properties [6]. For more environmentally friendly solutions, the use of
natural fillers may be preferred in the development of bio-based composites [7]. Such fillers
are typically by-products with very low economic value, characterized by low cost and
high availability [3,8]. The incorporation of natural by-products, including, among others,
dried grains [9], walnut shell [10], coconut shell [11], hazelnut skin, cocoa by-products [12],
mussel shell [13], destarched cassava [14], coffee ground [15], pineapple skin [14], hemp
hurd, alfalfa, grape stem [8], cellulose fibers, wood sawdust, hazelnut shells, flax fibers,
corn cob, and starch [12,16] into PLA has been studied over the last decade.

While natural fibers often increase mechanical properties (stiffness and strength)
based on their ability to carry applied stress and load [5], starch fillers have shown to
decrease composite strength, reduce oxygen permeability, and increase biodegradation
when added as a filler to PLA matrix [12,17]. A decrease in mechanical properties due to
the incorporation of a filler into a matrix is based on repulsive interactions between the
hydrophilic filler material and the continuous hydrophobic polymer phase. Depending
on the type and therefore polarity of the filler material and interactions between filler and
polymer, an increase in filler loading can increase or decrease the stiffness and strength of
the composite [15,18,19]. Similarly, a decrease in filler size, e.g., from micro- to nanoscale,
can significantly increase the stiffness and tensile strength of composites containing the
same filler loading [20].

A highly available by-product with potential as a composite filler is potato peel
(PPeel). Potato is the fourth most abundant crop worldwide (the first being rice, the second
wheat, and the third maize) [21]. Along the potato supply chain, approximately half of the
harvested tubers are discarded, mostly due to quality standards and through peeling [22,23].
In addition, the amount of industrially produced PPeel is supposed to increase within the
coming years, due to a shift in consumption from fresh potatoes towards processed potato
products [21], increasing the importance of PPeel side stream utilization [24,25].

In recent years, PPeel has been identified as a potential material for biopolymer
applications, either in cast films [26–32] or, as we address in this article, as a composite
filler material. For composite application, the incorporation of potato peel powder in
polypropylene (PP) and linear low-density polyethylene (LLDPE) matrix has been studied,
investigating the influence of potato peel filler concentration and compatibilizer addition on
morphological, thermal, and physico-mechanical properties [33,34]. Thermal and physico-
mechanical properties of PPeel/PP composites were increased using a compatibilizer. An
increase in tensile modulus and comparable tensile strength (to neat PP) were obtained
for 20% w/w filler content [34]. In PPeel/LLDPE composites, an increasing filler content
decreased tensile strength and ductility and increased the tensile modulus and water
absorption [33]. Biodegradable properties of PPeel/PP composites have been studied as
well, showing an increase in biodegradation/mass loss of up to 10% at maximum filler
concentration (40% w/w) upon increasing filler content compared to a mass loss of 1% of
neat LLDPE samples [35]. Patil et al. [36] investigated the filler content of alkali-treated
PPeel powder in an epoxy holding matrix on the physical properties of the composites.
The authors reported decreasing tensile modulus, tensile strength, hardness, and flexural
strength upon increasing filler content [36].

In the literature, mostly the filler loading and compatibilization between natural
waste/by-product fillers and polymers, such as PlA, have been studied [8,11–13,37,38].
Although the particle size of the filler may have crucial effects on the composite [39], there
is only a small number of studies investigating the effect of particle size of a hydrophilic
filler in PLA composites [40,41].

To our knowledge, PPeel particles have yet not been incorporated into a PLA matrix,
and the influence of PPeel particle size on composite properties has not been investigated
before, either. Therefore, the aim of this study was to determine the effect of PPeel parti-
cle size on the PPeel–PLA composite’s physical properties. We hypothesize that tensile
strength and ductility will decrease, and tensile modulus and water vapor transmission
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rate will increase with increasing particle size of PPeel due to increased “breaks” within
the continuous PLA polymer matrix.

2. Materials and Methods
2.1. Materials

Potato peel: Freshly generated PPeel, which originated from potatoes of the Bernina
variety, was kindly provided by the company Sautter Kartoffelverarbeitung (Bondorf,
Germany). Sautter Kartoffelverarbeitung conducted the peeling process mechanically
in two steps using a knife peeler (type MS-1t, Sormac, Venlo, The Netherlands) and a
carbon peeler (type Crp-10, Sormac, The Netherlands). Fresh PPeel was packed directly
after peeling in vacuum bags. Vacuum bags were sealed and transported to Albstadt–
Sigmaringen University, where they were stored refrigerated at 4 ◦C for 16 h prior further
treatment on the next day.

Poly(lactic acid): Luminy® LX175 was purchased from Total Corbion PLA bv (Gor-
inchem, The Netherlands). Density: 1.24 g/cm³, melting temperature: 155 ◦C, melt flow
index: 8 g/10 min at 210 ◦C/2.16 kg.

Other: Self-adhesive aluminum foil for permeation measurements was purchased
from Brugger Feinmechanik GmbH (Munich, Germany).

2.2. Sample Preparation
2.2.1. Potato Peel Pre-Treatment

PPeel was hand-washed and drained to remove excess water. Drained PPeel was
dried in a combi steamer (type C4eT 10.10 EB, Convotherm Elektrogeräte GmbH, Egifin-
gen, Germany) for 2.5 h at 75 ◦C, under low humidity and high air velocity. Therefore,
750 g ± 10 g PPeel was spread out uniformly on a flat aluminum container (Rational AG,
Landsberg am Lech, Germany) covered with a sheet of baking paper (Cedo Folien und
Haushaltsprodukte GmbH, Mönchengladbach, Germany). The drying process was carried
out with ten flat containers, corresponding to a total of approximately 7.5 kg of fresh peel.
During the drying process, the PPeel was manually mixed at 45 min, 90 min, and 120 min
to allow for uniform drying.

2.2.2. Classification of Dried Potato Peel Powder

Dried PPeel was ground at 10,200 rpm for 3 min using an electric mixer (type TM31,
Vorwerk Elektrowerke GmbH & Co. KG, Wuppertal, Germany). The potato peel powder
had a moisture content of 11.4% and a chemical composition (dry matter content) of 5.7%
protein (Kjeldahl), 3.1% ash (muffle furnace), 0.1% fat (Soxhlet), and approximately 91.1%
carbohydrates (subtraction of protein, ash, and fat content from total dry mass).

Classification of PPeel particles was conducted using a sieve tower (VE 1000, Retch
GmbH, Haan, Germany) consisting of meshes with a pore size of 500 µm, 315 µm, 250 µm,
125 µm, 90 µm and 53 µm, respectively. Therefore, 50 g ± 0.2 g ground PPeel was sieved
continuously for 5 min using an amplitude of 0.5 mm. After the first passage, accumulating
powder was brushed from the rim of each mesh and sieved for an additional 2 min in
a second passage. After the second passage, the separated material was poured from
the meshes into corresponding containers. Material that was stuck in the meshes as
well as material which adhered to the underside of the meshes was brushed off in a
separate container and then mixed with the unclassified material to run through the sieving
process again.

Based on the obtained amount of each PPeel fraction, sieved PPeel was divided
into five different fractions/classes: 0–53 µm, 53–125 µm, 125–250 µm, 250–315 µm, and
315–500 µm grain size. In addition, one class was formed using PPeel powder that had not
gone through the sieving process, to represent the whole, unclassified material. Fractions
of dried PPeel powder were stored in sealed vacuum bags (320300, GUDE GmbH, Rheine,
Germany) at room temperature (~22.5 ◦C and ~35% r.h.) prior to further use.
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2.2.3. Specimen Production

For the finest (0–53 µm), medium (125–250 µm), and coarsest (315–500 µm) particle
size classes, specimens were produced in a 9:1 mass ratio (PLA:PPeel). Therefore, 3.6 g
PLA and 0.4 g pre-dried (75 ◦C, 24 h) PPeel were mixed and added into the compounder
funnel, where the melt was mixed with a co-rotating twin-screw at a rotation speed of
50 rpm (Haake Mini Lab 3, thermo scientific, Karlsruhe, Germany). Specimens were
produced via injection-molding (Haake Mini Jet Pro, thermo scientific, Karlsruhe, Germany)
applying an injection pressure of 600 bar for 4 s and a holding pressure of 400 bar for 6 s.
For tensile testing, dog bone specimens with a length of 75 mm, width of 15 mm, and
thickness of 1.5 mm were produced by injection-molding, whereas round specimens with a
diameter of 35 mm and thickness of 1.5 mm were molded for gas permeability and optical
measurements. The temperature settings for specimen production were determined in
preliminary trials. For each class, the lowest processing temperatures feasible for specimen
production were identified and applied (summarized in Table 1).

Table 1. Applied processing conditions for specimen production.

Pure PLA PLA:Ppeel
0–53 µm

PLA:PPeel
125–250 µm

PLA:PPeel
315–500 µm

PLA:PPeel ratio 9:0 9:1 9:1 9:1
Moisture content (%) 0.3 0.9 1.1 0.7

Extruder screw rotation (rpm) 50 50 50 50
Extruder temperature (◦C) 210 220 200 200
Injection temperature (◦C) 210 210 200 210

Mold temperature (◦C) 30 30 50 30

The produced specimens were stored in a climatic chamber (type KBF P 240, Binder GmbH,
Tuttlingen, Germany) at 23 ◦C and 50% r.h. for at least one week, prior to characterization.

2.3. Characterization

To evaluate filler characteristics, mean particle size (Sauter mean diameter), size
distribution, and equivalent volume-based surface area ratios of PPeel particle fractions
were determined via laser diffraction analysis (Section 2.3.1). In addition, mean particle
size, size distribution, and particle shape were characterized via microscopic image analysis
of the molded composites (Section 2.3.2).

2.3.1. Laser Diffraction Analysis

Particle size distribution of PPeel powder fractions were measured in dry state using a
laser diffraction particle analyzer (Mastersizer 2000, Malvern Panalytical, Kassel, Germany).
For each fraction, applied testing conditions were determined to obtain an obscuration
between 3.0 and 8.0. For each particle size class, a threefold determination was carried out
using new material with a measuring time of 3 s. Particle patterns were interpreted using the
Fraunhofer diffraction theory, and Sauter mean diameters were determined automatically
via the corresponding software (Version 5.54, Malvern Panalytical, Kassel, Germany).

Obtained Sauter mean diameters D[3,2] from laser diffraction analysis were used for
the calculation of equivalent volume-based surface area ratios assuming spherical particle
shape, using the following equation [42]:

SA ratio[−] =
SAs

[
µm2]× (

VB
[
µm3]/ VS

[
µm3])

SAB[µm2]
(1)

where SA ratio is the equivalent volume-based surface area ratio, SAS is the surface area
(SA = 4 × π × (D[3,2]/2)2) of one PPeel particle of the smaller fraction, SAB is the surface
area of one PPeel particle of the bigger fraction, VB is the volume (V = 4/3 × π× (D[3,2]/2)3)
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of one PPeel particle of the bigger fraction, and VS is the volume of one PPeel particle of
the smaller fraction.

2.3.2. Microscopic Image Analysis

Round specimens produced from biocomposites composed of PLA and PPeel particles
of either 0–53 µm, 125–250 µm, or 315–500 µm were used for microscopic image analysis.
For each specimen, JPEG pictures of random positions were taken with a camera (PL-A662,
Pixelink, Ottawa, ON, Canada) equipped with a microscope (Eclipse E66W, Nikon Europe
BV, Amsterdam, The Netherlands). The magnification and focus of the pictures were
adjusted to represent several PPeel particles per picture within the specimen. Minimal and
maximal Feret diameters as well as the projected area of 25 random particles per specimen
were measured manually using ImageJ (Wayne Rasband and contributors National Insti-
tutes of Health, Bethesda, MD, USA). For each biocomposite containing a different PPeel
particle size class, four specimens were investigated, leading to a total of 100 particles per
biocomposite that have been analyzed.

To characterize particle shape of PPeel particles within the biocomposite specimens,
the aspect ratio (Equation (2)) and roundness (Equation (3)) were determined according to
DIN ISO 9276-6 [43] for those particles [42]:

Aspect ratio [−] =
DF min
DF max

(2)

where DF min is the minimal Feret diameter and DF max is the maximal Feret diameter of the
particle.

Roundness [−] =
4A

πDF max
2 =

(
DA

DF max

)2
(3)

where A is the projected area of the particle, DF max is the maximal Feret diameter of the
particle, and DA is the projected area equivalent diameter (Equation (4)).

Projected area quivalent diameter DA [µm] =

√
4A
π

(4)

To evaluate mean particle size of each class Sauter mean diameter D[3,2]) (Equation (5))
was calculated as follows [42]:

D[3, 2] [µm] =
∑n

1 D3

∑n
1 D2 (5)

where D is either minimal/maximal Feret diameters or projected area equivalent diameters.

2.3.3. Thickness Measurement

For tensile and barrier tests, the thickness of specimens was measured at five random
locations of the testing area using a caliper gauge (Reboxon, Well Max Technology HK
Limited, Hong Kong, China) with a resolution of 0.001 mm and a precision of 0.002 mm.

2.3.4. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR measurements of the samples were carried out in triplicate between 4.000
and 600 cm−1 using a macro module equipped with a diamond ATR-Crystal (Alpha,
Bruker Optik GmbH, Ettlingen, Germany). For each sample, a background measurement
of 128 scans at 4 cm−1 resolution was carried out prior to sample spectrum measurements,
performed with 128 scans at 4 cm−1 resolution.

2.3.5. Differential Scanning Calorimetry (DSC)

DSC measurements were conducted under a nitrogen atmosphere (50 mL/min) using
a DSC 3 (Mettler Toledo, Gießen, Germany). The tests were performed in triplicate, using
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18 ± 0.5 mg samples. The samples were placed into 40 µL aluminum cups, and an empty
cup was used as a reference. Prior to the measurements, the cup lids were punctured. The
measurement included three separate cycles (1st heating/cooling, 2nd heating) in the range
of 20–190 ◦C, applying a heating/cooling rate of 10 K/min. Only the 2nd heating cycle was
evaluated for the determination of the glass transition temperature (Tg), cold crystallization
peak temperature (Tcc), and melting peak temperature (Tm).

The crystallinity (Equation (6)) of the PLA phase within the samples was determined
according to [40,44]:

% Crystallinity = Xc = 100 × ∆HM − ∆HCC
(1 − ϕ)× ∆HPLA100%

(6)

where ∆HM is the measured melting enthalpy of the sample, ∆HCC is the measured enthalpy
of cold crystallization of the sample, ∆HPLA100% is the theoretical melting enthalpy of 100%
crystalline PLA = 93.7 J/g, and ϕ is the weight fraction of the potato peel filler (ϕ = 0.1 for
samples including potato peel particles).

2.3.6. Tensile Properties

Tensile properties, elongation modulus, tensile strength, and elongation at break were
determined according to DIN 527-1 [45], using a universal testing machine (Alluris FMT-314
C-Frame, PPT GmbH & Co. KG, Freiburg im Breisgau, Germany). Dog bone specimens
with a length of 75 mm, a width of 15 mm and a thickness of 1.5 mm were examined
using a gauge distance of 50 mm and a crosshead speed of 10 mm/min. The width and
thickness of the specimens were determined as described above (see Section 2.3.3). For
each PPeel particle size class within the biocomposite, at least 5 specimens were used, and
the arithmetic mean value calculated.

2.3.7. Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) of the samples was determined gravi-
metrically according to DIN 53122-1 [46], using silica gel-filled aluminum cups with a
permeation area of 50 mm2. For WVTR measurements, round-molded specimens with a di-
ameter of 35 mm and a thickness of 1.5 mm were masked with impermeable aluminum foil
(90 mm diameter) on both sides. Circles (24 mm diameter) were cut out from the aluminum
foil, defining the permeation area. For each PPeel size class within the biocomposites,
4 specimens were analyzed for WVTR. Cups were stored in a climatic chamber (type KBF
240, Binder GmbH, Tuttlingen, Germany) at 23 ◦C and 85% r.h. for 5 weeks and weighed at
regular intervals of 3 to 4 days.

2.3.8. Statistical Analysis

Statistical analyses were performed using the software Minitab (Version 20.4, Minitab
GmbH, Munich, Germany). Measured data were checked for normal distribution using
probability plots. Similar variances were determined according to Levenes test Signif-
icant differences (p ≤ 0.05) between sample sets with similar or different variances of
normal distributed data were determined by performing ANOVA according to Tukey or
Games–Howell, respectively. Significant differences between samples are represented by
different letters.

3. Results
3.1. Obtained Samples

To evaluate the influence of filler size on physical properties, PPeel particles were
classified into several fractions via sieving analysis, and PPeel/PLA composites were
produced via injection-molding, incorporating different PPeel size classes at a 1:9 ratio
(w/w).
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3.1.1. Classification

Different fractions of PPeel powder obtained from sieve classification could be visually
distinguished as shown in Figure 1.
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Figure 1. Images of PPeel powder classes: (a) 0–53 µm, (b) 125–250 µm, (c) 315–500 µm.

3.1.2. Specimen Production

To maximize the potential effect of particle size on specimen properties, specimens
were prepared using 0–53 µm, 125–250 µm, and 315–500 µm PPeel particles, representing
the finest, medium, and coarse particle classes, respectively, obtained by sieving dried and
ground PPeel (see Section 2.2.2). Using constant PPeel mass in the PLA–PPeel biocompos-
ites (10% w/w), the number of incorporated PPeel particles decreased with increasing parti-
cle size class, causing optical differences between the specimens (Figure 2). Specimens con-
taining fine PPeel particles (0–53 µm, Figure 2b) appeared as a continuous/homogeneous
brownish material. Specimens containing bigger/coarser PPeel particles (125–250 µm
Figure 2c, 315–500 µm Figure 2d) were characterized by a transparent PLA matrix sprin-
kled with brown particles. As a reference, neat PLA (Figure 2a) resulted in completely
transparent specimens.
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Figure 2. Images of representative circular and dog bone specimens of (a) neat PLA and biocomposite
specimens containing different particle size classes of PPeel powder (9:1 ratio PLA:PPeel): (b) 0–53 µm,
(c) 125–250 µm, (d) 315–500 µm.

3.2. Characterization

To evaluate the influence of PPeel particle size class on the physical properties of
PPeel/PLA composites, particle size distributions were determined from the injection-
molded biocomposite specimens prepared. In addition to particle size-based parameters
(see Section 3.2.1), FTIR (see Section 3.2.2), thermal (see Section 3.2.3) and mechanical
properties (see Section 3.2.4), as well as WVTR (see Section 3.2.5) were also analyzed.
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3.2.1. Particle Size-Based Parameters

In laser diffraction analysis, the light scattering pattern of multiple flowing particles is
interpreted based on spherical particle diameters. For each PPeel particle size class, the
Sauter mean diameter was determined, representing the average particle size of the class.
Assuming the PPeel particles had a spherical shape, the volume-based surface area and
particle number ratios of different particle classes were determined based on their Sauter
mean diameters (Table 2).

Table 2. Volume-based particle number and surface area ratios of PPeel particle size classes (0–53 µm,
125–250 µm, and 315–500 µm) within the biocomposites based on Sauter mean diameters D[3,2].

Particle
Class (µm)

D[3,2]
(µm)

Volume
(µm³)

Volume
Ratio (-)

Surface Area
(µm²)

Coarsest Class
Equivalent Surface

Area (µm²)
Surface Area Ratio (-)

0–53 31 15,599 3,019 9,112,179
252.7 6.3

125–250 196 3,942,456 3018.2 120,687 1,441,212 14.5
11.9 2.3

315–500 448 47,079,589 630,530 630,530

Table 2 illustrates the difference in particle size regarding volume and surface area and
therefore the difference in number of particles that were integrated into the biocomposite
specimens (10% w/w). This is in alignment with the optical appearance of produced
specimens (Figure 2). Due to equivalent PPeel filler concentration (10% w/w), the surface
and therefore interfacial area of the filler was higher for smaller particle classes compared
to bigger ones [47], which also directly influenced the composite tensile properties (see
Section 3.2.4).

In contrast to laser diffraction analysis, microscopic image analysis can reveal informa-
tion about particle size, as well as particle shape [42]. The typical values that characterize
the shape of a particle are aspect ratio and roundness (Equations (2) and (3)). Aspect
ratio is defined as the ratio between the shortest and longest diameter of a particle that
pass through the geometrical center of the particle. Such diameters are also called Feret
diameters. According to DIN ISO 9276-6 [43], minimal and maximal Feret diameters often
represent the particles’ width and length, and aspect ratio and roundness values vary
between 0 and 1, with 1 representing circles [48,49].

Microscopic images of neat PLA and different PLA–PPeel biocomposites are shown
in Figure 3. Neat PLA (Figure 3a) appeared as a smooth matrix with few small inclusions,
which could be gas bubbles, crystalline regions, or solid contaminations that emerged
during processing. For samples containing PPeel filler (Figure 3b–d), plenty of these
inclusions were found, which may be fragments of the PPeel particles or gas inclusions.
Particles of the two bigger PPeel classes (Figure 3c,d) could be clearly differentiated from
small inclusions of neat PLA or PLA–PPeel particles of the finest class (Figure 3b).

Microscopic images of samples containing PPeel filler (Figure 3b–d) showed the
porosity and slightly elongated, irregular non-spherical shape of the PPeel particles. In
comparison, potato starch particles are characterized by a spherical to elongated shape, but
a smoother surface [22]. A tendency of particles to form agglomerates and an occurrence of
deformed particles was also seen in the microscopic images.

To characterize PPeel particles before and after incorporation into biocomposites,
Sauter mean diameters of the initial potato peel powders were determined via laser diffrac-
tion analysis and compared to Sauter mean diameters of PPeel particles incorporated into
biocomposites determined via microscopic image analysis (Table 3).
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Figure 3. Microscopic images of injection-molded specimens composed of (a) neat PLA, 400×
magnification; (b) PLA–PPeel biocomposite with PPeel particles (0–53 µm), 200× magnification;
(c) LA–PPeel biocomposite with PPeel particles (125–250 µm), 100× magnification; (d) PLA–PPeel
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Table 3. Sauter mean diameter D[3,2] of different PPeel particle fractions (0–53 µm, 125–250 µm, and
315–500 µm) determined via laser diffraction analysis (LDA) prior to injection-molding, and within
PLA–PPeel injection-molded specimens determined via minimal and maximal Feret diameters (DF)
and projected area equivalent diameters (DA) from microscopic images, respectively. Aspect ratio and
roundness of the different PPeel particle fractions (0–53 µm, 125–250 µm, and 315–500 µm) within
PLA–PPeel injection-molded specimens were calculated according to Equation (2) and Equation (3),
respectively.

Particle
Class
(µm)

D[3,2]
LDA
(µm)

D[3,2]
DF

(µm)

D[3,2]
DA

(µm)

Aspect
Ratio

(-)

Roundness
(-)

0–53 31 38 34 0.67 0.77
125–250 196 193 184 0.67 0.77
315–500 448 464 446 0.68 0.77

Sauter mean diameters determined for the different particle classes were similar across
the different determination methods (Table 3). This means that the partial disruption of
PPeel particles during sample preparation did not affect the overall Sauter mean diameters
of the particle size distributions, according to our measurements.
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Furthermore, aspect ratios and roundness values did not differ between all particle
classes incorporated into the injection-molded specimens (Table 3). This means that the
shape/morphology of the PPeel particles is independent of particle size.

3.2.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)

To indicate potential molecular interactions between the PPeel filler and the PLA
phase, ATR-FTIR measurements were performed for the pure components as well as the
injection-molded biocomposites (Figure 4).
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Figure 4. Averaged ATR-FTIR spectra of (a) neat PLA specimen, (b) 0–53 µm PPeel particle powder,
and (c) the cross-section of PLA–PPeel biocomposite specimen containing 0–53 µm PPeel powder.

The Neat PLA specimen (Figure 4a) revealed characteristic peaks at 2996, 1745, 1452,
1360, 1267, 1180, and 1080 cm−1, which were attributed to the –CH3, –C=O, and C–O
stretching vibration, –CH deformation, –C=O bending vibration, –C=O, and –C–O stretch-
ing vibration, respectively [20,50,51]. The ATR-FTIR spectra of 0–53 µm PPeel particle
powder is depicted in Figure 4b, as well as in Figure S1, where ATR-FTIR spectra of
125–250 µm and 315–500 µm are presented as well. PPeel particles, independent of size,
were characterized by bands characteristic of starch, including the broad OH-vibration
band around 3400–3200 cm−1 as well as peaks at 2921, 1632, 1407, and 991 cm−1, which
were attributed to C–H stretching, H–O–H bending, C–H bending, and C–O–H bending
vibrations, respectively [52]. However, the small peaks observed at 1733 and 1516 cm−1,
partially overlapping with the broader peak at 1632 cm−1, were not characteristic of starch
and might be attributed to carbonyl and amide bands of the non-starch carbohydrates,
such as lignin [53] and protein [54] components of the PPeel powder (see Section 2.2.2).
Spectra taken from the outer surface of the injection-molded PLA/PPeel biocomposite
specimen (Figure S2b–d) did not differ from those of the neat PLA specimen (Figure S2a).
Spectra taken from the cross-sectional area of the injection-molded PLA/PPeel biocom-
posite specimen (Figures 4c and S3) showed peaks at 3274, 2995, 2923, 1747, 1651, 1455,
1381, 1360, 1265, 1180, 1081, and 957 cm−1, which were attributed to the OH-vibration
band, –CH3 stretching, C–H stretching, –C=O stretching, H–O–H bending, C–O stretching,
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C–H bending, –CH deformation, –C=O stretching, –C–O stretching, as well as to C–O–H
bending, respectively.

3.2.3. Differential Scanning Calorimetry (DSC)

To evaluate the influence of potato peel particle incorporation and size on the thermal
properties of resulting composites, DSC measurements were carried out (Figure 5), deter-
mining the glass transition temperature (Tg), cold crystallization peak temperature (Tcc),
melting peak temperature (Tm), and the crystallinity of the PLA phase (Xc), as depicted in
Table 4.

Compounds 2024, 5, FOR PEER REVIEW  11 
 

 

were characterized by bands characteristic of starch,  including the broad OH‐vibration 

band around 3400–3200 cm−1 as well as peaks at 2921, 1632, 1407, and 991 cm−1, which 

were attributed to C–H stretching, H–O–H bending, C–H bending, and C–O–H bending 

vibrations, respectively [52]. However, the small peaks observed at 1733 and 1516 cm−1, 

partially  overlapping with  the  broader  peak  at  1632  cm−1, were  not  characteristic  of 

starch and might be attributed to carbonyl and amide bands of the non‐starch carbohy‐

drates, such as lignin [53] and protein [54] components of the PPeel powder (see Section 

2.2.2). Spectra taken from the outer surface of the  injection‐molded PLA/PPeel biocom‐

posite specimen (Figure S2b–d) did not differ from those of the neat PLA specimen (Fig‐

ure S2a). Spectra taken from the cross‐sectional area of the injection‐molded PLA/PPeel 

biocomposite specimen (Figure 4c and Figure S3) showed peaks at 3274, 2995, 2923, 1747, 

1651, 1455, 1381, 1360, 1265, 1180, 1081, and 957 cm−1, which were attributed to the OH‐

vibration band, –CH3 stretching, C–H stretching, –C=O stretching, H–O–H bending, C–O 

stretching, C–H bending, –CH deformation, –C=O stretching, –C–O stretching, as well as 

to C–O–H bending, respectively. 

3.2.3. Differential Scanning Calorimetry (DSC) 

To evaluate the influence of potato peel particle incorporation and size on the ther‐

mal properties of resulting composites, DSC measurements were carried out (Figure 5), 

determining the glass transition temperature (Tg), cold crystallization peak temperature 

(Tcc), melting peak temperature (Tm), and the crystallinity of the PLA phase (Xc), as de‐

picted in Table 4. 

 

Figure 5. Averaged DSC curves of the 2nd heating cycle of neat PLA specimen and PLA–PPeel bi‐

ocomposite specimen containing different potato peel particle sizes: (a) neat PLA, (b) PLA–PPeel 

biocomposite  (0–53 μm),  (c) PLA–PPeel biocomposite  (125–250 μm), and  (d) PLA–PPeel biocom‐

posite (315–500 μm). 

The  spectra of  the neat PLA and different PLA–PPeel biocomposies  showed a Tg, 

Tcc, and Tm which were typical for semi‐crystalline polymers such as PLA [55]. The melt‐

ing peak of the neat PLA specimen consisted of two clearly distinguishable peaks. Upon 

the  incorporation of PPeel particles, a significant shift  in Tm  to higher  temperatures, an 

increase in the first melting peak intensity, and a decrease in the second melting peak in‐

tensity were observed. However, ΔHm only significantly (p < 0.05) decreased upon the in‐

Figure 5. Averaged DSC curves of the 2nd heating cycle of neat PLA specimen and PLA–PPeel
biocomposite specimen containing different potato peel particle sizes: (a) neat PLA, (b) PLA–PPeel
biocomposite (0–53 µm), (c) PLA–PPeel biocomposite (125–250 µm), and (d) PLA–PPeel biocomposite
(315–500 µm).

Table 4. Thermal properties, glass transition temperature (Tg), cold crystallization peak temperature
(Tcc), and melting peak temperature (Tm), and crystallinity (Xc), of neat PLA and PLA–PPeel biocom-
posites using different PPeel particle size classes. Significant differences (p ≤ 0.05) between mean
values are represented by the use of different letters: A, B, C.

Sample Tg Tcc Tm Xc

Neat PLA 59.5 ± 0.3 AB 109.9 ± 0.1 A 152.4 ± 0.5 A/159.1 ± 0.3 3.2 ± 0.5 AB

PLA/PPeel
0–53 µm 58.9 ± 0.1 A 114.8 ± 0.3 B 153.4 ± 0.4 AB 1.9 ± 0.2 A

PLA/PPeel
125–250 µm 59.5 ± 0.3 B 115.3 ± 1.5 B 154.6 ± 0.1 C 6.3 ± 1.4 C

PLA/PPeel
315–500 µm 59.3 ± 0.2 AB 115.1 ± 0.8 B 153.9 ± 0.5 BC 4.7 ± 0.9 BC

The spectra of the neat PLA and different PLA–PPeel biocomposies showed a Tg, Tcc,
and Tm which were typical for semi-crystalline polymers such as PLA [55]. The melting
peak of the neat PLA specimen consisted of two clearly distinguishable peaks. Upon the
incorporation of PPeel particles, a significant shift in Tm to higher temperatures, an increase
in the first melting peak intensity, and a decrease in the second melting peak intensity were
observed. However, ∆Hm only significantly (p < 0.05) decreased upon the incorporation
of 315–500 µm PPeel particles. A significant shift of TCC to higher temperatures was also
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observed upon PPeel particle incorporation (Table 4) and ∆Hcc decreased for PLA–PPeel
biocomposites containing 125–250 µm or 315–500 µm particle classes, respectively. Tg was
not affected by PPeel particle incorporation, but a significant difference (p < 0.05) between
PLA–PPeel biocomposites containing 0–53 µm particles and those containing 125–250 µm
particles was detected.

3.2.4. Tensile Properties

To investigate the influence of PPeel particle size on the composite’s tensile properties,
the tensile strength, elongation modulus, and elongation at break of the different samples
were determined (Figure 6).
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Figure 6. Tensile properties of neat PLA and PLA–PPeel biocomposites prepared via injection-
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values are represented by the use of different letters: A, B, C.

Overall, a trend results from the incorporated PPeel particle size class. As the particle
size class increased, a decrease in tensile strength, an increase in elongation modulus, and a
decrease in elongation at break were observed, as shown in Figure 6. With the incorporation
of PPeel filler, the tensile strength decreased compared to the pure PLA specimens. Stiffness
of a polymer is indicated by its elongation modulus. The incorporation of the medium and
the coarse fraction of PPeel into the PLA matrix significantly (p < 0.05) increased the stiffness
of the biocomposite (Figure 6). Stiffness also slightly increased with increasing particle size.
Ductility, indicated by the elongation at break measurement, describes materials’ ability
“to plastically deform upon elongation without rupture” [56]. With filler incorporation
and increasing PPeel size class, ductility of the composite decreased significantly except in
the case of the finest PPeel fraction (Figure 6). Between the neat PLA and the composites
containing 0–53 µm particles, no significant difference in ductility was measured.



Compounds 2024, 4 131

3.2.5. Water Vapor Transmission Rate (WVTR)

To evaluate the influence of PPeel particle size and incorporation on composite barrier
properties, the water vapor transmission rates of the different 1.5 mm-thick specimens were
determined (Figure 7).
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Figure 7. Water vapor transmission rate of specimens containing different PPeel particle size classes.
Significant differences (p ≤ 0.05) between mean values are represented by the use of different letters:
A, B.

Figure 7 shows no significant influence of increasing PPeel particle size on WVTR,
except for the coarse particle fraction, where WVTR increased by 26% on average compared
to neat PLA. However, neither the incorporation of PPeel powder nor the increase in
particle size affected the water vapor barrier of the composite polymer compared to neat
PLA by a great amount.

4. Discussion

The aim of this study was to determine the effect of PPeel particle size on the PPeel–
PLA composite’s physical properties, including particle size, particle-polymer interactions
and thermal, tensile, and barrier properties.

4.1. Specimen Production

For specimen production, extensive pre-trials were conducted to identify processing
conditions that could feasibly fill molds for dog bone and circular specimens. Major difficul-
ties that were identified in melt processing during pre-trials were composite degradation
and foaming. These were likely based on occurring Maillard reactions, high compounding
temperature application, and some residual water being left in the biocomposites during
melt processing.

A typical characteristic of the Maillard reaction is browning, which is based on the for-
mation of melanoidins. In addition, by-products including carbon dioxide, water, and other
small molecular substances are formed through the Maillard reaction [57]. With increasing
processing time during pre-trials, a visual change to the composite material was observed,
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with the material becoming dark brown, indicating the occurrence of melanoidins. Fur-
thermore, increasing composite foaming and degradation were visually observed with
increasing processing time (from 1 min up to 30 min) during the pre-trials. Foaming was
likely based on the composites’ residual water content as well as water and carbon dioxide
formation during the Maillard reaction [58]. In addition to browning and foaming, we ob-
served a degradation of the PPeel/PLA matrix due to decreasing pressure/torque/viscosity
within the compounder, resulting in melt shear-off. Several mechanisms for PLA degra-
dation during melt processing have been reported in the literature, including hydrolysis,
oxidative degradation, chain scission, and transesterification [59]. With undried PLA pellets
and increasing processing time, polymer degradation increased, consequently resulting
in a decrease in molecular weight [60,61]. Polymer degradation, visible as dark browning
and foaming of the compound melt, was highest in PPeel/PLA composites containing the
fine powder fraction (0–53 µm). This is likely attributable to the high surface–volume ratio
(see Table 2), resulting in the highest cross-sectional area between the filler and continuous
phase, favoring polymer degradation.

Due to the visually observed time-dependent composite degradation and foaming,
processing time during injection-molding was set to ≤3 min, and applied temperature
settings were increased from the initial 170–190 ◦C to 200–220 ◦C (Table 1). An increase
in temperature resulted in a decrease in the viscosity of PLA due to the increased free
volume between the molecular chains and thus decreased intramolecular friction, resulting
in a material flow capability feasible for injection-molding application [62]. In contrast,
application of high temperatures increased hydrolysis (decrease in molecular weight) and
thermal degradation of the polymer [60], which further decreased material viscosity [62]
and ultimately caused decreased mechanical composite properties, as shown for PLA and
PLA/PBAT blends [61].

4.2. Particle Characterization

To characterize the size and shape of PPeel particles, three different methods, namely
sieving analysis, laser diffraction analysis, and microscopy, were performed in this study.
Sieving and laser diffraction analysis were applied to characterize the PPeel powder, and
microscopic analysis was applied to characterize PPeel particles within the injection-molded
specimens. Sieving analysis was performed at the beginning to classify PPeel powder into
different fractions.

Laser diffraction analysis is a common and fast method to obtain the particle size
distributions of spheres [42]. For non-spherical particles, diameters are spherical equiva-
lents, which depend on particle orientation. Based on operational settings, particle size
distributions may differ. Thus, particle volumes and surface areas determined from Sauter
mean diameters obtained from laser diffraction analysis may differ widely from actual
PPeel particle volumes and surface areas, based on the non-spherical shape of PPeel par-
ticles. The three-dimensional shape of most PPeel particles can be described as ellipsoid
(see Figure 3). Equivalent volume-based surface area ratios determined from the Sauter
mean diameters of equivalent spheres could be similar to those of equivalent ellipsoids,
even though volume and surface area might be overestimated [42].

Particle size distribution is not always sufficient to characterize particles, due to
missing information about shape [63]. Information about the shape of particles can be
obtained via microscopic image analysis [64]. Light microscopy of the injection-molded
specimen is a two-dimensional method, which is not suitable for representing the volume
of a particle which is incorporated into a solid polymer matrix because the image can only
be taken from the surface of the specimens. In the case of light microscopy performed in the
present study, particles were spread at multiple depth-levels of the 1.5 mm-thick specimen.
Therefore, overlapping particles could not be measured and may have interfered with the
evaluation of particles in the focal plane. In the taken microscopic images, agglomerates
could not always be identified clearly. The formation of agglomerates within composites
due to filler–filler attraction and filler–polymer repulsion is also an important phenomenon
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within biocomposites. The importance of particle distribution was shown by Samal [65]
for iron and carbonyl iron filler in the silicon polymer matrix. An inhomogeneous particle
distribution within the composite may be responsible for poor mechanical properties in the
current study.

Furthermore, the boundaries of disrupted particles are difficult to identify, causing
susceptibility to errors, especially for very small particle fractions, which could not be
clearly differentiated from gas inclusions as mentioned before.

Other microscopic methods which are often used for composite characterization are
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) [42]. On
the one hand, both have larger magnification possibilities, depth of field, and resolution
(SEM: 0.01–500 µm, TEM: 0.001–5 µm), giving some information about internal structure
and interface compatibility. On the other hand, SEM is restricted to the specimen surface,
and for TEM, a specimen thickness of < 0.2 µm is needed [42]. To enable a “view inside the
specimens”, specimens need to be fractured into smaller pieces prior to analysis to enable
fracture surface analysis.

A comparison between the particle size analysis of the PPeel powder before and after
injection-molding revealed that Sauter mean diameters of the particle classes did not differ
(Table 3). This means that the thermal processing of PPeel/PLA biocomposites and their
accompanying mechanical stresses in this study did not result in significant sheering and
rubdown of PPeel particles, which is, however, usually observed for other natural fillers
and fibers [41].

4.3. ATR-FTIR

ATR-FTIR measurements, performed on the surface of the specimens (Figure S2), did
not reveal PLA/PPeel interactions. This could be attributed to an insufficient number
of PPeel particles present within the first micrometers of the specimens’ outer surface to
interfere with the spectrogram of PLA. This also indicated that injection-molded specimens
were covered with a PLA layer which was in alignment with the smooth surface of the
specimen. This was also found by Barczewski et al. [43] for PLA/copper slag composites.

However, ATR-FTIR measurements performed at the cross-sectional area of the speci-
mens (Figures 4c and S3) revealed spectra resembling a mixture of the spectra from neat
PLA (peaks at 2995, 1747, 1455, 1360, 1265, 1180, 1081 cm−1) and PPeel powder(s) (peaks at
3274, 2923, 1651, 1381, 957 cm−1). The differences in peak intensity of the samples spectra
(Figure 4a–c) can likely be attributed to variances in specimen–diamond contact during the
performed measurements.

Aworinde et al. [66] did not observe any peak formations nor removals upon incorpora-
tion of chitosan, chitin, or titanium powder into PLA. In our study, no additional bands were
observed either, but slight shifts in wavelengths of different bands have been observed upon
incorporation of PPeel particles: 2853 → 2852 cm−1, 1745 → 1747 cm−1, 1543 →1540 cm−1,
1452 → 1455 cm−1, 1382 → 1381 cm−1, 1267 → 1265 cm−1, 956 → 957 cm−1, indicating
some PLA–PPeel interactions. Hassan and Koyama [51] and Makri et al. [20] observed a
shift in the C=O stretching vibration around 1747 cm−1 of PLA to lower wavelengths upon
micro-chitin and -lignin incorporation, respectively. The authors indicated that these shifts
indicate PLA–filler interactions, which can be attributed to the formation of hydrogen bonds
between hydroxyl and ester groups. Furthermore, the use of smaller particles resulted in
increased PLA–filler interactions [20]. In our study, a shift of the C=O stretching vibration
around 1745 cm−1 of PLA to higher wavelengths was observed upon PPeel incorporation,
and no indication of increased PLA–filler interaction with decreasing particle size was
observed via ATR-FTIR measurements (Figure S3).

4.4. DSC

In the literature, two distinct melting peaks of semi-crystalline PLA have been re-
ported [67,68] that can be attributed to the beta and alpha crystalline polymorph forms [50,69].
The decrease in the second melting peak intensity, correlated to the alpha crystalline poly-
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morph, could be a result of the stress that was applied during specimen processing. The
addition of PPeel particles during the compounding step likely resulted in increased stress
in the PLA phase, noticeable due to increased torque values. It has been reported that
stress applied to PLA can result in a transformation of the alpha crystalline polymorph into
the beta crystalline polymorph form, due to a change in polarization of the chains –C=O
dipoles [69].

A slight decrease in Tg was only observed for biocomposites with 125–250 µm PPeel
particles compared to the neat PLA specimen, indicating an increase in the molecular
mobility of the PLA phase. This has also been observed by other authors upon addition
of chitin [51], lignin [70], or chestnut shell [44] to PLA. However, a change in Tg was not
observed for biocomposites containing 0–53 µm or 315–500 µm PPeel particles. Similarly,
other studies did not report changes in Tg compared to neat PLA, especially upon filler
incorporation of 10% w/w, but also in the range of 15 to 40% w/w [12,14,16,68,71].

According to the literature, the incorporation of fillers does often not result in a sig-
nificant shift of Tcc [12] or in a shift of Tcc to lower temperatures [13,14,16], improving
crystallization performance of the composite compared to neat PLA [72]. However, inde-
pendent of particle size, Tcc significantly shifted to higher temperatures upon PPeel particle
incorporation. This means that the chain mobility of PLA, which is required for crystalliza-
tion [68], was hindered by the incorporated PPeel particles, indicating the occurrence of
some filler–polymer interactions [73].

Furthermore, partially significant differences in Xc were observed upon PPeel filler
incorporation of different particle size classes. According to Chun et al. [11], an in- or
decrease in Xc is attributed to a nucleating effect or agglomeration of the incorporated filler,
respectively. The changes in Xc suggests that there might be some occurring PLA–PPeel
interactions, as incorporation of PPeel filler in the range of 10–40% w/w did not influence
the heat of fusion (∆Hm) nor the degree of crystallinity in PP or LLDPE composites to a
great extent due to the lack of significant filler–matrix interactions [33,34].

However, in PLA, increasing crystallinity has been reported to correlate with polymer
degradation, particularly hydrolytic chain cleavage [74]. Compared to the initially amor-
phous PLA granules (Xc = 0%), the Xc of the PLA specimen increased to 3.2% (Table 1),
indicating some PLA degradation occurring during specimen production. Furthermore,
changes in Xc might be attributed to the differences in processing conditions [59] as well as
(differences in) the residual moisture content of the PPeel filler (Table 1) [40]. In the case
of PLA/PPeel biocomposites containing 125–250 µm or 315–500 µm particles, an increase
in Xc might indicate increasing PLA degradation due to the residual moisture content of
PPeel particles, which was highest in the 125–250 µm particle class. This was, however, not
observed in PLA/PPeel biocomposites containing 0–53 µm particles.

4.5. Tensile Properties

A decrease in tensile strength upon PPeel particle incorporation has also been reported
by Sugumaran et al. for PPeel/PP [34] and PPeel/LLDPE [33] composites, and by Patil
et al. [36] for PPeel/epoxy resin composites. A decrease in tensile strength upon filler incor-
poration may be attributed to repulsive interactions between the filler and the continuous
phase, resulting in insufficient stress transfer and, thus, decreasing tensile strength [39].
Due to the ester and hydroxyl groups of PLA, hydrogen bonds can theoretically be formed
between PLA and PPeel filler [3], which are weak attractive interactions and thus not
strong enough to increase tensile strength of the composite material. Rather, the PPeel
particles interfered with the PLA polymer matrix, revealing a trend of decreasing tensile
strength with increasing PPeel particle size (Figure 6). The filler–matrix interactions may
be improved with surface pre-treatment, such as electron beam irradiation, of the filler
particles and use of bonding aids [73].

However, tensile strength did not continuously decrease with increasing filler size
(Figure 6). This means that a decreasing interface area between filler and continuous phase
with increasing particle size did not increase composite strength. A decrease in tensile
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strength upon increasing particle size has been reported for algae/PLA composites when
authors have compared particles <50 µm with particles 200–400 µm in length [41]. For
buckwheat husk/PLA composites, a tendency toward increasing tensile strength upon
particle size increase has been observed for filler contents above 4% [40].

An increase in stiffness upon filler incorporation could be based on the hindrance of
chain movement during tensile testing [75]. This would mean that PPeel particles hindered
the PLA polymers from moving within the matrix, which is important for the flexibility of
the specimen. In addition, the stiffness of the composite could be attributed to the stiffness
of the PPeel filler itself. Based on the weak interactions between the PPeel filler and the PLA
matrix, PPeel particles may be easily debonded from the PLA matrix during tensile testing,
and therefore did not contribute to an increase in elongation modulus [76]. These results
correspond with results found for algae/PLA and buckwheat husk/PLA composites, for
which stiffness increased with increasing particle size as well [40,41].

Decreasing ductility upon filler incorporation and with increasing particle size could
be explained by particle debonding due to weak interactions or even repulsion between
filler and polymer matrix compared to high attractive interactions within the polymer
matrix. Increasing particle size has been reported to cause premature failure, due to easier
particle debonding, decreasing specimens cross-sectional area that is able to carry the
load [76]. The decrease in composite ductility with increasing particle size could also be
attributed to chain movement hindrance when composite deformation occurred, resulting
in an increasing brittleness with increasing particle size [75]. For algae/PLA, decreasing
ductility with increasing particle size was reported as well, except at low filler content (2%).
At low algae filler content and small particle size (< 50 µm) within the PLA matrix, the
strain at break of specimen increased. Authors assumed that incorporated small particles
act as local stress concentrates and therefore increase strain at break [41]. In another study,
no significant differences between elongation at break values upon increasing buckwheat
husk particle size incorporated into PLA matrix were observed by Andrzejewski et al. [40]
for filler concentrations < 4%. A tendency toward increasing ductility upon increasing
particle size was, however, shown for buckwheat husk filler concentrations above 4% [40].

When interpreting the results on the effect of particle size of PPeel on tensile strength
properties, it should be taken into account that the processing temperature of the different
samples was not identical (Table 1). Other authors have revealed that differences of 20 ◦C
in melt processing temperature over a 10 min melt processing period showed an impact
on the viscosity and tensile properties of PLA and PLA–cellulose composites [77]. Due to
the short processing time in the current study (≤ 3 min), the influence of temperature on
sample properties was assumed to be minimal (see Table 1, 200 to 220 ◦C). Furthermore, the
aspect ratio of filler particles was shown to influence the stress transfer between the filler
and continuous phases and therefore the tensile properties [78]. Considering the identical
aspect ratios and roundness factors of the different PPeel size classes (Table 3), the particle
shape did not vary amongst different PPeel particle size classes and therefore should not
have influenced the stress-transfer properties of the matrix and the filler. In contrast, the
particle size of the PPeel filler itself varied depending on the size class used and thus
influenced particle distribution and stress-transfer between matrix and filler particles [65].

In the literature, a strong relationship between mechanical and thermal properties,
especially Xc, has been reported [71,79]. Considering the results from the performed DSC
measurements, tensile properties of PLA/PPeel biocomposites were likely affected by the
differences in their Xc. As the flexibility of injection-molded PLA specimen increases with
decreasing Xc, the lower Xc of PLA/PPeel biocomposites containing 0–53 µm particles
(Xc = 1.9) compared to the other samples (Table 4) may explain the similar elongation at
break of this sample compared to neat PLA. Accordingly, the increased Xc of the other
PLA/PPeel biocomposites containing 125–250 µm or 315–500 µm particles may have
contributed to the significantly lower elongation at break values of these samples.
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4.6. Water Vapor Transmission Rate

The absolute WVTR values of 1.5 mm-thick specimens were all < 1 g/m2 d, which
is close to the measurement limit (1 g/m2 d or 0.5 g/m2 d upon long testing time) of the
gravimetric method according to DIN 53122-1 [46]. Gravimetric measurement of WVTRs
of injection-molded specimens according to the method described above (see Section 2.3.7)
revealed several obstacles. First, due to the small size of the circular specimens (35 mm in
diameter), specimens needed to be masked with impermeable self-adhesive aluminum foil
to fit the testing cup (50 cm2 testing area). Masking of specimens to enable permeability
measurements, however, reduced the permeation area of specimens to approx. 18 cm2 and
increased the likelihood of transverse diffusion. Second, the thickness of the specimens
(1.5 mm) hindered fast permeation through the specimen. The combination of the small test
area and the high sample thickness increased the measurement time until the equilibrium
was reached. One possibility to overcome these challenges in future studies is to flatten out
the injection-molded specimen using a hot press; however, this also bears some challenges,
such as the change in structure through the pressure.

Probably due to the difficulties of WVTR measurement regarding injection-molded
specimens, other studies have investigated the influence of PPeel filler concentration on
specimen water absorption [33,34,36], which also resulted in a gravimetric increase due
to the hygroscopic filler [80]. In these studies, water absorption increased with increasing
PPeel concentration [33,34,36]. This was, however, not the objective of the present study,
which focused on the effect of different PPeel size classes and not PPeel concentration.

5. Conclusions

In this study, different classes of potato peel powder (0–53 µm, 125–250 µm, 315–500 µm)
were incorporated into PLA matrix via compounding and injection-molding in order to
investigate the influence of particle size on physical properties of the biocomposites. Due
to residual water content within the PPeel filler, PLA–PPeel biocomposite showed foaming
and partial degradation during injection-molding, resulting in the necessity of short pro-
cessing times. FTIR and DSC measurements suggested that there were some polymer–filler
interactions, although no clear conclusion can be drawn when taking the results from the
tensile testing and WVTR measurements into account. Therefore, further thermal and
thermomechanical properties of PPeel/PLA biocomposites as well as their intermolecular
interactions should be investigated via thermogravimetric analysis, dynamic mechanical
analysis, melt flow index, and molecular weight measurements in future studies.

The particle size of PPeel filler particles significantly influenced the mechanical prop-
erties especially the stiffness of the injection-molded specimens which could be attributed
to hindering effects of the PLA polymer matrix through incorporated bigger filler particles.
The loss of free movement in the PLA polymer was suggested to result in reduced flexibility
and thus increased stiffness. In summary, the size of PPeel filler class is important not only
for mechanical properties but also to the overall appearance of biocomposites. Small PPeel
particles resulted in a homogeneous appearance of injection-molded specimens, whereas
bigger particles within the biocomposite were clearly visible as particles. In addition,
particles of the smaller PPeel class tended to affect mechanical and WVTR properties less
than those of the bigger classes. This means that for the development of biocomposites
using natural filler material, the particle size should be carefully considered dependent on
the application.

Overall, the incorporation of PPeel in PLA composites represents a promising way
to incorporate into bio-based packaging materials such as PLA material that is minorly
competitive with foodstuff, cheap, and a bio-based side stream product. With this approach,
composites may be formulated that provide sufficient protection for the packaged good,
enhance biodegradability, and decreased costs, leading to more marketable composites for
packaging applications.
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(0–53 µm), (c) PLA–PPeel biocomposite (125–250 µm), and (d) PLA–PPeel biocomposite (315–500 µm).
Figure S3. Averaged ATR-FTIR spectra of cross-sectional area of PLA–PPeel biocomposite specimens
containing different potato peel particle sizes: (a) 0–53 µm, (b) 125–250 µm, and (c) 315–500 µm.
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