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Preface to ”Biobased Polymers for Environmental

Applications”

Biobased polymers are attracting a great deal of attention because the extension of their use

to replace fossil-based products is promoting a material selection approach oriented toward carbon

neutrality. The improved modulation of their thermomechanical properties through the design of

blends, biocomposites, and bionanocomposites, in addition to the exploitation of reactive processing

techniques, provides such materials with high performances and peculiar functionalities. Moreover,

the end-of-life management of biobased polymers is easier than the management of fossil-based

polymers because they can be recyclable and, depending on their chemical structures and geometrical

features, are also compostable or degradable in a controlled environment. Hence, on the one hand,

biobased polymers offer the possibility of differentiating processability and properties to match the

requirements of different applications; on the other hand, they offer the possibility of designing the

best end-of-life scenarios for specific products. Although these beneficial new alternatives require

a great deal of efforts to be integrated into current industrial production and waste management

systems, many research activities have been dedicated to this topic. Moreover, biobased polymers are

used for interesting environmental applications, such as depollution. The present reprint, which

includes five papers from two European projects (BIONTOP and ECOFUNCO), gathers research

and review papers dedicated to replacing fossil-based materials with their biobased counterparts

with suitable properties, considering not only the structural and functional properties but also the

environmental benefits of these new alternative products.

This reprint includes 10 papers. The first three papers describe research activities on poly(lactic

acid) (PLA)-based blends and their composites with wheat bran that were carried out under the

framework of the BIONTOP project (“Novel Packaging Films and Textiles with Tailored End of Life

and Performance Based on Bio-based Copolymers and Coatings”, 837761) funded by the European

Commission BBI-JU program. The melt fluidity, morphological, thermo-mechanical, creep and

fracture properties of these promising biodegradable materials were considered and discussed.

The reprint includes two contributions (a review and a research article) written in the contest of

the ECOFUNCO project (“ECO Sustainable Multi FUNctional Biobased COATings with Enhanced

Performance and End of Life Options”, 837863) funded by the European Commission BBI-JU

program. The review explores possible innovations in the field of solid and liquid biobased coatings,

whereas the research article examines the modification of paper tissues with biobased additives for

sustainable personal care applications.

A research paper on the production of PLA-based composites to valorize hazelnut shell powder,

which represents an agro-food waste, is also included in the reprint. Moreover, the reprint presents

research papers investigating different biobased materials for environmental depollution, including

hydrogel-based, bacterial cellulose-based and biochar-based materials. Finally, a research paper on

the behavior of natural rubber during aging is presented.

Andrea Lazzeri, Maria Beatrice Coltelli, and Patrizia Cinelli

Editors
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Abstract: In this work poly(lactic) acid (PLA)/poly(butylene succinate-co-adipate) (PBSA) biobased
binary blends were investigated. PLA/PBSA mixtures with different compositions of PBSA (from 15
up to 40 wt.%) were produced by twin screw-extrusion. A first screening study was performed on
these blends that were characterized from the melt fluidity, morphological and thermo-mechanical
point of view. Starting from the obtained results, the effect of an epoxy oligomer (EO) (added
at 2 wt.%) was further investigated. In this case a novel approach was introduced studying the
micromechanical deformation processes by dilatometric uniaxial tensile tests, carried out with a
videoextensometer. The characterization was then completed adopting the elasto-plastic fracture
approach, by the measurement of the capability of the selected blends to absorb energy at a slow
rate. The obtained results showed that EO acts as a good compatibilizer, improving the compatibility
of the rubber phase into the PLA matrix. Dilatometric results showed different micromechanical
responses for the 80–20 and 60–40 blends (probably linked to the different morphology). The 80–20
showed a cavitational behavior while the 60–40 a deviatoric one. It has been observed that while
the addition of EO does not alter the micromechanical response of the 60–40 blend, it profoundly
changes the response of the 80–20, that passed to a deviatoric behavior with the EO addition.

Keywords: poly(lactic) acid (PLA); poly(butylene succinate-co-adipate) (PBSA); binary blends; mi-
cromechanical analysis; mechanical tests

1. Introduction

Plastic materials are used constantly in everyday life thanks to their versatility, low
cost and huge range of properties. Consequently, the increment of nondegradable plastic
waste has remarkably increased so that 150 million tons of plastic per year are consumed
worldwide. This fact, combined with the threat of oil depletion, has led in the last decades
to the development of biodegradable plastics based on renewable and nonrenewable
resources. In fact, the use in specific applications of biodegradable plastics can limit the
environmental problems correlated to plastic disposal [1–3].

Nowadays different biodegradable polymers are commercially available on the market.
Among them poly(lactic) acid (PLA) is the most interesting, due to its low production cost
(compared to other biodegradable polymers), good mechanical properties and easy pro-
cessability (PLA can be manufactured in conventional extrusion, injection molding, blown
film extrusion, cast extrusion, thermoforming and three-dimensional (3D)-printing) [4–7].
However, some PLA drawbacks, such as its brittleness, low toughness and poor heat
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resistance when employed at a temperature above its glass transition temperature, must be
improved to extend its applications [8].

The improvement of PLA toughness (higher ductility and impact resistance) is thus
fundamental and for this purpose the simplest approach is physical blending with a more
ductile polymer. Among the more investigated biodegradable polymers, those that show
a good starting ductility and that can be easily blended with PLA (mainly to increase its
toughness) are: poly(butylene succinate) (PBS) [9–11], poly(butylene succinate co-adipate)
(PBSA) [8,12,13], poly(caprolactone) (PCL) [14–16], poly(butylene adipate-co-terephthalate)
(PBAT) [17–20]. Among these possible combinations of biodegradable blends, in this
paper the attention has been focused on blending PLA with PBSA. In fact, depending
on end-of-life (EOL) options, PBSA possesses a better eco-efficiency compared with the
other biopolymers before mentioned [21]; moreover, its availability is very high thanks
to the production capacity of around 100,000 tons per year [22]. PBSA is produced by
a polycondensation reaction of 1,4-butanediol with succinic acid and adipic acid, that
produces a completely aliphatic polyester having high flexibility, excellent impact strength,
as well as thermal and chemical resistance and good biodegradability [11,23]. The use of
PBSA alone is impracticable in rigid items due to its low stiffness, strength and melting
point, but thanks to its low glass transition temperature its behavior is quite similar to
a rubber and therefore lends itself very well to physical blending with PLA in order to
increase its toughness by the well-known rubber toughening mechanism [20,24,25]. Thus,
several research groups recently evidenced the possibility of modulating PLA brittleness
by blending with PBSA [26–33].

However, most polymer blends are immiscible due to an unfavorable enthalpy mixing
and consequently they form separated phases [34–36]. The morphology evolution of a
biphasic system depends on the blend composition, processing conditions, rheological
properties and interfacial tension of the two constituents [37–40]. Different morpholo-
gies (droplets, co-continuous, double emulsion) can be achieved by tailoring the ratio of
PLA with respect to the rubbery polymer and consequently, it is possible to control the
mechanical performance of the final material [41–43].

• Regarding binary blends, the compatibility/miscibility issues must be considered.
It is noteworthy that the introduction of chain extenders that are able to reconnect
cleaved chains, increases the molecular weight (consequently increasing the melt
strength) [17,44,45]. Different types of chain extenders, also available on the market,
have been extensively investigated and reported in literature such as: multi-functional
epoxides [46], diisocyanate compounds [47], dianhydride [48], bis-oxazolines, tris(nonyl
-phenyl) and phosphate (TNPP) [49]. The introduction of chain extenders also pro-
vides a better control of the polymer degradation [17,19,50–52] during the process
and at the same time enhances the extrusion and injection foamability [52,53]. More-
over, the use of chain extenders can also improve the compatibility between the two
phases constituting a binary blend because, especially in the interfacial region, the
chain extender can react with both the polymers resulting in the formation of block
copolymers acting as effective in situ generated compatibilizers. Chain extenders
containing epoxy groups are the most suitable in this case, in fact they are able to
react opening the epoxy group ring and creating covalent bonds [45] with both the
hydroxyl and carboxylic groups of the polyester chain-ends. The high number of
epoxy groups per macromolecule grants efficiency in limiting the decrease of viscosity
during processing typical of polyesters that are generally affected by hydrolysis due
to atmospheric humidity. For this reason, a multifunctional epoxy oligomer (EO) con-
sisting of styrene, acrylic and glycidyl acrylate units, has been chosen for the binary
PLA/PBSA polyester blends. Al-Itry et al. [52] and Wang et al. [54] studied the posi-
tive compatibilization effect of a similar EO in a PLA/PBAT system. Lascano et al. [55]
explained that EO addition can be advantageous also in PLA/PBSA binary blends
(thus very similar to the ones studied in this paper) because it reacts either with the
hydroxyl terminal groups of PLA and PBSA, leading to a compatibilization effect and
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an effective toughening. However, the investigated blends contained up to 30% of
PBSA and were not investigated in terms of their failure mechanism and melt fluidity.

In this study a systematic work was carried out by twin screw extruder producing
PLA/PBSA blends with different compositions up to 40% of PBSA. These blends were
characterized from morphological, melt fluidity, thermal and mechanical points of view.
On the basis of the results obtained, the blends showing the best toughness improvement
(elongation at break and impact resistance enhancement) were selected and the effect
of EO (added at 2 wt.%) as compatibilizer was further investigated. In the second part
of the work the micromechanical analysis (which represents a novelty in the study of
PLA/PBSA blends) was performed with the help of an optical extensometer, capable of
registering both axial and transversal elongation during the tensile tests. In this way it
was possible to record the volume variation and to correlate the volume increment to
the micromechanical deformation processes (debonding, cavitation, voids growth, etc.).
The study was completed with the measurement of the capability of the selected best
blends to absorb energy at a slow rate; this measurement was carried out by adopting the
elasto-plastic fracture approach based on the ESIS load separation criterion.

2. Materials and Methods

2.1. Materials

The materials used in this work are listed below:

• Poly(lactic) acid (PLA) Luminy LX175 produced by Total Corbion PLA. This biodegrad-
able PLA is derived from natural resources, appears as white pellets and contains
about 4% of D-lactic acid units. It is a general-purpose extrusion grade PLA that can
be used alone or to produce formulated blends or composites; it can be easily pro-
cessed on conventional equipment for film extrusion, thermoforming or fiber spinning
(density: 1.24 g/cm3; melt flow index (MFI) (210 ◦C/2.16 kg): 6 g/10 min).

• Poly(butylene succinate-co-adipate) (PBSA), trade name BioPBS FD92PM, purchased
from Mitsubishi Chemical Corporation, is a copolymer of succinic acid, adipic acid
and butandiol. It is a soft and flexible semicrystalline polyester suitable for both blown
and cast film extrusion (density of 1.24 g/cm3; MFI (190 ◦C, 2.16 kg): 4 g/10 min).

• The epoxy oligomer (EO) used in the work is Joncryl ADR 4468 produced by BASF.
It is an oligomeric chain extender having about 20 epoxy groups per macromolecule
that reacts with the terminal groups of polycondensates, increasing the melt viscosity
(Mw: 7250; density: 1.08 g/cm3; epoxy equivalent weight: 310 g/mol).

EO appears as solid flakes that can be easily fed into the lateral feeder of the extruder.
It was added to the PLA/PBSA formulations that showed the best toughness and flexibility.

2.2. Blends and Sample Preparation

Different blends containing increasing amounts of PBSA (from 5 wt.% to 40 wt.%),
were produced in pellets according to the compositions reported in Table 1. To produce the
granules, a semi-industrial Comac EBC 25HT (L/D = 44) (Comac, Cerro Maggiore, Italy)
twin screw extruder was used. Before extrusion all solid materials were dried in a Piovan
DP 604–615 dryer (Piovan S.p.A., Verona, Italy). PLA granules were introduced into the
main extruder feeder, while PBSA was fed with a specific lateral feeder. In fact, after setting
the weight percentage to be added, this feeder allows to a constant concentration in the
melt during the extrusion to be obtained. EO was added only in the formulations that
showed enhanced mechanical properties and it was fed separately with another lateral
feeder. A fixed quantity of EO equal to 2 wt.% was chosen on the basis of literature
works [17,54,56–59] but also considering the minimum quantity settable in the extruder
that guaranteed a constant feeding without dosage problems. The blends containing EO
are indicated in brackets and followed by the letter J in Table 1.
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Table 1. Blend names and composition.

Blend Name
PLA–PBSA

wt.%
EO

wt.%

PLA 100–0 0
95–5 95–5 0
90–10 90–10 0
85–15 85–15 0
80–20 80–20 0

(80–20)J 80–20 2
60–40 60–40 0

(60–40)J 60–40 2

The temperature profile of the extruder (11 zones) used for blends preparation was:
150/175/180/180/180/185/185/185/185/185/190 ◦C, with the die zone at 190 ◦C for the
blends containing up to 20 wt% of PBSA. Due to the major quantity of PBSA (having a
lower melting temperature than PLA) decreasing the viscosity, for the blends containing
40 wt.% of PBSA a slightly decrease of 5 ◦C to the entire temperature profile was carried
out; for the 60–40 and (60–40)J blends the temperatures in the zones from 1 to 11 were:
150/170/175/175/175/180/180/180/180/180/185 ◦C, with the die zone at 185 ◦C. The
screw rate was 300 rpm with a total mass flow rate of 20 kg/h.

The extruded strands were cooled in a water bath at room temperature and reduced
in pellets by an automatic knife cutter. All pellets were finally dried again at 60 ◦C.

After the extrusion, the pellets of the different blends were injection molded using a
Megatech H10/18 injection molding machine (TECNICA DUEBI s.r.l., Fabriano, Italy) to
obtain two types of specimens: dogbone specimens for tensile tests according to ISO 527-1A
(width: 10 mm, thickness: 4 mm, length: 80 mm) and parallelepiped Charpy specimens for
Charpy impact test according to ISO 179 (width: 10 mm, thickness: 4 mm, length 80 mm).
After the injection molding the Charpy specimens were V-notched in the middle by a
V-notch manual cutter (V-notch: 2 mm at 45◦).

The samples injection molding parameters are reported in Table 2.

Table 2. Injection molding conditions.

Main Injection Molding
Parameters

PLA 95–5 90–10 85–15 80–20 (80–20)J 60–40 (60–40)J

Temperature profile (◦C) 180/185/190

Mold temperature (◦C) 70 70 60 60 55 65 55 65

Injection holding time (s) 5

Cooling time (s) 15 25

Injection pressure (bar) 90 90 80 80 80 120 80 100

The injection molding was performed using the same temperature profile for all blends.
An increase in the cooling time was necessary with the increase of the PBSA content. The
mold temperature was also lowered progressively with the increasing amount of PBS from
70 ◦C for pure PLA to 55 ◦C for 80–20 and 60–40 blends.

The addition of EO produces a significant increment of the melt viscosity, which in
turn raises the pressure requested for filling completely the mold. Consequently, for the
blends containing EO the increased viscosity was balanced by increasing both the mold
temperature and the injection pressure.

2.3. Torque and Melt Flow Rate Analysis

The torque analysis is useful to obtain an indirect estimation of viscosity variations
during the extrusion. Torque values were obtained by introducing about 6 g of the extruded
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granules in a MiniLab II twin-screw mini-compounder (HAAKE, Vreden, Germany). This
equipment is able to compound the molten material and at the same time it records the
torque values during the extrusion. The extrusion (performed at 190 ◦C and 100 rpm) was
monitored for 1 min and every 10 s an assessment of the torque value was recorded. The
measurements were carried out three times and the average value was reported.

The melt flow behavior of the blends was also investigated using a Melt Flow Tester
M20 (CEAST, Torino, Italy) equipped with an encoder. The encoder, following the move-
ment of the piston, is able to acquire the melt volume rate (MVR) of the polymer blends.
Before the test, granules of the blends obtained from the extrusion process were dried in a
ventilated oven (set at 60 ◦C) for one day. The melt flow rate (MFR), defined as the weight
of the molten polymer passing through a capillary (having a specific length and diameter)
in 10 min under a specific weight (according the ISO 1133:2005), was also recorded. In
particular, the standard ISO 1133D custom TTT was used with a customized procedure: the
sample was preheated without the weight for 40 s at 190 ◦C, then the weight of 2.160 kg
was released on the piston and after 5 s a blade cut the spindle starting the real test. At this
point the MVR was recorded, every 3 s, by the encoder. All the MVR data were reported
with their standard deviation thanks to the CEAST Visuamelt software of the equipment.
The MFR values’ standard deviations were calculated by considering the results obtained
by the measurements.

2.4. Mechanical Characterization

Both tensile and dilatometry tests were carried out on ISO 527-1A dog-bone specimens
using an MTS Criterion model 43 universal tensile (MTS Systems Corporation, Eden
Prairie, MN, USA) testing machine, at a crosshead speed of 10 mm/min, equipped with a
10 kN load cell and interfaced with a computer running MTS Elite Software. Tests were
conducted 3 days after the injection molding process and during this time the specimens
were stored in a dry keeper (SANPLATEC Corp., Osaka, Japan) at controlled atmosphere
(room temperature and 50% humidity).

For tensile tests at least ten specimens were tested and for each blend composition the
average values of the main mechanical properties were reported.

Regarding dilatometry, because of the large number of formulated blends, the tests
were carried out only for two selected compositions. At least five specimens for each se-
lected material were tested at room temperature and also in this case the tests were carried
out after 3 days from the injection molding process. Transversal and axial specimen elonga-
tions were recorded, during the tensile test, using a video extensometer (GenieHM1024
Teledyne DALSA camera) interfaced with a computer running ProVis software (Funda-
mental Video Extensometer). Furthermore, the data in real-time were transferred to MTS
Elite software in order to measure not only the axial and transversal strains but also the
load value.

The volume strain was calculated, assuming equal the two lateral strain components,
according to the following Equation [60–62]:

ΔV
V0

= (1 + ε1)(1 + ε2)
2 − 1 (1)

where the volume variation is ΔV, the starting volume is V0, ε1 is the axial (or longitudinal)
strain and ε2 is the lateral strain.

The impact tests were performed using V-notched ISO 179 parallelepiped specimens
on a Instron CEAST 9050 machine (INSTRON, Canton, MA, USA) equipped with a 15 J
Charpy pendulum. At least ten specimens for each blend were tested at room temperature.
The impact tests were also carried out 3 days after the injection molding process.

To evaluate the energy stored by the sample before the fracture, three-point bending
tests were also carried out. In this case, the tests were performed only on the most significant
formulations. The already cited MTS universal testing machine was used. The methodology
adopted to calculate the fracture energy at the starting point of crack propagation (JIlim)
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follows the ESIS TC4 load separation protocol [63,64]. According to this protocol, the tests
must be carried out at 1 mm/min crosshead speed on 80 mm × 10 mm × 4 mm SENB
specimens (that is the same parallelepiped specimen typology adopted for Charpy impact
test) cut in two different ways: “sharp” (half notched samples) and “blunt” (drilled in
the center with a 2 mm diameter hole and then cut for half width). To obtain the sharp
notch (5 mm), during the cutting process, compressed air was used in order to avoid the
“notch closing” phenomenon caused by excessive overheating generated by the cutter. A
“sacrificial specimen” placed under the “good one” was used to guarantee a correct notch
of the sample without closure (qualitatively evaluated with a “passing” paper) and to avoid
plastic deformation around it. At least five specimens were tested for each selected blend.
Thus the Jlim was calculated following the Load Separation Criterion procedure [65–69] for
which it is necessary to construct a load separation parameter curve, obtained from the
load (named P) vs. displacement (named u) during the three-point bending tests. The load
vs. displacement curves must be obtained for both types of specimens used (sharp and
blunt). In fact, in the sharp specimens the fracture is able to propagate, while in the blunt
specimens crack growth cannot occur. At this point it must be defined the Ssb curve that
represents the variation of the load separation parameter and is defined as follows:

Ssb =
Ps

Pb

∣∣∣upl (2)

where the subscripts s and b indicate the sharp and the blunt notched specimens, respec-
tively. The plastic displacement is denoted as upl and it is expressed as:

upl = u − P·C0 (3)

in which u is the total displacement and C0 is the initial elastic specimen compliance.
It must be pointed out that for ductile polymers (like those investigated in this paper),
fracture initiation is a complex and progressive process that is characterized by the slow
development of the crack front across the thickness of fracture transition [20,67,69]. This
limit point is the pseudo-initiation of fracture. Thus, once that limit point was defined, the
corresponding Jlim can be calculated as:

Jlim =
2·Ulim

b·(w − a0)
(4)

where Ulim is the elastic behavior limit point, b is the sample thickness, w is the sample
width and a0 is the initial crack length.

2.5. Optical Analysis

Morphological analysis was carried out on cryo-fractured Charpy samples by FEI
Quanta 450 FEG scanning electron microscope (SEM) (Thermo Fisher Scientific, Waltham,
MA, USA). To avoid charge build up, the sample surfaces were sputtered (on a LEICA
EM ACE 600 High Vacuum Sputter Coater, Wetzlar, Germany) with a thin surface layer
of platinum. Image-J software was used to analyze the SEM images and to calculate the
number average radius (Rn), the volume average radius (Rv) and the size distribution (SD)
of the dispersed phase droplets. At least 150 droplets were counted to calculate Rv, Rn and
SD parameters according the following Equations [70]:

Rn =
∑i niRi

ni
(5)

Rv =
∑i niR4

i
niR3

i
(6)

SD =
Rv

Rn
(7)
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The fracture surface of the tensile specimen broken during the dilatometric tests
offered reliable information about the micromechanical deformations that occurred during
the tensile tests. Consequently, some specimens were cold fractured along the tensile
direction. In this case the specimens were coated with a thin layer of platinum prior to
microscopy to avoid charge build up.

2.6. Thermal Characterization

Thermal properties of PLA and PLA/PBSA blends were investigated by calorimetric
analysis (Q200 TA- DSC). Nitrogen, set at 50 mL/min, was used as purge gas for all
measurements. Indium was used as a standard for temperature and enthalpy calibration
of DSC. The materials used for DSC analysis have been cut from the ISO 5271-A dog-bone
injection mold specimens. In order to evaluate if an eventual crystallization occurred
during the specimen injection molding (affecting the mechanical behavior of the materials),
the thermal properties were evaluated considering only the first DSC heating run. The
sampling was carried out taking the material in the same region of the specimens to avoid
differences ascribable to different cooling rates in the specimen thickness. The samples,
with mass between 11.5 and 15 mg, were sealed inside aluminum pans before measurement.
PBS granules were also analyzed in order to better understand how its thermal properties
could affect the thermograms of the binary blends.

The samples were quickly cooled from room temperature to −50 ◦C and kept at this
temperature for 1 min. Then the samples were heated at 10 ◦C/min to 200 ◦C to delete
the thermal history then a second cooling scan from −70 ◦C to 190 ◦C, at 10 ◦C/min, was
carried out. Melting temperature (Tm) and cold crystallization temperature (Tcc) of the
blends were recorded at the maximum of the melting peak and at the minimum of the cold
crystallization peak, respectively. The enthalpies of melting and cold crystallization were
determined from the corresponding peak areas in the thermograms. Where possible the
PLA and PBSA crystallinity were calculated according the following Equation:

Xcc, PLA(or PBSA) =
ΔHm, PLA (or PBSA) − ΔHcc, PLA (or PBSA)

ΔH◦
m, PLA (or PBSA) · wt. % PLA (or PBSA)

(8)

where Xcc, is the crystallinity fraction of PLA or PBSA, ΔHm and ΔHcc are the melting and
cold crystallization enthalpies respectively, while ΔH◦

m is the theoretical melting heat of
100% crystalline polymer. For PLA a ΔH◦

m value of 93 J/g [71] and for PBSA a ΔH◦
m value

of 142 J/g were considered [8].
The heat deflection temperature or heat distortion temperature (HDT) corresponds

to the temperature at which the polymeric material deforms under a specified load. This
property is fundamental during the design and production of thermoplastic components.
The HDT is also strictly correlated to the polymer crystallinity, in fact it is noteworthy that
a highly crystalline polymer has an HDT value higher than its amorphous counterpart [72].
For this purpose, the determination of the deflection temperature under load (HDT) was
carried out on a CEAST HV 3 (INSTRON, Canton, MA, USA) in accordance with ISO 75
(method A). A flexural stress of 1.81 MPa and a bath heating rate of 120 ◦C/h were used.
The sample size was 80 mm × 10 mm × 4 mm. When the sample bar deflects by 0.34 mm,
the corresponding bath temperature represents the HDT (Type A) value. At least five
measurements were carried out and the average value was reported.

3. Results and Discussions

3.1. Melt Fluidity, Morphology and Thermal Properties of PLA/PBSA Blends

From the MFR and torque results, reported in Figure 1, it can be observed that the
increase of PBSA content resulted in a decrease in torque values and an increment in MFR.
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(a) 

(b) 

Figure 1. (a) Trend of MFR as a function of PBSA content; (b) trend of torque as a function of
PBSA content.

In fact, the pure PLA showed a torque of 152.3 ± 3.0 N*cm and an MFR of 2.3 ± 0.3 g/
10 min, but the pure PBSA was less viscous, showing a torque of 104.0 ± 7.1 N*cm and
a MFR of 7.1 ± 0.7 g/10 min. Hence the fluidity in the melt and thus the processability
of the produced granules can be modulated as a function of composition. This trend
is in accordance with the necessity to appropriately modify the extrusion and injection
molding for the different compositions, as explained in Section 2.2. Interestingly, the blends
containing EO showed an increased value of torque and a significantly lower value of MFR,
because of the increase in molecular weight due to the branching reactions of the EO. A
simplified scheme of the reactions occurring in the melt between PLA, PBSA and EO is
reported in Figure 2.

The lowest MFR value was recorded for the (80/20)J blend, thus the one that required
an increase in the mold temperature and injection pressure during the injection molding
process (as previously observed and reported in Table 2).
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Figure 2. Simplified scheme of the reactions occurring in the melt between PLA, PBSA and EO.

The main tensile properties (Young’s modulus, yield stress, stress at break, elongation
at break and Charpy impact resistance) determined from the tensile stress–strain curves
and Charpy impact test, are reported in Table 3.

Table 3. Tensile and impact properties for each formulation containing an increasing PBSA content.

Blend Name
Young’s Modulus

(GPa)
Yield Stress (MPa) Stress at Break (%)

Elongation at
Break (%)

Charpy Impact
Resistance (kJ/m2)

PLA 3.63 ± 0.12 / 62.7 ± 1.7 3.7 ± 0.3 2.7 ± 0.3
95–5 3.07 ± 0.1 / 59.4 ± 0.1 4.0 ± 0.2 2.8 ± 0.3
90–10 3.02 ± 0.13 57.4 ± 0.7 23.3 ± 2.3 45.8 ± 10.9 3.5 ± 0.2
85–15 2.91 ± 0.10 55.3 ± 0.7 21.3 ± 1.1 57.9 ± 18.9 4.4 ± 0.2
80–20 2.72 ± 0.10 51.2 ± 0.6 19.7 ± 0.6 86.7 ± 31.5 4.6 ± 0.2
60–40 1.99 ± 0.12 39.9 ± 0.8 21.5 ± 0.8 192.8 ± 31.1 9.2 ± 0.5

The mechanical behavior of the blends changed, passing from neat PLA to binary
PLA/PBSA blends. PLA alone had the typical mechanical response of a fragile material
with a high stiffness and tensile strength but a low Charpy impact resistance and elongation
at break. Neat PLA failed just after the elastic region (no yielding point is observed), as
typical in a brittle fracture. The PBSA addition maintained the material stiffness at an
acceptable level but at the same time improved its flexibility for contents higher than 5 wt.%
of PBSA. In fact, 95–5 blend still showed a fragile behavior without yielding, and a low
elongation at break, low Charpy impact resistance and still high stress at break. From 5 up
to 40 wt.% of PBSA, the increment in elongation at break and Charpy impact resistance was
almost proportional to PBSA content (Figure 3a). A marked decrement of stress at break
was registered due to the elastic characteristic conferred by the growing PBSA addition.
The variation of stress at break, also considering the values of the deviations reported,
can be considered negligible. However, the slight stress at break increase for the 60–40
blend could be attributable to the change in the morphology of the blend which became
co-continuous. Hence, also the more ductile PBSA phase results were continuous. Then, in
this co-continuous blend both phases fully contributed to the blend mechanical response in
all directions and resulted in a more effective stress transfer.

The Young’s Modulus decreased by increasing the PBSA content in monotonic way
(Figure 3b). Hence, in the investigated range a wide modulation of properties is possible
by varying the blend composition.

9



Polymers 2021, 13, 218

(a) 

(b)

Figure 3. (a) Trend of elongation at break (red circles) and Charpy Impact strength (black squares) as
a function of PBSA content; (b) trend of Young’s Modulus as a function of PBSA content.

The results of the mechanical tests are closely related to the materials morphology
(Figure 4).

The PBSA, until 20 wt.% in the blends, appeared as a spherical/ellipsoidal dispersed
phase in the PLA matrix, indicating the poor miscibility between PLA and PBSA. In
some cases, it was possible to observe voids at the interface (debonding). The cause of
this debonding could be related to the cryofractured samples, where dilatational stresses
were generated to the mismatch of the thermal coefficients between the PBSA particles
and the PLA matrix during cooling before fracture, as was also observed for PLA–PBAT
system [20]. The 60–40 mixture confirmed what is generally observed in literature [38,41]
where a change in morphology occurs (from PBSA dispersed particles to a co-continuous
structure); so the remarkable improvement in elongation at break, especially of the impact
strength observed, is explained with the achievement of the inversion point region.

A typical two-phase structure, where discrete droplets of the minor phase are dis-
persed in the matrix, was observed in the samples with PBSA content up to 20%. For these
blends it was possible to calculate the Rn, Rv and SD values, given by the ratio between Rv
and Rn, (reported in Table 4) according to Equations (5)–(7), respectively.
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c d
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Figure 4. SEM micrographs of morphology phase development of PLA/PBSA blends: (a) 95–5;
(b) 90–10; (c) 85–15; (d) 80–20; (e) 60–40; (f) (80/20)J; (g) (60/40)J.

Table 4. Rn, Rv and SD values of the dispersed PBSA phase for PLA/PBSA blends at different
compositions up to 20 wt.% of PBSA content.

Blend Name Rn (μm) Rv (μm) SD

95–5 0.41 0.54 1.32
90–10 0.42 0.58 1.38
85–15 0.54 0.78 1.44
80–20 0.55 0.80 1.45

The average size of the domain was between 1 and 2 μm indicating that PBSA and PLA
were thermodynamically incompatible [41]. A slight increment of Rv values was observed
with the increase in the PBSA content. This behavior is in agreement with the coalescence
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theory [73] for which, during the mixing process, the dispersed phase can collide with
each other and coalesce, forming bigger droplets. The probability of droplet collision will
be more accentuated by increasing the PBSA content, with the number of PBSA droplet
collisions that will be proportional to the square of the PBSA concentration [74]. However,
this size distribution increment is not as pronounced as could be expected. This behavior
was encountered by other authors [70] and can be ascribed to the high shear rate and
extensional flow during the extrusion process that limited the particle coalescence favoring
the break-up of dispersed droplets. Moreover, the two polymers, being both polyesters, are
characterized by a good chemical affinity in full agreement with the evolution of mechanical
properties as a function of PBSA content. However, the dispersed phase dimensions are
in accordance with the general rule regarding rubber toughening, which states that the
dispersed phase must be distributed as small domains in the polymer matrix [75,76]. This
aspect, combined with a sufficient interfacial adhesion, would increase the elongation at
break and the impact properties of the final material in accordance with the results obtained
from the mechanical tests.

The 60–40 blend showed a co-continuous morphology where the dispersed phase coa-
lesced until it formed bigger structures throughout the whole blend [77–80]. Consequently,
due to the irregularity of the shape assumed by this structure, the calculation of Rv, Rn and
SD parameters was not feasible. The analysis of the micrographs has anyway shown that
the dimension of the two interpenetrating phases is quite low, probably thanks to effective
processing and this explain the possibility of a good modulation of properties by acting
on composition. Moreover the presence of EO improved the compatibility of the phases:
a decrease in phase dimensions can be noticed both in the (80/20)J and in (60/40)J blend
(Figure 4f,g) as well as an increased interfacial adhesion [44,81–83] making difficult the
observation of these interfaces during the analysis.

The first heating thermograms obtained from DSC analysis and reported in Figure 5a,b
show the thermal history of the samples produced by injection molding.

The analysis of these data was preferred to get correlation with mechanical results,
measured on injection molded specimens. Moreover, this analysis can provide useful infor-
mation regarding the peculiar injection molding process adopted for the different blends.
In fact, the crystallization occurring in the mold had a significant role in allowing a rapid
and efficient ejection of the specimen by the machine without any distortion. Moreover,
thermal properties related to the use of EO were yet investigated by Nunes et al. [84] in
PLA. EO determined a decrease in the crystallinity in pure PLA and in blends with PBAT
because of the introduced disorder due to the branching of chains. Lascano et al. [55] did
not determine the crystallinity of their PLA/PBSA but the thermograms they reported were
in good agreement with Nunes et al. [84] observations. These considerations can explain
the observed necessity to increase the molding temperature in the injection molding of
blends containing EO, to counterbalance the reduced tendency to crystallization with a
decreased undercooling favoring the extension of the crystalline fraction.

According to literature [85,86], PBSA has a triple melting peak centered at around
87.14 ◦C; the melting behavior can occur with a melting peak numbers that depend on
the processing conditions. Consequently, it was not possible to measure with accuracy
the PBSA melting enthalpy and the PLA cold crystallization enthalpy due to the overlap
between the PBSA melting endotherms, the PLA cold crystallization exotherms (that
became more marked with increasing the PBSA content) and the enthalpic relaxation peak
occurring in correspondence of the PLA glass transition temperature and ascribed to the
specimen’s aging.

With the PBSA addition also the PLA double melting behavior started to become
observable. These double peaks were correlated to the remelting of newly formed crystallite
during heating. Crystallites of disordered α’ form (with low melting temperature) re-
crystallize in a more ordered α form having a higher melting temperature. In any case, the
right melting peak of PLA was deemed to be the one which was in a higher temperature
range [10]. According to the melting recrystallization model [87] the small and imperfect
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crystals would be transformed into more stable and perfect crystals. However, at high
cooling rates (like that reached during the injection molding process), the granules passed to
the recrystallization region so fast that there was insufficient time for the molten material to
reorganize into new ordered crystals generating consequently low melting crystallites [13].
In fact, it is known in literature that the heating rate influences markedly the conversion
from α′-to α-form for PLA as well as the presence of PBSA double or triple- melting
peaks [83,88,89]. The absence of PBSA cold crystallization in the blends and also in the pure
material can be ascribed to different factors. The most important is probably correlated
to the PBSA macromolecules having a very fast crystallization rate during cooling and
this leading to an absence (or very low quantitative) of amorphous domains that could
recrystallize again during heating [8].
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Figure 5. DSC thermograms (a) first heating for PLA/PBSA blends; (b) first heating for the selected blends with EO;
(c) second heating for PLA/PBSA blends; (d) second heating for the selected blends with EO. Heat flow, reported in J/g, is
expressed in arbitrary units to allow the curves shifting.

For all the blends, the cold crystallization temperature of PLA was shifted to a lower
temperature if compared to pure PLA (Figure 5a–d); in agreement with Lascano et al. [55],
the PBSA melting contributes to the increase in the PLA chain motion allowing PLA chains
to arrange into packed structures at lower temperatures. Consequently, the cold crystalliza-
tion temperature and the melting temperature of PLA decreased with the PBSA addition.
However, the most marked decrement of the PLA cold crystallization temperature was
observed for the 95–5 blend (especially in the first heating scan, related to the injection
molding cycle that could enhance the PBSA nucleating ability because of the high tempera-
ture of the mold and high holding time) where the PBSA dispersed phase, present in low
content but with a low particle size, seemed to act as nucleating agent [10] thanks to the
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effect of the extended interface. In fact, in good agreement, by increasing the PBSA content,
the PLA cold crystallization temperature rose slightly but still remained lower than that of
pure PLA.

An enthalpic relaxation peak above the glass transition temperature due to the ag-
ing [90] could be observed in the first heating scan (Figure 5a,b) for all blends, but it was
reduced in blends containing EO because of their more disordered structure hindering
chain relaxation. However, for both heating scans, it could be observed that the glass
transition temperature of PLA remained almost unchanged with PBSA content, confirming
the restricted miscibility of the two biopolymers as reported by Lee et al. [13].

In order to better understand the HDT obtained data (Figure 6), showing an almost
constant value in all the examined blends, although it was not possible to determine the
crystallinity values of the injection molded specimens considering the first heating scan, an
estimation of the crystallinity was made on the second run. In this case, having deleted the
thermal history, the single PBSA granules were also investigated. In fact, in the second run,
thanks to the disappearance of the aging peak and to the lower cooling rate with respect to
injection molding, the peaks of PBSA and PLA show an almost null overlap (Figure 5c,d).

 

Figure 6. HDT values for all blend compositions.

In Figure 7 the crystallinity percentage values for PLA, PBSA and the sum of them
(that is, the total crystallinity of the sample) are reported. The enhancement of PLA
crystallinity with PBSA content, suggests that the PBSA droplets, dispersed into the PLA
matrix effectively act as crystallization nuclei for PLA accelerating the crystallization during
the heating process [10]. For all the blends the maximum total crystallization, seen as the
sum of PLA and PBSA crystallinity percentage, was between 27 and 32%. Hence only
small variations of the crystalline fraction were present in the different blends and this
was reflected in the HDT values (Figure 6) which were approximately the same for all
the examined blends. In fact, it is well known that the HDT of neat PLA is at about
its Tg. The HDT is significantly affected by the degree of crystallization [91]. The low
crystallization rate of PLA made it essentially amorphous under the injection molding
conditions adopted in this work. Although a quantitative evaluation of the samples
crystallinity was not possible for all blend compositions, it could be supposed that the
maximum degree of sample crystallinity was lower than that measured during the second
heating run. Consequently, the low crystallinity (due to the low crystallization rate) reached
by the PLA under practical molding conditions was reflected in a null variation of the HDT
that remained almost unchanged for all the blends analyzed (Figure 6).
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Figure 7. Crystallinity values for PLA/PBSA blends in the second heating scan.

3.2. Effect of the EO on Mechanichal and Failure Behaviour of PLA/PBSA Blends

EO was added (at 2 wt.%) to 80–20 and 60–40 blends. These two formulations were
selected because they showed the highest elongation at break and Charpy impact resis-
tance values.

From a morphological point of view, it can be observed in Figure 3, that EO acted
as a compatibilizer, working as a bridge between the PLA and PBSA phases, leading to
a reduction of the interfacial tension and thus leading to better adhesion and dispersion
between the two phases [55,92,93].

The interaction created by EO in the PLA–PBSA blends can also be observed in the
torque values that for (80–20)J and (60–40)J were higher than the torque value of pure PLA
(Figure 1). The MFR, on the other hand, reached the lowest values when EO was added.
It is known that the torque increment is related to the molten polymer viscosity increase,
which is caused by a molecular weight increment in polyesters [17]. Furthermore, the
chain extender produces an increment of the melt viscosity creating interactions between
the matrix and the dispersed phase. This marked viscosity variation with respect to the
viscosity values recorded for corresponding blends without EO (80–20 and 60–40), led to
a significant variation of the injection molding conditions (as can be observed in Table 2)
where the mold temperature and the injection pressure were increased.

From a thermal point of view, it can be observed (Figure 5) that the EO addition
caused a slight decrement of Tg that could be ascribable to the increased compatibility
between the two polymers [17]. A slight shift of the PLA cold crystallization temperature
was also registered. On the other hand, the introduction of EO limited the chain mobility
and the shift of PLA cold crystallization temperature did not occur in the presence of the
chain extender. As could be expected, the chain extender depressed severely the PLA
crystallization while the PBSA crystallization did not seem to be much influenced by the
EO addition (Figure 7).

However, from the results of HDT (Figure 6), it could be detected that the EO addition
did not cause a significant variation of the HDT values and it did not significantly affect
the final crystallinity of the material. In any case the increase in molecular weight and
branching activity of EO on PLA counterbalanced the decrease in crystallinity in this phase,
thanks to the increased resistance of the amorphous phase achieved thanks to the formation
of new inter-macromolecular bonds.

The enhanced compatibility induced by EO was overwhelmingly reflected in the
mechanical properties (Figure 8). EO caused a relevant increment of the mechanical
properties. Not only an improvement in elongation at break and Charpy impact resistance
occurred, but also a marked increment in stress at break was recorded.
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Figure 8. Comparison of the main mechanical properties for blends with and without Joncryl.

Essentially, the increase in stress at break and elongation at break may be related to the
molecular weight increase, due to the polyester reaction with EO (Figure 2). On the other
hand, the toughness increment is more related to the morphology of the system and, as
can be expected, better toughness is reached for the (60–40)J blend where a co-continuous
structure combined to a better phase compatibility was observed.

To better understand the effective toughness enhancement obtained with the EO
addition, the JIlim was calculated adopting the elasto-plastic fracture mechanism approach.
The JIlim values correspond to the energy absorbed by the specimen at the moment of the
crack propagation in slow-rate test conditions.

Comparing the JIlim values with the “brittle” G value of pure PLA (equal to
2.97 kJ/m2 [94,95]) all blends showed very interesting values (Figure 9). The fracture
energy released at the beginning of crack propagation was markedly increased with the EO
addition for the (80–20)J blend, while for the 60–40 composition the JIlim value remained
almost unchanged with the EO addition. Probably, the 60–40 blend being co-continuous,
the effect of EO addition was less marked; the co-continuous nature of the blend led it to
have a starting high value of JIlim and Charpy impact resistance that were not significantly
altered by the presence of EO.

 

(KJ/m2) 

Figure 9. Comparison between JIlim and Charpy impact resistance values (both in KJ/m2) for blends
with and without Joncryl.
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The results of dilatometric tensile tests are reported in Figure 10 where the volume
variation (calculated by Equation (1)) is reported as function of axial elongation (the tests
were carried out until the deformation of the specimens remained homogeneous).

 

Figure 10. Volume strain–strain curves for blends with and without EO.

The characterization of the dilatational response of a material when it is subjected to an
applied stress can lead to an appreciated deformation mechanism in the bulk of the material.
According to the type of volume strain–strain curve obtained, it is possible to distinguish
between: a cavitational response, a dilational response and deviatoric response [96]. It can
be observed that except for the 80–20 blend, where a cavitational response is observed, for
the other blends a deviatoric response was registered.

As a consequence, for the 80–20 blend, in the large deformation limit, the hydrostatic
tensile stress will cause cavitation type mechanisms that will lead to a rapid volume
increase. In particular, when the stress approaches the yield stress value, the cavitation-
type mechanism will produce voiding that will cause the rapid increase in the volume
strain, and the coalescence of these voids will bring to the final rupture of the specimen [60].
The SEM micrographs at the cryo-fractured surface of tensile specimens along the draw
direction (Figure 11) confirmed the presence of many small and big elongated voids grown
along the tensile direction due to cavitation for the 80–20 blend.

The volume dilatation response for the other blends ((80–20)J, 60–40 and (60–40)J)),
displayed a deviatoric behavior; for these materials, when the stress value approaches
stress at yield, the material will continue to deform by changing shape and not volume,
leading to a shear yielding as the main failure mechanism. The SEM images confirmed that
a different deformation mechanism occurred where the material underwent deformation
along the draw direction without voiding formation.

Similar to what was observed for the Jlim value, the EO addition in the 80–20 mixture,
significantly changed the micromechanical behavior of the material. This marked change
can probably be ascribed to the capacity of the chain extender to modify the macromolecule
structure and create interactions between the matrix and the dispersed phase, modifying
the initial interface adhesion and leading to a different micromechanical response.

On the other hand, the effect of EO to the micromechanical behavior of the 60–40 blend
could be considered negligible. The dilatometric curves of the 60–40 and (60–40)J blends
were very similar with a very slight increment of the volume variation for the (60–40)J
blend. In this case the micromechanical behavior was probably ascribable to the different
morphology of the 60–40 blend that, being co-continuous, did not show dispersed PBSA
particles into the PLA matrix.
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Figure 11. SEM micrographs made at the surface of tensile specimen cryo-fractured along the draw direction: (a) 80–20;
(b) (80/20)J; (c) 60–40; (d) (60/40)J.

4. Conclusions

In this study, PLA/PBSA binary blends with different PBSA contents (from 5 up
to 40 wt.%) were investigated from a rheological, thermal and mechanical point of view.
To the blends (80–20 and 60–40), that presented a higher value of impact resistance and
elongation at break, 2 wt.% of an epoxy oligomer (EO) as compatibilizer was added. The
two blends also presented different morphologies: the 80–20 blend possesses a morphology
where the PBSA particles are dispersed within the PLA matrix, while the 60–40 blend
shows a co-continuous structure.

From the thermal properties point of view, no significant variations were observed
caused by the EO addition, whereas, as could be expected, the interaction created by EO
produced an increment of the melt viscosity.

However, the most interesting results were observed from the micro and macro
mechanical analysis. The mechanical results showed that the Charpy impact resistance
value (high speed test) and the Jlim (energy absorbed from the specimen at the moment of
the crack propagation in slow-rate test conditions) are higher for the 60–40 blends having
a co-continuous morphology. However, for this 60/40 blend the EO addition does not
significantly alter the mechanical response. In fact, dilatometric tests show that for the
60/40 blend the micromechanical response is of the deviatoric type and the morphology,
investigated at the surface of cryo-fractured tensile specimen along the draw direction,
was comparable.

On the other hand, the 80/20 blend was significantly affected by the presence of
EO. The micromechanical response passed from a cavitational response to a deviatoric
one, probably induced by the marked change in the dispersed phase morphology with
the EO addition and the higher complexity of macromolecule structure generated by the
reactive processing.
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The systematic study described in this paper was thus useful for a better knowledge
of thermo-mechanical behavior of PLA blends containing up to 40% of PBSA.

Moreover, the EO used in the present paper resulted in being quite useful in effectively
modulating melt viscosity and this is necessary not only for adapting the material to
several processing methodologies, but also as compatibility enhancer, impacting positively
the mechanical performance. However, this additive is not biobased and biodegradable.
Hence in the future it could be important to replace it with biobased and biodegradable
ones, to grant a full circularity of the material by keeping into account both its origin and
final disposal.
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Abstract: In this paper, creep measurements were carried out on poly(lactic acid) (PLA) and its blends
with poly(butylene succinate-adipate) (PBSA) to investigate the specific micromechanical behavior of
these materials, which are promising for replacing fossil-based plastics in several applications. Two
different PBSA contents at 15 and 20 wt.% were investigated, and the binary blends were named
85-15 and 80-20, respectively. Measurements of the volume strain, using an optical extensometer,
were carried out with a universal testing machine in creep configuration to determine, accompanied
by SEM images, the deformation processes occurring in a biopolymeric blend. With the aim of
correlating the creep and the dilatation variation, analytical models were applied for the first time in
biopolymeric binary blends. By using an Eyring plot, a significant change in the curves was found,
and it coincided with the onset of the cavitation/debonding mechanism. Furthermore, starting from
the data of the pure PLA matrix, using the Eyring relationship, an apparent stress concentration
factor was calculated for PLA-PBSA systems. From this study, it emerged that the introduction of
PBSA particles causes an increment in the apparent stress intensity factor, and this can be ascribed to
the lower adhesion between the two biopolymers. Furthermore, as also confirmed by SEM analysis,
it was found that debonding was the main micromechanical mechanism responsible for the volume
variation under creep configuration; it was found that debonding starts earlier (at a lower stress level)
for the 85-15 blend.

Keywords: binary blends; creep; micromechanics

1. Introduction

Physical polymeric blends, constituted by a rubbery phase embedded in a more rigid
matrix, are a long-lasting route for the preparation of new materials with a modulated
balance of properties [1]. The advent of biobased and biodegradable polymers could
positively affect the environmental profile of products, thanks to an improved carbon
neutrality with respect to fossil-based counterparts and a more environmentally friendly
end of life [2–4]. The increased interest towards biopolymers has resulted in a revival of
blending technology and, in order to exploit their potential and enter new markets, the
study of these materials is at the center of scientific research [5]. Improved knowledge of
the mechanical behavior of biobased materials is fundamental for better exploiting their
peculiar properties and comparing them with fossil-based ones, favoring the replacement
of the latter in several application sectors.

In this context, it is beneficial to investigate micromechanical deformation processes
that occur in physical polymeric blends, knowing that external stresses can be the cause of
the starting point of numerous micromechanical deformation processes that play a critical
role regarding the failure of pure heterogeneous systems [6]. The two basic micromechani-
cal deformation processes in pure polymers are shear yielding and crazing [7], while in
multiphase systems, it can also be active debonding and cavitation [8]. The debonding
mechanism involves the formation of cavities/voids at the interface between the rubber
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phase and the matrix, while void formation occurring internally to the rubber particles is
known as cavitation [9]. The expansion of the cavities occurs when the volumetric strain
energy is greater than that required for the creation of the void surface area [10]. The
parameter governing the cavitation or debonding mechanism is the value of the poly-
mer/rubber interfacial adhesion: high adhesion values contribute to the internal cavitation
of the rubber particles, while low values contribute to the debonding mechanism [11]. It
is important to state that micromechanical deformations are competitive processes, the
prevailing one is determined by the inherent properties of the matrix polymer and by local
stress distribution [12]. The role and importance of void formation within or around the
rubber particles in polymer blends are still not clear, but they have been at the center of
academic interest in material science [13–16]. On the basis of energy balances, Lazzeri and
Bucknall [17,18] developed the idea that cavitation/debonding of rubber particles arises
at the crack tip and can be the cause of dilatational shear yielding and/or crazing in the
matrix. The following matrix distortion is not homogeneous and becomes highly localized
due to the formation of bands of voids and sheared material called “dilatational shear
bands” or more simply “dilatational bands”. The effect of cavitation is a local decreasing of
the bulk modulus and hydrostatic stress components near the void and a corresponding
growth of the stress deviatoric component. Higher elastic energy may then cause a faster
advance of shear bands and, thus, a larger plastic zone form is attained [19].

In order to understand the micromechanical deformation processes that occur in
particular polymeric blends, measurements and analysis of the volume change during
uniaxial tensile or creep tests can lead to a better understanding of the deformation phenom-
ena [20,21]. In particular, the theories existing in literature state that during shear yielding,
the volume of the sample remains constant, while crazing, debonding, and cavitation are
characterized by the increase in volume strain [22]. To make a “quantitative evaluation” of
the deformation mechanisms effective in rubber-toughened systems, dilatometric studies
of tensile creep have been carried out as function of the tensile stress or strain prior to
fracture [23].

During uniaxial tensile testing, after that the rubber particles generate voids (by
cavitation and or debonding), the voids elongate as the specimen extends. Generally,
debonding or cavitation occurs before yielding [24]. The void growth mechanism is
a second and successive deformation process that causes great differences in volume
variation. Since this process occurs after yielding and it is in common to both cavitation
and debonding phenomena, very interesting are creep studies in which different stress
levels (below the yield stress) are investigated in order to identify the stress level for which
the debonding or cavitation process begins.

In tensile creep experiments, the onset of dilatational yielding goes with a rapid
increase in deformation; for this reason, the void volume will increase with strain in
addition to the volume change of the matrix itself [20]. To avoid the drawbacks of me-
chanical extensometers, which include range limitations, recently video-controlled tensile
testing equipment has been developed by G’Sell et al. [25,26] to optically evaluate the
volumetric strain.

The abovementioned important concepts have been tested and developed on con-
ventional polymeric systems; however, to the best of our knowledge, they have not been
extensively explored on biopolymeric blends. In particular, coupling between the dilato-
metric volume measurement with an optical system performed in real time during creep
tests of a biopolymeric blend is a novelty.

The present paper, starting from one of the author’s own experience [27,28], aimed to
explore the micromechanical deformation mechanisms of blends based on polylactic acid
(PLA) and polybutylene succinate adipate (PBSA). These blends were recently considered
for their potential use in packaging and personal care/sanitary applications [29], hence,
in sectors where products have a short life thus highly contributing to the production of
enormous amounts of waste [30]. In this paper, two formulations were studied in which
PBSA was introduced at 15 and 20 wt.%, respectively.
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Krishnan et al. [31], LeBarbe [32], and Nagarjan et al. [33] published exhaustive reviews
regarding the problem of PLA toughening and the necessity of increasing the ductility
without losing too many of the characteristics that make PLA interesting, i.e., high elastic
modulus, good processability, high tensile strength (without forgetting biodegradability
and biobased content).

In any case, while different researchers have investigated PLA toughened with
biodegradable rubber, in which they stated that certainly the size of the dispersed particles,
together with the quality of interfacial adhesion, determines the final toughening effect
in PLA [34–40], only a few papers studied the short-time creep behavior of PLA-based
blends [41–43], and none of them addressed the issue of relating micromechanical de-
formation phenomena with volumetric dilatometric variations from creep tests. For this
reason, in this work, measurements of the volume strain, using an optical extensometer,
were conducted with a universal testing machine in creep configuration to determine,
accompanied by SEM images, the micromechanical deformation processes involved in a
biopolymeric blend system.

Analytical models were also applied in order to correlate the creep to the dilatation
variation; in particular, the Andrade equation [8] was applied and the b parameter for the
polymeric systems was calculated. Plotting the log b against the applied stress, using an
Eyring plot, a significant change in the curves was found, and it coincided with the onset of
the cavitation/debonding mechanism. Furthermore, knowing the data of the pure matrix,
from the Eyring relationship, the apparent stress concentration factor was calculated for
the PLA binary blends with 15 and 20 wt.% of PBSA.

2. Theoretical Analysis and Theoretical Background

Creep rupture of a polymer is the result of combined events (such as viscoelastic
deformation, primary and secondary bond rupture, shear yielding, crazing, void formation
and growth) and fibril breakdown with intrinsic and extrinsic flaws, leading to fracture. In
the case of polymer blends or composites, the interfacial strength and morphology must
also be taken into account [44]. According to the creep curves (creep strain (ε) vs. creep time
(t)), in polymers, four stages can be considered [45]: (I) the first stage of instantaneous
deformation (ε0), (II) the second stage named primary creep (ε1), (III) the third stage named
secondary or transient creep (ε2) in which the creep rate reaches a steady-state value, and
the fourth stage (IV) (ε4) in which the creep rate increases abruptly and the final creep
rupture occurs. Transient creep of many materials (including polymeric materials) obeys
Andrade’s law in which creep strain is proportional to the cube root of time according to
the following equation [46–48]:

ε(t) = ε(0) + bt
1
3 (1)

where ε(0) is the time independent instantaneous elongation due to the elastic or plastic
deformation of polymer once the external load is applied; b is a function of stress and
temperature. The validity of the Andrade’s approach can be easily verified by plotting
in the region of the transient creep, ε(t) against t1/3, and checking if the data align on a
straight line. If the data fits the model, the b parameter can be thus obtained, because it is
equal to the angular coefficient of the straight line.

If the b parameter is known, it can be related to the activation volume according to the
following Eyring relationship [48]:

b = Q exp
(

γVσ

kBT

)
(2)

where Q is a constant, γ is a stress concentration factor, V is the activation volume for
the deformation process, kB Boltzmann’s constant, and T the temperature. Making the
assumption that in the absence of rubber particles (or other stress-concentrating additives
like rigid fillers), γ = 1 and the activation volume can be easily calculated for the pure
matrix. Once the activation volume is obtained, the variation in the apparent stress
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concentration factor induced by the addition of the rubber particles to the matrix can be
obtained following the procedure explained in [48].

In [8], it was shown that Eyring plots of log b against applied stress were linear for
the pure polyamide (PA66), but for the rubber toughened polyamide (RTPA66), it showed
a sharp increase in d log b/dσ, where significant dilatation begins. Matching the results
of creep tests and scanning electron micrographs, it was concluded that this cavitation
accelerates shear yielding in the nylon matrix. The main explanation for this behavior
was correlated with the energy-balance model for cavitation combined with the modified
version of Gurson’s equation for dilatation at yielding. According to the energy-balance
model, the critical volume deformation Δv

c above which a particle can cavitate can be
determined by Equation (3) [18]:

Δc
v = 4

(
4Γ

3KrD

)3/4
(3)

where Γ is the surface energy of the rubber, D the particle diameter, and Kr the rubber bulk
modulus. When a rubber-toughened material is subjected to an external load, during the
earlier stages of deformation, the hydrostatic component of the stress in the material starts
to build up and, at a certain point, the biggest particles will start to cavitate and/or to
debond. In this initial stage, voids will appear randomly, but their presence significantly
affects the yielding and fracture behavior of polymers. If the particles cavitate, Lazzeri and
Bucknall [17,18] proposed a modified version of the Gurson yield function [49] to account
for the effects of cavitation on the yielding behavior of rubber-toughened polymers:

σ2
e = σ2

φ

[(
1 − μσm

σφ

)
− 2 f q1 cosh

(
3q2σm

2σφ

)
+ (q1 f )2

]
(4)

where σφ = σ0 (1 − q1φ) is the effective stress at yield for a rubber-toughened polymer
containing a volume fraction φ, when the mean normal stress σm and the void content
f are both zero. In this equation, σm is the yield stress of the pure matrix at σm = f = 0.
The factors q1 = 1.375 and q2 = 0.927 were introduced to improve the fit between Gurson’s
predictions and data from numerical analysis [19]. Following dilatational yielding, the
measured activation volume Vm increases with the volume fraction of voids, f, according
to the following relationship:

Vm = V(1 + 2 f ) (5)

This equation shows that the presence of voids significantly affects the rate of yielding
as indicated by the increase in apparent activation volume.

If the dominating micromechanical deformation process is the rubber particle debond-
ing, the stress necessary to initiate debonding, the number of debonded particles, and
the size of the voids formed can be described by the following equation proposed by
Pukanszky and Voros [12]:

σD = −C1σT + C2

(
WABE

R

) 1
2

(6)

where σD and σT are debonding and thermal stresses, respectively, WAB is the reversible
work of adhesion, and R denotes the radius of the particle. C1 and C2 are constants which
depend on the geometry of the debonding process.

3. Materials and Methods

3.1. Materials

The materials used in this work for the binary blends production were:

• Poly(lactic) acid (PLA), trade name Luminy LX175, purchased from Total Corbion PLA.
It is a biodegradable PLA, derived from natural resources, that appears as white spher-
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ical pellets. According to the datasheet producer, this PLA contains approximately
4% of D-lactic acid units and can be used alone or blended with other polymers or
additives for the production of suitable blends and composites. This PLA grade can be
processed easily on conventional equipment for film extrusion thermoforming or fiber
spinning (density: 1.24 g/cm3, melt flow index (MFI) (210 ◦C/2.16 kg): 6 g/10 min);

• Poly(butylene succinate-co-adipate) (PBSA), trade name BioPBS FD92PM, purchased
from Mitsubishi Chemical Corporation, is a copolymer of succinic acid, adipic acid,
and butandiol. It is a soft and flexible semicrystalline polyester that can be blended
in extruder with other polymers but can be also processed by blown and cast film
extrusion (density of 1.24 g/cm3, MFI (190 ◦C, 2.16 kg): 4 g/10 min).

3.2. Methods
3.2.1. Blends and Samples Preparation

Two different binary blends compositions containing, respectively, 15 and 20 wt.%
PBSA (see Table 1 for the blends’ names and compositions) were produced in pellets using
a Comac EBC 25HT (L/D = 44) (Comac, Cerro Maggiore, Italy) twin screw extruder. The
samples were named PLA (pure PLA), 85-15 (blend of PLA and PBSA 85/15 by weight)
and 80-20 (blend of PLA and PBSA 80/20 by weight). Before the extrusion the materials
were dried for 12 h in a DP 604–615 dryer (Piovan S.p.A., Verona, Italy). PLA granules were
introduced into the main extruder feeder, while PBSA granules were fed into a specific side
feeder. The temperature profiles of the extruder (11 zones) used for blends preparation
were 150/175/180/180/180/185/185/185/185/185/190 ◦C, with the die zone at 190 ◦C.
A screw rate of 300 rpm and a total mass flow rate of 20 kg/h were set. The strands coming
out from the extruder were rapidly cooled in a water bath and then cut into pellets by an
automatic knife cutter. All pellets were finally dried again at 60 ◦C.

Table 1. Injection molding conditions.

Parameters PLA 85-15 80-20

Temperature profile (◦C) 180/185/190 180/185/190 180/185/190
Mold temperature (◦C) 70 60 55

Injection holding time (s) 5 5 5
Cooling time (s) 15 15 15

Injection pressure (bar) 90 80 80

After the extrusion, the extruded pellets were injection molded in a Megatech H10/18
injection molding machine (TECNICA DUEBI s.r.l., Fabriano, Italy) to obtain ISO 527-1A
dog-bone specimens (width: 10 mm, thickness: 4 mm, length: 80 mm) for tensile tests. From
the injection molding parameters (Table 1), it can be observed that the same temperature
profile was adopted for all blends as well as the same cooling time was set. The mold
temperature was also lowered progressively with the increasing amount of PBSA from
70 ◦C for pure PLA to 55 ◦C for 80-20. The PBSA addition causes a decrement in viscosity
that results in a lowering of the injection pressure [28].

3.2.2. FT-IR Characterization

Infrared spectra of pure PLA, PBSA, and PLA/PBSA blends were recorded in the
550–4000 cm−1 range using a Nicolet 380 Thermo Corporation Fourier Transform Infrared
(FTIR) Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with smart
Itx ATR (attenuated total reflection) accessory with a diamond plate. Two hundred and
fifty-six scans at a 4 cm−1 resolution were collected. The analysis was performed on the
material sampled on the gate region of injection molded specimens.

3.2.3. Mechanical Characterization

Tensile and creep tests were carried out on ISO 527-1A dog-bone specimens using
an MTS Criterion model 43 universal testing machine (MTS Systems Corporation, Eden
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Prairie, MN, USA) equipped with a 10 kN load cell and interfaced with a computer
running MTS Elite Software. Tests were conducted, at room temperature, 3 days after the
injection molding process and during this time the specimens were stored in a dry keeper
(SANPLATEC Corp., Osaka, Japan) at a controlled atmosphere (room temperature and
50% humidity).

For standard uniaxial tensile tests, at least ten specimens for each blend composition
were tested at a constant crosshead speed of 10 mm/min. The average values of the main
mechanical properties were reported.

In order to investigate the nature of the deformation process, constant-load creep tests
were carried out at room temperature at different stress levels, below the yield stress value,
from 10 up to 40 MPa. The initial load for obtaining the set stress was reached by subjecting
the specimen to uniaxial test at a speed of 10 MPa/min and, subsequently, maintaining
the applied load for 8 h. Once the desired load was reached, the variation in deformation
over time was recorded. Furthermore, to estimate the volume change that occurred
during the creep test, transversal and axial specimen elongation were recorded with a
video extensometer (Genie HM1024 Teledyne DALSA camera) interfaced with a computer
running ProVis Software (Fundamental Video Extensometer) which, in turn, is interfaced
with the MTS Elite Software. The volume strain (ΔV/V0) was calculated, assuming equal
the two lateral strain components, according to the following equation [20,50,51]:

ΔV
V0

= (1 + ε1)(1 + ε2)
2 − 1 (7)

where the volume variation is ΔV, the starting volume is V0, ε1 is the axial (or longitudinal)
strain, and ε2 is the lateral strain.

In order to verify the reproducibility of the results obtained, at least 3 tests for stress
level were carried out for each formulation.

3.2.4. Optical Analysis

The fracture surface of the specimens subjected to creep offers reliable information
about the micromechanical deformations that occurred during the creep tests. Conse-
quently, some specimens, appropriately selected at certain stress levels, were cold fractured
along the tensile direction. The fracture surfaces, coated prior with a thin layer of platinum
to avoid charge build up, were investigated by an FEI Quanta 450 FEG (Thermo Fisher
Scientific, Waltham, MA, USA) scanning electron microscope (SEM).

4. Results

After the preparation of the specimens for investigation regarding creep behavior, the
blends and the pure polymers were characterized by infrared ATR spectroscopy (Figure 1).

The pure PLA showed an infrared spectrum with main bands at 2996 and 2946 cm−1

(stretching C–H), 1746 cm−1 (stretching C=O), 1180 cm−1 (stretching C–O–C), and 1082 cm−1

(stretching O–C–C–) [52,53]. PBSA, being, like PLA, an aliphatic polyester, showed similar
bands, but shifted at lower wavenumbers because of the higher macromolecular flexibil-
ity of PBSA [54], being 2943, 2867, 1725, 1161, and 1043 cm−1, respectively. The blends
PLA/PBSA 85/15 and 80/20 blends showed a spectrum much more similar to pure PLA,
but some differences could be noticed. In the blend, the main stretching C=O band at
1746 cm−1 showed a shoulder at lower wavenumbers attributable to the presence of the
C=O stretching band of PBSA. Moreover, a similar trend could be observed for the band
at 1180 cm−1, showing a shoulder at lower wavenumbers due to the overlapping of the
1161 cm−1 band of PBSA. The 955 cm−1 was more intense in blends because PBSA showed
this band, attributable to the –C–OH bending in the carboxylic acid groups of PBS [55]
or vinyl esters [56] more intense than PLA. Moreover, the band at 806 cm−1 (present in
the spectrum of pure PBSA at 840 cm−1) was attributable to the presence of vinyl ester
moieties [57]. In general, the ATR evidence resulted in good agreement with the selected
compositions of PLA/PBSA blends.
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Figure 1. (a) ATR spectra of pure PLA and PBSA; (b) ATR spectra of PLA-PBSA blends.

In particular, the infrared characterization did not show any evident chemical change
in the two polymers; this is can be ascribed to the very short processing time. In fact,
significant transesterification occurs in the presence of proper catalysts and for processing
times longer than 10 min [58]. Moreover, in the literature, it has been observed by Ding
et al. [59] that the formation of copolymers between PLA and PBSA during extrusion and
injection molding can be considered negligible. In addition, any eventual degradation
during processing can be excluded due to the processing temperature adopted that did
not overcome 190 ◦C. For the pure polymers and their blends, in fact, it was observed
that the onset temperature for pure PLA was 274 ◦C, and the temperature at which the
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maximum degradation rate was reached (inflection point) was 354.5 ◦C; while for PBSA,
these two temperatures were shifted at 301 and 401 ◦C, respectively, indicating a higher
thermal stability for this polymer [60–62].

From the tensile tests (reported in Table 2), it can be observed that the addition of
PBSA makes the material more ductile. Pure PLA is a fragile material characterized by
an elevated modulus of 3.58 GPa, a high tensile strength of 62 MPa, and a low elongation
at break (3.6%). The mechanical results are in accordance to what can be observed in the
literature [28,62,63]; the introduction of the rubbery PBSA phase at 15 and 20 wt.% led to a
decrement in the Young’s modulus and tensile strength counterbalanced by an increment
of the elongation at break. These trends are more marked where the PBSA content was
higher (20 wt.%). With the addition of PBSA, the material yielded with the appearance of
the neck that propagated along the gauge length.

Table 2. Tensile tests results.

Blend Name Young’s Modulus (GPa) Stress at Break (%)
Elongation at

Break (%)
Yield Stress (MPa)

Elongation at
Yielding (%)

PLA 3.58 ± 0.04 61.58 ± 0.87 3.57 ± 0.23 - -
85-15 2.89 ± 0.02 20.56 ± 1.35 62.71 ± 16.63 55.05 ± 0.66 4.18 ± 0.04
80-20 2.75 ± 0.07 19.51 ± 0.49 71.67 ± 11.92 51.07 ± 0.86 4.12 ± 0.11
PBSA 0.25 ± 0.04 23.4 ± 0.55 898.92 ± 21.03 16.6 ± 0.22 29.02 ± 0.23

Standard creep curves at different stress levels are reported in Figure 2.
At stresses of 10 and 20 MPa, all the specimens did not break during the test time

interval (set at 8 h). However, when increasing the PBSA content, the creep resistance
decreased. In fact, pure PLA did not break even at 30 MPa, while the 85-15 and 80-20
blends began to break (8 h before) already at 30 MPa. Moreover, at the same stress level
applied, the time at which breakage occurred decreased with the increase in the rubber
content.

The results of the volume variations recorded after that the specimens reached the set
stress levels (reported in Figure 3) showed an almost linear variation in the volume change
with time. The volume variation at time zero (ΔV/V0,i) corresponded to the intercept of
the y-axis in the ΔV/V0 vs. the axial strain curve. ΔV/V0,i can be linked to the volume
variation caused by the instantaneous elastic deformation of the specimen at the selected
stress level applied. Increasing the stress level, the instantaneous volume change increased
in accordance with the increment in the instantaneous elongation.

The volume change did not increase proportionally with the rubber content but, on the
contrary, a greater volume variation was encountered for the 85-15 blend. This trend can
be observed both from Figure 3 but also from the volume variation at time zero reported
in Table 3 in which the slopes of the straight lines passing through the experimental
data are also reported. For pure PLA, the slope remained almost constant with a slight
increment with the stress level. For the 85-15 and 80-20 blends, at higher stresses, the
volume strain increased more rapidly with higher slopes values. The introduction of PBSA
made a substantial contribution to the dilatational processes that were more marked for
the 85-15 composition.

In order to better understand the volume variation curves, it is necessary to investigate
deeper the micro-mechanics of the deformation process and how the PBSA addition
influences the micromechanical behavior of the binary blend.

For all compositions, it can be observed in Figure 4 that the linear region of the creep
curves can be estimated, with a good fitting, by the Andrade equation (Equation (1));
consequently, for all the stress levels applied, the Andrade b parameter for pure PLA and
its binary blends can be obtained, making the linear regression of the ε(t) against t1/3 plots.
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Figure 2. Axial elongation vs. time (creep curves) curves of pure PLA (a), 85-15 (b), and 80-20 (c) for
different applied stresses from 10 to 45 MPa.

31



Polymers 2021, 13, 2379

Figure 3. Volume variation vs. axial strain curves (dilatometric curves) of pure PLA (a), 85-15 (b),
and 80-20 (c).
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Table 3. Volume variation at time zero and the slopes of the ΔV/V0 vs. the axial strain curve at
different stress levels.

Blend Name ΔV/V0,i (%)
Slope of the ΔV/V0 vs.

Axial Strain Curve
Stress Level

(MPa)

PLA

0 0.5 10
0.59 0.55 20
0.88 0.61 30
1.29 0.65 35
1.43 0.66 40
1.59 0.78 45

85-15

0.12 1.03 10
0.8 1.05 20
1.21 1.14 30
1.6 1.22 35
1.94 1.24 40
2.93 2.22 45

80-20

0.02 0.63 10
0.76 0.72 20
0.94 0.83 30
1.79 1 35
2.01 1.04 40
2.03 2.04 45

Applying the Eyring relationship (Equation (2)) between the applied stress, σ, and
the b parameter, interesting results can be obtained plotting (Eyring plot) log b against the
applied stress, σ. It can be observed from Figure 3, that the Eyring plot for pure PLA gives
a straight line in accordance with the Eyring model for stress activated flow. This result is
also in accordance to what was observed for pure PA66 in a rubber-toughened polyamide
6,6 system [48]. For pure matrix, due to the absence of rubber PBSA particles, the stress
concentration factor, γ, can be assumed equal to 1, and the activation volume, V, for pure
PLA can be easily obtained from the Eyring plot slope. An apparent activation volume of
0.25 nm3 was obtained.

Under 20 MPa and 30 MPa for the 85-15 and 80-20 blends, respectively, the Eyring
plots behaved in a similar manner to pure PLA (following Equation (2)) but with a slightly
increased slope. An explanation for this behavior was found to be in accordance with
the literature [48] and was ascribed to the same deformation mechanisms that operate in
both pure PLA and PLA–PBSA blends having the same value of activation volume, V. The
higher slope was ascribed to an increased value of the stress concentration factor, γ. On this
basis, using the value of the activation volume found for pure PLA, the stress concentration
factor for the PLA–PBSA binary blends can be easily obtained from the Eyring slope until
20 MPa and 30 MPa. For the two blends, 85-15 and 80-20, the stress concentration factor
values obtained were very close to each other (γ = 1.15 for 85-15 and γ = 1.16 for 80-20);
consequently, the γ seemed not to be affected directly by the difference in volume variation
observed for the 85-15 and 80-20 blends.

However, a very interesting difference emerged from the Eyring plot (Figure 5) in
which the slope changed for the binary blends occurring at two different stress levels.
A small increase with no slope change could be detected over the lower range of applied
stress (up to approximately 18 MPa), where, according to the literature [48], shear yield-
ing is the predominant deformation mechanism. The stress level for which the change
in slope took place can be easily identified using a simple geometric construction (the
intersection point is highlighted by the green and orange arrows in Figure 5). The slope
change occurred earlier (close to 20 MPa) for the 85-15 blend, while it occurred later (at
approximately 25 MPa) for the 80-20 blend. The different intersection points, registered
for the two binary blends investigated, were strictly connected to the volume variation
differences encountered for the two types of blends. The intersection point allowed for
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the identification of the stress level for which the micromechanical process of debonding
and/or cavitation starts and contributes to deformation. Based on the results observable in
Figure 5, the debonding and/or cavitation mechanism was apparently activated earlier (at
a lower stress level) for the 85-15 blend.

Figure 4. Andrade equation fittings (axial elongation vs. cubic root time) of pure PLA (a), 85-15 (b),
and 80-20 (c).
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Figure 5. Andrade B parameter in which is highlighted the different slope changes between pure PLA and its blends (85-15
and 80-20).

In fact, it must be taken into account that the creep test was carried out at a constant
rate of 10 MPa/min to achieve the set stress levels. Consequently, a slightly different strain
rate (of approximately 1mm/min) caused by the higher deformability of the blend that
increased with PBSA content was registered. Nevertheless, the application of this method
was extremely useful, because it allowed to highlight the connection between the microme-
chanical processes and their volume variation caused by the introduction of a rubber
dispersed phase into a polymeric matrix. The voids generated by the cavitation/debonding
mechanism caused the increase in the apparent activation volume, since voids allow plastic
flow of the matrix around it more easily than an intact rubber particle. In fact, the bulk
modulus of a rubber particle is very high, while for a void it is zero. Thus, the increased
local strain rate of the polymer matrix was due to the fact that the material was no longer a
“real” continuum on a microscopic scale. The deformation involves a macroscopic volume
increase due to the growth of the voids generated around or inside the rubber particles,
which is favored by the high level of triaxiality, leading to a nonlinear yield curve. In
contrast to the case of a “continuum” polymer, where high levels of triaxiality favor crazing
and cleavage mechanisms over shear yielding, for a “porous” polymer, a high triaxiality
considerably accelerates plastic flow.

In order to confirm the results obtained and to understand if PBSA particles undergo
debonding or cavitation, SEM micrographs (at 8000 X, Figure 6) at the surface of the tensile
specimen, cryo-fractured along the draw direction and at different stress levels, were
carried out.

On the basis of the results obtained in Figure 5, the most significant stress levels were
analyzed. In particular, three stress levels were chosen: (I) 10 MPa, which was the lowest
value for which both the binary blends underwent the same deformation mechanism and
no deviation in the Eyring’s slopes occurred; (II) 30 MPa in which the slope variation
occurred for both 85-15 and 80-20; (III) 45 MPa, which was the highest stress level tested
and for which the micromechanical deformation process should be more marked.
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Figure 6. SEM micrographs made at the surface of tensile specimen cryo-fractured along the draw direction at different
creep stress levels.

From the SEM images shown in Figure 6, it emerges that the PBSA particle size in-
creases with the PBSA content, in agreement to what is also observed in the literature [28].
At 10 MPa, for both blends, neither cavitation nor debonding of the PBSA particles ap-
peared. At this stress level, only shear yielding took place. The fracture surfaces were
characterized by well dispersed PBSA spherical particles that were well attached into
the PLA matrix. The matrix showed signs of deformation caused by the creep test with
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greater matrix deformation occurring for the 80-20 composition in which the rubber amount
was higher.

At 30 MPa, it was evident that the micromechanical deformation that occurred was
caused by the debonding of the PBSA particles. Clear visible voids around the PBSA
particles could be distinguished. At 30 MPa, therefore, despite 80-20 having a higher PBSA
content, the 85-15 blend had the greatest number of particles that underwent debonding.
This result is in agreement to what emerged from the Eyring’s plot; in fact, for the 85-15
composition debonding started at a lower stress level, generating at 30 MPa a greater
number of debonded particles. By increasing the stress level of the creep test (up to 45 MPa),
debonding continued to be the main micromechanical deformation mechanism for both
the binary blends. Increasing the stress level, the quantity of particles that underwent
debonding also increased.

5. Conclusions

Over the last years, there has been a growing interest toward biobased and biodegrad-
able polymers that show a more environmentally friendly end of life and, at the same time,
are able to improve carbon neutrality when compared to their fossil-based counterparts. In
order to improve the physical and mechanical properties of these biopolymers, a blending
technique is fundamental. For this purpose, a better knowledge of the micromechanical
deformation processes of these new biopolymeric blends is fundamental in order to better
exploit their peculiar properties, favoring the replacement of their fossil-based counterparts
in several application sectors.

Despite different studies that can be found in the literature on biopolymeric blends,
an in-depth investigation of micromechanical mechanisms has not yet been considered.
In this study, poly(lactic acid) (PLA) and poly(butylene succinate-adipate) (PBSA) blends
were investigated with a PBSA content of 15 and 20 wt.%, respectively (named 85-15
and 80-20). Measurements of the volume strain, using an optical extensometer, were
carried out with a universal testing machine in creep configuration trying to determine,
accompanied by SEM images, the micromechanical deformation processes involved in
the biopolymeric blend systems. Analytical models were also applied to correlate the
creep to the dilatation variation; in particular, the Andrade equation was applied and the b
parameter for the polymeric systems was calculated. Plotting the log b against the applied
stress, using an Eyring plot, a significant change in the curves was found. The binary
blends, in fact, showed a sharp increase in dlogb/dσ where significant dilatation began.
The point at which the slope change occurred reasonably coincided with the onset of the
cavitation/debonding mechanism. For both binary blends, the SEM analysis evidenced
that the starting micromechanical deformation mechanism responsible for the volume
increment was due to the PBSA debonding.

Another interesting result obtained by applying the Eyring relationship was the
calculation (knowing the data of the pure PLA matrix) of the stress concentration factor;
it emerged that the second PBSA phase acts as a stress concentrator, probably due to
the presence of weak interfaces between PLA and PBSA that are also responsible for the
debonding mechanism.
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Abstract: In this work biocomposites based on plasticized poly(lactic acid) (PLA)–poly(butylene
succinate-co-adipate) (PBSA) matrix containing wheat bran fiber (a low value by-product of food
industry) were investigated. The effect of the bran addition on the mechanical properties is strictly
correlated to the fiber-matrix adhesion and several analytical models, based on static and dynamic
tests, were applied in order to estimate the interfacial shear strength of the biocomposites. Finally, the
essential work of fracture approach was carried out to investigate the effect of the bran addition on
composite fracture toughness.

Keywords: biocomposites; natural fibers; poly(lactic acid) (PLA); fracture mechanics

1. Introduction

In the last years a growing interest towards the development of new advanced bio-
based polymeric products that are sustainable, eco-friendly, eco-efficient and biodegradable
has arisen for proposing valid alternatives in the global market, that is at present mainly
dominated by petroleum-derived products. Thanks to new governments regulations
not only researchers but also industries are seeking for more ecologically and friendly
materials [1–3]. There are several market branches extremely valuable for biodegradable
plastic materials such as single use items and those applications where collection and
recycling are difficultly achieved, and then for a correct waste management compostability
becomes an advantage; for this reason, it is expected that the biodegradable and biobased
polymer market will increase in the coming years [4,5].

In this context, among biobased and biodegradable matrices which are industrially
compostable and commercially available on the market, poly(lactic acid) (PLA) is one of
the most attractive due to its relatively low production cost compared to other biobased
polymers [6,7]. PLA exhibits very interesting mechanical properties (about 3 GPa as Young’s
modulus, 60 MPa as tensile strength and an elongation at break between 3–6%) [8,9];
however, it also presents some drawbacks to be overcome to reach end-users demands.
In particular, PLA is very stiff and brittle and for this reason the addition of plasticizers
and/or rubber particles is often required to enhance its elongation at break and tensile
toughness [10–13].

An economic and assessed method to tune polymeric matrix properties is the polymers
blending [14]. In literature many flexible biobased polymers have been successfully blended
with PLA such as: poly(butylene succinate) (PBS) [15–17], poly(butylene succinate-co-
adipate) (PBSA) [18–20], polycaprolactone (PCL) [21–23] and poly(butylene adipate-co-
terephthalate) (PBAT) [24,25].
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In this article, on the basis of a previous study [18], a PLA/PBSA blend containing 60
wt.% of PLA and 40 wt.% of PBSA was selected as matrix due to its good flexibility and
fracture properties. To this binary blend a by-product natural filler has been added. It is
generally expected that the main address for a composite material is to exhibit enhanced
physical and mechanical properties when it is compared to its individual components [26].
Nevertheless, in the case of very short fiber or particulate composites, the fibers cannot bear
efficiently the load and their randomly orientation does not allow specific reinforcements
along the fibers direction. In this case the benefit is related to the cost savings, lighter
product weight, valorization of waste products and degradability promotion (in particular
the final product disintegration) [27–31].

In response to the demand for extending biobased polymers applications while reduc-
ing the final materials cost, different studies are present in literature where the incorporation
of low-cost and highly-available natural fillers and short fibers (derived from agricultural
and or industrial waste) into a biobased polymeric matrices has been investigated [32–35].
More research is ongoing to optimize the valorization of agriculture residues as fillers in
bio-composites. At this purpose, due to the large amount of grain by-products generated by
the main food production, bran is very interesting due to its low cost and wide availability
and it is a relevant cellulosic based filler for bioplastic production [36–39].

To improve the filler dispersion in the polymeric matrix and at the same time to
counterbalance the stiffening effect caused by the bran addition, also improving the pro-
cessability, a plasticizer was added. In particular, Triacetin was added considering the
very interesting results found in literature in which Triacetin was added as plasticizer in
natural fiber composites [40–42]. Ibrahim et al. [1], for example, demonstrated that PLA
biocomposites with good mechanical and thermomechanical properties can be obtained
using kenaf bast fiber as reinforcement and Triacetin as plasticizer. Furthermore, Pelegrini
et al. [43] observed that Triacetin is a good processing aid and coupling agent that does not
influence negatively the PLA biocomposites degradation.

In this study, after a preliminary characterization of wheat bran in which its granu-
lometry and aspect ratio was determined; the effect due to the addition of different bran
amount (from 10 to 30 wt.%) in a PLA/PBSA based polymeric matrix (plasticized with a
fixed amount of Triacetin) was studied. Analytical models were applied in order to predict
the mechanical characteristics and the interface adhesion between fibers and matrix that is
fundamental to understand the interactions existing between the bran particles and the
surrounding matrix. The mechanical properties, in fact, are connected to the fiber and
matrix strengths, to the fibers distribution and to the interfacial shear strength (IFSS or
τ) [6,27,44,45]. The last parameter, IFSS, is strictly related to different factors such as the
interface thickness, the adhesion strength and the energy surface filler [27,46,47]. An IFSS
good evaluation was obtained by the application of analytical models based on static and
dynamical mechanical tests. Furthermore, for the first time for this biocomposites typology,
the fracture toughness and crack resistance were investigated by the essential work of
fracture (EWF) approach [48].

2. Theoretical Analysis

Two analytical approaches were followed: one based on the application of analytical
models taking the data from the static tensile tests, and one taking the data from dynamical
mechanical tests.

2.1. Analytical Predictive Model Based on Static Tests

For rigid fillers and for ultra-short fibers composites the effect of the fiber content cor-
related to the fiber/matrix adhesion on the composite stress at break lies among two limits
called upper and lower bound [49]. Where low adhesion exists, the load is sustained only
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by the polymeric matrix and a simple expression (derived by Nicolais and Nicodemo [50])
can be written (Equation (1)):

σc = σm

(
1 − 1.21 V

2
3
f

)
(1)

In Equation (1) σc and σm are, respectively, the composite strength and the matrix
strength while Vf is the filler volume fraction. This equation represents the lower bound for
the prediction of the tensile strength of not well bonded particulate filled composites. On
the other hand, the upper bound can be obtained considering that the filler decreases the
load bearing capacity of the matrix (Equation (2)) [49,51].

σc = σm

(
1 − Vf

)
(2)

Pukanszky et al. [52,53] provided an empirical relationship for composites strength
prediction (Equation (3)) where an empirical constant, named B, was correlated to: the
particles surface area, particles density and interfacial bonding energy. However, the B
parameter does not provide a numerical value of the interfacial shear stress (MPa), it is
able to give information about the filler/matrix adhesion. In fact, a value of B equal or very
close to zero corresponds to poor interfacial bonding where the fillers will not carry any
load.

σc = σm
1 − Vf

1 + 2.5Vf
exp

(
BVf

)
(3)

By writing Equation (3) in a linear form (Equation (4)), is obtained a linear correlation
where the interaction parameter, B, corresponds to the slope of the Pukánszky’s plot
(obtained plotting the natural logarithm of Pukánszky’s reduced strength, σred, against the
volume filler fraction).

lnσred = ln
σc

(
1 + 2.5Vf

)
σm

(
1 − Vf

) = BVf (4)

Lazzeri and Phuong [54] correlated the Pukánszky’s interaction B parameter with
the interfacial shear stress (IFFS). In particular, for composites having a length below the
critical length (Lc) the failure of the composite occurs by plastic flow of the matrix and the
interfacial shear strength (IFSS) can be calculated with the following expression:

τ (or IFSS) =
2σm(B − 2.04)

η0ar
(5)

where η0 is the fiber orientation factor, ar is the fibers aspect ratio. In the case of particulate
fillers the fibers orientation factor and the fibers aspect ratio can be taken equal to one; for
very short aspect ratio fibers (such as those used in this work), a randomly fiber orientation
can be considered and a value η0 = 3/8 can be taken [27,55]. It is evident, from Equation (5),
that the IFSS is directly proportional to B and 2.04 is the lower limit for the IFSS estimation.

2.2. Analytical Predicitve Model Based on Dynamic Tests

The interfacial strength between the polymeric matrix and the different volume content
of wheat bran added, can be tracked using the so called “adhesion factor” (A). The damping
factor (tanδ), obtainable from DMTA tests, is an indicator of the material molecular motions.
Thanks to its estimation it is possible to have an idea of the fiber-matrix interfacial bonding.
The adhesion parameter was introduced by Kubat et al. [56] starting on the assumption
that the mechanical loss factor (tanδc) of the composite can be given as follows (Equation
(6)):

tanδc = Vf tanδ f + Vitanδi + Vmtanδm (6)

43



Polymers 2022, 14, 615

where the subscripts f, i, and m subscripts denote the filler, the interphase, and matrix;
while Vf is the volume filler fraction. Making the assumption that the volume fraction of
the interphase is rather small (δf ≈ 0), its contribution can be neglected and Equation (6)
can be rearranged as follows [57] (Equation (7)):

tanδc

tanδm
≈

(
1 − Vf

)
(1 + A) (7)

with the “A” term, called adhesion factor. Equation (7) can be rewritten in order to explicit
the adhesion factor as follows (Equation (8)):

A =
1

1 − Vf

tanδc

tanδm
− 1 (8)

Calculating the adhesion factor from DMTA experiments, it is possible to interpret the
interactions between the fillers and the polymeric matrix. Generally, a low value of the
adhesion factor is an indication of good adhesion (or high degree of interaction between the
two phases) due to the reduction of the macromolecular mobility induced by the presence
of the filler [58].

2.3. Essential Work of Fracture (EWF) Approach

In order to characterize the polymers fracture, the linear elastic fracture mechanics
(LEFM) approach is generally adopted. However, the characterization of fracture toughness
by LEFM theory is difficult when relatively ductile polymers are considered due to the
formation of a large plastic zone prior to crack initiation that violates the validity of LEFM
approach. The fracture event of a relatively ductile polymer, having a marked plastic
deformation zone at the crack tip, can be investigated by the essential work of fracture
approach (EWF) originally suggested by Broberg [59] and then developed by Cotterell,
Mai and co-workers [48,60–62]. According to this methodology, the fracture process zone
is divided into two regions: an inner region (where the fracture process occurs) and an
outer region (where the plastic deformation occurs). The total work of fracture follows
this regions division and it can be separated in two contributions: the first contribution is
related to the work spent in the inner fracture zone (work of fracture) and the work spent
in the plastic deformation zone (non-essential work of fracture) [48].

For the application of the EWF theory, two different kinds of specimen can be used:
the single edge notched (SENT) specimen and the double edge notched (DENT) specimen.
Generally, the EWF approach is applied to thin sheets having a thickness between 1 mm
and 0.2 mm [63]; the thickness of the specimen used (1.5 mm), although slightly higher
than the standard range, is very low and consequently an attempt of applying the EWF
approach was maintained.

The SENT specimen configuration illustrated in Figure 1 was adopted.
The total work of fracture, Wf, is defined as:

Wf = We + Wp (9)

where We is the work spent for the formation of two new fracture surfaces and it is spent
during the fracture process and corresponds to the resistance to crack initiation. For specimens
having a given thickness, We is proportional to the ligament length, l (where l = W − a).
In the Equation (9), Wp is a volume energy, it is proportional to l2, and corresponds to the
energy for activating the plastic deformation mechanism antagonists to the crack propagation.
Consequently, Equation (9) can be rewritten in the following form (Equation (10)):

Wf = wetl + βwptl2 (10)
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The specific total work of fracture can be written in the following form:

w f =

(Wf

tl

)
= we + βwpl (11)

where we and wp are the specific essential work of fracture and the specific non-essential
work of fracture, respectively; β is the plastic zone shape factor while t, and l are related to
the specimen geometry and correspond to the thickness and ligament length of the SENT
specimen, respectively.

Figure 1. Schematic diagrams showing the single-edge-notched-tension (SENT).

With the assumption that we is a material constant and wp and β are independent from
the ligament length, it is possible to plot Equation (11) as a straight line in a graph wf vs. l.
Consequently, we can be determined from the intercept of the Y-axis of the wf versus l plot,
while βwp is the slope of the straight line. It must be pointed out that β depends on the
specimen geometry and on the initial crack length so the straight line relationship can be
obtained only if the geometric similarity is retained for all ligaments lengths.

3. Materials and Methods

3.1. Materials

The materials used in this work are listed below:

• Poly(lactic acid) (PLA), trade name Luminy LX175, provided by Total Corbion PLA
(Rayong, Thailand). It is a biodegradable PLA derived from natural resources that
appears as white pellets. This extrusion grade PLA can be used alone or mixed with
other polymers/additives to produce blends/composites on conventional equipment
for film extrusion, thermoforming or fiber spinning (D-lactic acid unit content about
4%, density: 1.24 g/cm3; melt flow index (MFI) (210 ◦C/2.16 kg): 6 g/10 min).

• Poly(butylene succinate-co-adipate) (PBSA), trade name BioPBS FD92PM, was pur-
chased from Mitsubishi Chemical Corporation (Tokyo, Japan) and it is a copolymer
of succinic acid, adipic acid and butandiol. It is a soft and flexible semicrystalline
polyester that appears as matt white pellets (density:1.24 g/cm3; MFI (190 ◦C, 2.16 kg):
4 g/10 min).

• Triacetin (TA), or glycerol triacetate, was purchased from Sigma-Aldrich (St. Louis,
MO, USA). It appears as an oily transparent and odorous liquid and it was used as
biobased and biodegradable food contact plasticizer (CAS number: 102-76-1; den-
sity:1.16 g/cm3; boiling point: 258 ◦C; Mw = 218.20 g/mol).
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• Wheat bran (WB) was provided by WeAreBio organic food; it appears as light brown
powder and was used as filler for the PLA/PBSA plasticized blends formulations
(CAS number: 130498-22-5; apparent density: 0.51 g/cm3; dietetic soluble fibre: 0.93%
(p/p); dietetic insoluble fibre: 19.70% (p/p)).

3.2. SFT-IR Characterization

Infrared spectrum of bran was recorded in the 550–4000 cm−1 range with a Nicolet
380 Thermo Corporation Fourier Transform Infrared (FTIR) Spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with Smart Itx ATR (Attenuated Total Reflection)
accessory with a diamond plate, collecting 256 scans at 2 cm−1 resolutions.

3.3. SEM Analysis

Wheat bran morphology was investigated by scanning electron microscopy (SEM)
with a FEI Quanta 450 FEG instrument (Thermo Fisher Scientific, Waltham, MA, USA). The
bran powder was prior sputtered with a layer of platinum and then observed by SEM. The
metallic layer makes the surface electrically conductive, allowing the electrons to generate
the images. From the SEM images obtained, the dimensional distribution of the wheat
bran powder was also evaluated. More than 200 particles were examined by using ImageJ®

software (National Institutes of Health and the Laboratory for Optical and Computational
Instrumentation, Madison, WI, USA).

In addition, the composites morphologies were investigated by SEM, on a cryogenic
fractured cross-sections of tensile specimens, to evaluate the fiber-matrix adhesion and the
fibers dispersion inside the matrix.

3.4. Samples Preparation

PLA/PBSA blends were prepared using an Haake Minilab II (Thermo Scientific Haake
GmbH, Karlsruhe, Germany) co-rotating conical twin-screw mini-extruder. Before process-
ing the materials were dried in an air circulated oven at 60 ◦C for 1 day. For each extrusion
cycle about 6 g of material, manually mixed with the additives, were fed into the mini
extruder at 190 ◦C and 110 rpm. Subsequently the molten material was transferred, through
a preheated cylinder, to a Thermo Scientific Haake MiniJet Mini-Injection Molding System
for preparation of tensile dog-bone specimens (Haake bar type 3 with gauge dimensions:
25 × 5 × 1.5 mm3). The cylinder temperature was set equal to the extrusion temperature
(190 ◦C) while the mold temperature was set at 50 ◦C. In order to completely fill the mold,
300 bar of pressure for 15 sec was set followed by a post pressure of 200 bar for 4 sec.

The blends compositions are listed in Table 1. On the basis of a previous work [18]
a PLA/PBSA matrix containing 60 wt.% of PLA and 40 wt.% of PBSA was selected. The
matrix was plasticized with Triacetin maintaining fixed the ratio between the matrix and the
plasticizer (equal to 9), for all the formulations. The ratio between the matrix and plasticizer
was set on the basis of literature work [40–42,64] in order to ensure a good processability
and a high flexibility to counterbalance the effect of fiber addition that tend to embrittle the
matrix.

Table 1. Blends name and compositions.

Blend Name
Matrix

(PLA 60 wt.%-PBSA 40
wt.%)

Triacetin
wt.%

Wheat Bran
wt.%

PLA_PBSA_TA 90 10 -
PLA_PBSA_TA_10 81 9 10
PLA_PBSA_TA_20 72 8 20
PLA_PBSA_TA_30 63 7 30
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3.5. Mechanical Characterization

Tensile tests were carried out, at room temperature, on Haake type 3 dog-bone spec-
imens by an MTS Criterion testing machine model 43 (MTS System Corporation, Eden
Praire, MN, USA) equipped with a load cell of 10 kN. The instrument is interfaced to a
computer running MTS Elite Software in order to record the results of the tensile tests.
The gauge separation was set at 25 mm and the crosshead speed was 10 mm/min. The
main mechanical properties were collected. Tests were conducted after 3 days from the
samples injection moulding and during this time the specimens were stored in a dry keeper
(SANPLATEC Corp., Osaka, Japan) in controlled atmosphere (room temperature and 50%
humidity). At least 10 specimens were tested for each blend composition and the average
values of the main mechanical properties were reported.

For the EWF characterization the SENT geometry was used. The SENT specimens
were obtained from the injection molded Haake type 3 specimens appropriately cut (size:
20 × 5 × 1.5 mm3). SENT specimens with different crack length (from 1.5 mm up to 3.5 mm)
were produced by sharp notch and during the cutting process, compressed air was used in
order to avoid the “notch closing” phenomenon caused by excessive overheating generated
by the cutter. The ligament length was checked by optical microscope. The tensile load
to the SENT specimen was applied using the previous mentioned MTS Criterion testing
machine at a crosshead speed of 0.5 mm/min. At least five samples for each ligament
lengths were tested and the average values of the area under the load displacement curves
were reported.

Dynamic mechanical thermal analysis (DMTA) was carried out using a Gabo Eplexor®

DMTA (Gabo Qualimeter, Ahiden, Germany) with a 100 N load cell. At least three spec-
imens were tested for each composition. The test bars (size: 20 × 5 × 1.5 mm3) were
obtained by cutting the tensile specimens’ dog-bone specimens. The samples bars were
mounted on the machine in tensile configuration. The temperature range adopted for the
test varied from −80 to 120 ◦C with heating rate of 2 ◦C/min and at a constant frequency
of 1 Hz. The relaxation temperature, associated with the glass transition, was taken at the
maximum of the peak of the damping factor (tanδ).

4. Results and Discussion

4.1. Wheat Bran Characterization

The micrographs of wheat bran fibers (Figure 2a) show that bran particles have various
dimension. Mainly the bran powder consists of platelets having low aspect ratio that forms
agglomerates having an average size around 250–500 micrometers. However smaller size
fraction in large quantity can also be observed. In the SEM micrographs the wheat bran
fibers showed a low aspect ratio and their morphology is similar to flakes.

Consequently, for the fibers aspect ratio distribution a flake geometry was assumed
where the filler aspect ratio, ar, can be defined as the ratio between the average fiber
diameter (d) (calculated on the larger platelets surface) and the mean thickness of the
platelets (h) according to Equation (12) [54]

ar, platelets =
d
h

(12)

In Figure 2b-c a sharp peak can be observed in the range of 0–200 μm and 0–40 μm for
the mean fiber diameter and fiber thickness distributions, respectively. Thanks to the fibers
distribution the mean weighted fibers lengths for the calculation of the mean fibers aspect
ratio was carried out. In particular, a mean weighted fiber diameter of 219.76 μm and a
mean weighted fiber thickness of 51.40 μm were obtained that correspond to a mean fiber
aspect ratio of 4.27. Consequently, the composites obtained belong to the family of very
short fiber composites [27].
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Figure 2. (a) SEM images at 200× of wheat bran fibers (b) average diameter distribution and (c)
average thickness distribution.

In the infrared spectra (reported in Figure 3) the hydrophilicity of the wheat fibers
is highlighted by the very sharp –OH groups stretching in the region of 3650–3000 cm−1.
The peak at 3294 cm−1 corresponding to –OH stretching was attributed to specific in-
tramolecular hydrogen bonds of cellulose II [65,66]. The infrared spectra displayed a small
adsorption band at 2925 cm−1, typical of the stretching vibrations of the C–H bonds in
hemicelluloses and cellulose. The bands at 1639 cm−1 and 1540 cm−1, attributable to amide
I and amide II vibrations, can be ascribed at the presence of the protein fraction in bran.
Moreover, the shoulder at 1639 cm−1 is attributable to the acetyl and uronic ester groups
of hemicelluloses or to the ester linkage of carboxylic group of the ferulic and p-coumaric
acids of lignin [67]. Adsorption bands can also be observed near 1639 cm−1 and they are
attributed to deformation of the C=O groups of xylan [68] that is the main component of
hemicellulose.
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Figure 3. ATR spectrum of wheat bran fibers.

4.2. Composites Results

Tensile tests results reported in Table 2 and Figure 4 evidenced that by increasing
the bran content, a decrease in yield stress, stress at break and elongation at break was
observed. As it can be expected, the bran addition caused a matrix embrittlement. This
behavior is in line with literature papers on similar biocomposites [37,69,70]. The Triacetin
addition was revealed a valuable approach to contrast the embrittlement caused by the
bran fibers addition. At this purpose, it can be observed that up to 20 wt.% of bran content
the elongation at break is still high (about 50%); also with 30 wt.% of Bran, despite the
sharp drop down of elongation at break due to the high bran amount, the final elongation
at break is still higher (17.3%) if compared to pure PLA (about 4% [6]).

Table 2. Tensile data of PLA/PBSA plasticized blends.

Blend Name
Yield Stress

(MPa)
Stress at Break

(MPa)
Elongation at

Break (%)
Young’s

Modulus (GPa)

PLA_PBSA_TA 15.7 ± 1.8 20.4 ± 0.9 325.0 ± 19.9 1.9 ± 0.1

PLA_PBSA_TA_10 12.9 ± 0.8 13.1 ± 0.8 229.0 ± 32.6 1.61 ± 0.1

PLA_PBSA_TA_20 11.1 ± 1.3 9.6 ± 1.0 57.7 ± 10.8 1.6 ± 0.1

PLA_PBSA_TA_30 10.9 ± 1.0 8.9 ± 0.8 17.3 ± 2.7 1.6 ± 0.1

The decrease in the stress at break with bran content is ascribable to a low adhesion
between the matrix and the fibers that causes an ineffective transmission of the load from
the matrix to the fibers.

The application of the analytical models for stress at break (Figure 5a) confirms that
low adhesion exists between the wheat bran and the polymeric matrix. The experimental
data lies exactly between the lower and upper bound confirming the good applicability of
the analytical models to the analyzed system.
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Figure 4. Stress-strain representative curves for plasticized PLA/PBSA composites.

(a) 

 
(b) 

Figure 5. (a) Comparison between the experimental composites strength and the values predicted
according to the analytical models illustrated in Section 2.1. Volumetric fractions are derived from
the weight fractions calculated by using the density of each component taken from data sheets; (b)
Pukánszky’s plot for PLA/PBSA plasticized composites.

50



Polymers 2022, 14, 615

The poor adhesion is also confirmed by the B value obtained from the Pukánszky’s
plot (Figure 5b) where a B value equals to 2.23 was obtained. Being the B value obtained
greater than 2.04, the Equation (5) was used for the IFSS estimation and the value, reported
in Table 3, was also compared to other similar composites systems containing natural fibers.
The IFSS value obtained can be retained acceptable because it is inferior to its maximum
theoretical threshold value achievable calculated by the Von Mises relationship [71] (τ =
σm/

√
3) equal to 11.78 MPa; furthermore the IFSS value obtained is comparable to similar

bio composites described in literature.

Table 3. IFSS obtained for the composites system analyzed compared with literature data of similar
systems.

Reference Matrix Natural Fibres IFSS (MPa)

Experimental PLA/PBSA blend Wheat bran 4.84

Aliotta et al. [6] PLA Cellulose 8.20

Li et al. [72] PP Hemp 5.84

Lopez et al. [73] PP Softwood fibers 3.85

Nam et al. [74] PLA Coir 4.56

The addition of bran fibers causes a decrement of the storage modulus (Figure 6) that
is similar to the decrement of the elastic modulus observable in Table 2. This decrement
can be ascribed to the slight PLA chain scission induced by the bran addition that, as all
natural fibers is sensitive to moisture, and caused the slight elastic modulus decrement
and the shift, towards a lower temperature, of the PLA glass transition temperature [75,76].
Independently from the bran content, a shift of the PLA tanδ peak (corresponding to the
PLA glass transition temperature) of about 5 ◦C is observed; while for PBSA no deviation
in its Tg (registered at around −44 ◦C) has been detected.

Figure 6. Variation of the storage moduli (E’) (left side) and damping factors (tan δ) (right side) with
temperature for PLA/PBSA plasticized bran composites.

The height of the tanδ peak is similar for all the composites compositions. However,
this height is lower if compared to the tanδ height of the matrix. This decrement is due to
the introduction of the bran fibers that reduces the molecular mobility of the polymeric
matrix [77]. This reduction of the molecular mobility is strictly correlated to the fiber-matrix
adhesion: a good adhesion in fact is responsible of a major molecular mobility reduction.
The adhesion factor (reported in Table 4) increases with the bran content indicating that
the adhesion worsens increasing the fibers content. This result is in accordance to what
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was found in literature for other similar systems where a decrement of the interfacial shear
stress with the increase of the volume fiber content was registered [27,78,79]. The difference
in the high hydrophilic nature of the bran and the mainly hydrophobic nature of the matrix
can be the main reason of the observed poor adhesion.

Table 4. Bran composites adhesion factor calculated according Equation (8) at room temperature (25 ◦C).

Blend Name A

PLA_PBSA_TA_10 1.5

PLA_PBSA_TA_20 2.4

PLA_PBSA_TA_30 5.2

It is also worthy to notice, from the adhesion factor versus temperature illustrated
in Figure 7, that the adhesion factor seems to be very sensitive to Tg. Throughout the
temperature range analyzed, the adhesion factor increases with the bran amount. This
trend is a further confirmation that, at 30 wt.% of bran content, a net decrement of the
mechanical properties of the composite occurs due to the slows down of the fiber-matrix
interfacial adhesion. Moreover, the adhesion factor in correspondence of the PLA glass
transition temperature suddenly increases reaching its maximum value. A similar behavior
can be found in literature for other composite systems [57,80] and is ascribed to the higher
mobility of the polymeric chains. Above the glass transition the difference in A value
between the composites with different bran content are less evident than below the glass
transition. Another increment of the adhesion factor, observable by another slight peak, is
registered in correspondence of the PLA cold crystallization temperature (at about 90–110
◦C [81]) for which the reorganization of the PLA polymeric chains caused another change
in polymeric chains mobility, that is decreased due to the occurrence of crystals formation.

 

Figure 7. Adhesion factor vs. temperature for plasticized PLA/PBSA bran composites.

The influence of the presence of the wheat bran filler on the fracture of the material
was also investigated with the aim of integrating it with the studies of interactions and
adhesion.

The load displacement curves Figure 8a–d show a common behavior in the range of
the ligament lengths examined (from 1.5 to 3.5 mm). As ligament lengths decreases, the
maximum load decreases. Once the maximum has been reached, the materials undergo to
a drop down of the load. By increasing the bran content, the load dropping is more marked
and smaller displacement values were recorded. The fracture occurs suddenly after that the
maximum load is reached and the introduction of the bran particles decreased the material
ductility in accordance to the tensile test results.

52



Polymers 2022, 14, 615

Figure 8. Load displacement curves of plasticized PLA/PBSA blend with and without bran at
different ligament lengths.

The plot of the specific total work of fracture versus ligament length for the different
blend compositions is shown in Figure 9 while the results of the EWF parameters are
reported in Table 5. A good linear relationship between wf and l can be observed from
the regression coefficients that lies in the range of 0.81 and 0.97 allowing the use of the
calculated we and βwp parameters. Comparing the data of fracture parameters emerges
that both the essential work of fracture and non-essential work of fracture decreases with
the bran amount. Since we involves both the plastic deformation process of the necking
ligament section and the work needed for the cracks to start growing [82], the maximum we
value will be reach for the material having the highest yield stress. This trend is confirmed,
in fact increasing the bran content, a decrease of the yield stress was registered at which
corresponds also a decrease of the essential work of fracture. The βwp increases with the
material ductility and it decreases with the yield stress similarly to what was found by
Arkhireyaya et al. [83] and in accordance to tensile test results. The lowest value of the
essential work of fracture is registered for PLA_PBSA_TA_30 composite where the poor
adhesion and the probable presence of agglomerates lowers abruptly the fracture energy.
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Figure 9. Specific total work of fracture wf versus ligament length l for plasticized PLA/PBSA blend
with and without bran.

Table 5. EWF fracture parameters for PLA/PBSA blends with and without bran.

Blend Name we (kJ/m2) βwp (MJ/m3) R2

PLA_PBSA_TA 16.35 9.82 0.89

PLA_PBSA_TA_10 7.15 8.42 0.97

PLA_PBSA_TA_20 4.97 5.87 0.81

PLA_PBSA_TA_30 0.74 3.42 0.89

The bran particles act as a stress intensification factor, reducing the cross section of
the material and leading to a decrease of the tensile properties and fracture resistance.
Reasonably because of the high dimension and low aspect ratio, the mechanism of pull—
out (that generally leads to a toughness improvement even in the case of natural fibers
reinforcement [84]) is not beneficially impacting the fracture resistance of these composites.
Similar results were observed by Anuar et al. for composites with Kenaf fibers [85]. Thus,
data about essential work of fracture are not largely available in literature, a systematic
comparison with different natural fibers is currently difficult.

SEM images (Figure 10) confirm the results. At 30 wt.% of bran (Figure 10C) the
detachment from the matrix around the bran fibers becomes more marked. There is some
fiber/matrix adhesion (although is not optimal) as evidenced by the magnification at 10
000X, for the composites containing 10 wt.% of bran (Figure 10A1). At 20 wt.% of bran the
adhesion starts to worsening (Figure 10B1) the detachment of the bran fiber from the matrix,
is present only in some regions of the fibers contours while in another there is continuity
between the fiber contour and the matrix. At 30 wt.% of bran (Figure 10C1) an almost
complete fiber detachment can be observed. Increasing the fiber content also increases the
likelihood of finding fibers agglomerates that contribute to the decrement of the stress at
break and to the essential work of fracture.
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Figure 10. SEM micrographs of cryogenic fractured cross-section for: (A,A1) PLA_PBSA_TA_10;
(B,B1) PLA_PBSA_TA_20; (C,C1) PLA_PBSA_TA_30.

5. Conclusions

In order to extend the biobased polymers application and at the same time to reduce
the final costs of the material, the design of suitable biocomposites containing natural
fibers coming from industrial and/or agricultural waste is a feasible solution. In this
work the addition of wheat bran fibers (from 10 to 30 wt.%) was investigated. In order to
limit the excessive embrittlement caused by the bran addition a plasticized ductile matrix
was chosen (PLA/PBSA matrix containing 60 wt.% of PLA and 40 wt.% plasticized with
Triacetin). The evaluation of the interfacial adhesion (interfacial shear stress, IFSS) between
the fiber and the matrix was carried out adopting analytical models based on static and
dynamic tests. For the first time the essential work of fracture (EWF) approach was adopted
on this type of biocomposites. The bran addition caused a decrement of the mechanical
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properties in parallel with the EWF reduction. In particular, the essential work of fracture
is highly influenced by the presence and content of bran and this is ascribable to the high
irregularity of filler geometry and presence of agglomerates especially where the content of
filler is high. The combination of reduced adhesion between matrix- filler and increased
intensification of stresses is responsible of the observed mechanical behavior as a function
of the bran content.
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22. Ostafinska, A.; Fortelný, I.; Hodan, J.; Krejčíková, S.; Nevoralová, M.; Kredatusová, J.; Kruliš, Z.; Kotek, J.; Šlouf, M. Strong
synergistic effects in PLA/PCL blends: Impact of PLA matrix viscosity. J. Mech. Behav. Biomed. Mater. 2017, 69, 229–241. [CrossRef]
[PubMed]

23. Takayama, T.; Todo, M.; Tsuji, H.; Arakawa, K. Improvement of fracture properties of PLA/PCL polymer blends by control of
phase structures. Kobunshi Ronbunshu 2006, 63, 626–632. [CrossRef]

24. Nakayama, D.; Wu, F.; Mohanty, A.K.; Hirai, S.; Misra, M. Biodegradable Composites Developed from PBAT/PLA Binary Blends
and Silk Powder: Compatibilization and Performance Evaluation. ACS Omega 2018, 3, 12412–12421. [CrossRef] [PubMed]

25. Kumar, M.; Mohanty, S.; Nayak, S.K.; Rahail Parvaiz, M. Effect of glycidyl methacrylate (GMA) on the thermal, mechanical and
morphological property of biodegradable PLA/PBAT blend and its nanocomposites. Bioresour. Technol. 2010, 101, 8406–8415.
[CrossRef] [PubMed]

26. Yu, L.; Dean, K.; Li, L. Polymer blends and composites from renewable resources. Prog. Polym. Sci. 2006, 31, 576–602. [CrossRef]
27. Aliotta, L.; Lazzeri, A. A proposal to modify the Kelly-Tyson equation to calculate the interfacial shear strength (IFSS) of

composites with low aspect ratio fibers. Compos. Sci. Technol. 2020, 186, 107920. [CrossRef]
28. Aliotta, L.; Gigante, V.; Coltelli, M.B.; Cinelli, P.; Lazzeri, A. Evaluation of Mechanical and Interfacial Properties of Bio-Composites

Based on Poly (Lactic Acid) with Natural Cellulose Fibers. Int. J. Mol. Sci. 2019, 20, 960. [CrossRef]
29. Azwa, Z.N.; Yousif, B.F.; Manalo, A.C.; Karunasena, W. A review on the degradability of polymeric composites based on natural

fibres. Mater. Des. 2013, 47, 424–442. [CrossRef]
30. Brebu, M. Environmental degradation of plastic composites with natural fillers-a review. Polymers 2020, 12, 166. [CrossRef]
31. Nourbakhsh, A.; Ashori, A.; Tabrizi, A.K. Characterization and biodegradability of polypropylene composites using agricultural

residues and waste fish. Compos. Part B Eng. 2014, 56, 279–283. [CrossRef]
32. Guna, V.; Ilangovan, M.; Hu, C.; Venkatesh, K.; Reddy, N. Valorization of sugarcane bagasse by developing completely

biodegradable composites for industrial applications. Ind. Crops Prod. 2019, 131, 25–31. [CrossRef]
33. Quiles-Carrillo, L.; Montanes, N.; Sammon, C.; Balart, R.; Torres-Giner, S. Compatibilization of highly sustainable polylac-

tide/almond shell flour composites by reactive extrusion with maleinized linseed oil. Ind. Crops Prod. 2018, 111, 878–888.
[CrossRef]

34. Carbonell-Verdu, A.; Boronat, T.; Quiles-Carrillo, L.; Fenollar, O.; Dominici, F.; Torre, L. Valorization of Cotton Industry Byproducts
in Green Composites with Polylactide. J. Polym. Environ. 2020, 28, 2039–2053. [CrossRef]

35. Gowman, A.C.; Picard, M.C.; Lim, L.-T.; Misra, M.; Mohanty, A.K. Fruit waste valorization for biodegradable biocomposite
applications: A review. Bioresources 2019, 14, 10047–10092. [CrossRef]

36. Shankar, R.S.; Srinivasan, S.A.; Shankar, S.; Rajasekar, R.; Kumar, R.N.; Kumar, P.S. Review article on wheat flour/wheat
bran/wheat husk based bio composites. Int. J. Sci. Res. Publ. 2014, 4, 1–9.

37. Gigante, V.; Cinelli, P.; Righetti, M.C.; Sandroni, M.; Polacco, G.; Seggiani, M.; Lazzeri, A. On the Use of Biobased Waxes to Tune
Thermal and Mechanical Properties of Polyhydroxyalkanoates–Bran Biocomposites. Polymers 2020, 12, 2615. [CrossRef]

38. Rahman, A.; Ulven, C.A.; Johnson, M.A.; Durant, C.; Hossain, K.G. Pretreatment of wheat bran for suitable reinforcement in
biocomposites. J. Renew. Mater. 2017, 5, 62. [CrossRef]

39. Onipe, O.O.; Beswa, D.; Jideani, A.I.O. Effect of size reduction on colour, hydration and rheological properties of wheat bran.
Food Sci. Technol. 2017, 37, 389–396. [CrossRef]

40. Kumar, R.; Ofosu, O.; Anandjiwala, R.D. Macadamia nutshell powder filled poly lactic acid composites with triacetin as a
plasticizer. J. Biobased Mater. Bioenergy 2013, 7, 541–548. [CrossRef]

41. Harmaen, A.S.; Khalina, A.; Faizal, A.R.; Jawaid, M. Effect of Triacetin on Tensile Properties of Oil Palm Empty Fruit Bunch
Fiber-Reinforced Polylactic Acid Composites. Polym.-Plast. Technol. Eng. 2013, 52, 400–406. [CrossRef]

57



Polymers 2022, 14, 615

42. Phuong, V.T.; Lazzeri, A. “Green” biocomposites based on cellulose diacetate and regenerated cellulose microfibers: Effect of
plasticizer content on morphology and mechanical properties. Compos. Part A Appl. Sci. Manuf. 2012, 43, 2256–2268. [CrossRef]

43. Pelegrini, K.; Donazzolo, I.; Brambilla, V.; Coulon Grisa, A.M.; Piazza, D.; Zattera, A.J.; Brandalise, R.N. Degradation of PLA and
PLA in composites with triacetin and buriti fiber after 600 days in a simulated marine environment. J. Appl. Polym. Sci. 2016, 133,
43290. [CrossRef]

44. Prashanth, S.; Subbaya, K.M.; Nithin, K.; Sachhidananda, S. Fiber Reinforced Composites—A Review. J. Mater. Sci. Eng. 2017, 6.
[CrossRef]

45. Bigg, D.M. Mechanical properties of particulate filled polymers. Polym. Compos. 1987, 8, 115–122. [CrossRef]
46. Lauke, B. Determination of adhesion strength between a coated particle and polymer matrix. Compos. Sci. Technol. 2006, 66,

3153–3160. [CrossRef]
47. Zappalorto, M.; Salviato, M.; Quaresimin, M. Influence of the interphase zone on the nanoparticle debonding stress. Compos. Sci.

Technol. 2011, 72, 49–55. [CrossRef]
48. Wu, J.; Mai, Y.W. The essential fracture work concept for toughness measurement of ductile polymers. Polym. Eng. Sci. 1996, 36,

2275–2288. [CrossRef]
49. Fu, S.Y.; Feng, X.Q.; Lauke, B.; Mai, Y.W. Effects of particle size, particle/matrix interface adhesion and particle loading on

mechanical properties of particulate-polymer composites. Compos. Part B Eng. 2008, 39, 933–961. [CrossRef]
50. Nicolais, L.; Nicodemo, L. Strength of particulate composite. Polym. Eng. Sci. 1973, 13, 469. [CrossRef]
51. Nicolais, L.; Nicodemo, L. The effect of particles shape on tensile properties of glassy thermoplastic composites. Int. J. Polym.

Mater. Polym. Biomater. 1974, 3, 229–243. [CrossRef]
52. Turcsányi, B.; Pukánszky, B.; Tüdõs, F. Composition dependence of tensile yield stress in filled polymers. J. Mater. Sci. Lett. 1988,

7, 160–162. [CrossRef]
53. Pukánszky, B.; Turcsanyi, B.; Tudos, F. Effect of interfacial interaction on the tensile yield stress of polymer composites. In

Interfaces in Polymer, Ceramic and Metal Matrix Composites; Elsevier: Amsterdam, The Netherlands, 1988; pp. 467–477.
54. Lazzeri, A.; Phuong, V.T. Dependence of the Pukánszky’s interaction parameter B on the interface shear strength (IFSS) of

nanofiller- and short fiber-reinforced polymer composites. Compos. Sci. Technol. 2014, 93, 106–113. [CrossRef]
55. Sanadi, A.R.; Young, R.A.; Clemons, C.; Rowell, R.M. Recycled Newspaper Fibers as Reinforcing Fillers in Thermoplastics: Part

I-Analysis of Tensile and Impact Properties in Polypropylene. J. Reinf. Plast. Compos. 1994, 13, 54–67. [CrossRef]
56. Kubát, J.; Rigdahl, M.; Welander, M. Characterization of interfacial interactions in high density polyethylene filled with glass

spheres using dynamic-mechanical analysis. J. Appl. Polym. Sci. 1990, 39, 1527–1539. [CrossRef]
57. Ghasemi, I.; Farsi, M. Interfacial Behaviour of Wood Plastic Composite: Effect of Chemical Treatment on Wood Fibre. Iran. Polym.

J. 2010, 19, 811–818.
58. Wei, L.; McDonald, A.G.; Freitag, C.; Morrell, J.J. Effects of wood fiber esterification on properties, weatherability and biodurability

of wood plastic composites. Polym. Degrad. Stab. 2013, 98, 1348–1361. [CrossRef]
59. Broberg, K.B. On stable crack growth. J. Mech. Phys. Solids 1975, 23, 215–237. [CrossRef]
60. Mai, Y.W.; Cotterell, B. Effect of specimen geometry on the essential work of plane stress ductile fracture. Eng. Fract. Mech. 1985,

21, 123–128. [CrossRef]
61. Cotterell, B.; Reddel, J.K. The essential work of plane stress ductile fracture. Int. J. Fract. 1977, 13, 267–277. [CrossRef]
62. Mai, Y.-W.; Cotterell, B. On the essential work of ductile fracture in polymers. Int. J. Fract. 1986, 32, 105–125. [CrossRef]
63. Williams, J.G.; Rink, M. The standardisation of the EWF test. Eng. Fract. Mech. 2007, 74, 1009–1017. [CrossRef]
64. Oksman, K.; Skrifvars, M.; Selin, J.F. Natural fibres as reinforcement in polylactic acid (PLA) composites. Compos. Sci. Technol.

2003, 63, 1317–1324. [CrossRef]
65. Yang, H.; Yan, R.; Chen, H.; Lee, D.H.; Zheng, C. Characteristics of hemicellulose, cellulose and lignin pyrolysis. Fuel 2007, 86,

1781–1788. [CrossRef]
66. Zuluaga, R.; Putaux, J.L.; Cruz, J.; Vélez, J.; Mondragon, I.; Gañán, P. Cellulose microfibrils from banana rachis: Effect of alkaline

treatments on structural and morphological features. Carbohydr. Polym. 2009, 76, 51–59. [CrossRef]
67. Cherian, B.M.; Pothan, L.A.; Nguyen-Chung, T.; Mennig, G.; Kottaisamy, M.; Thomas, S. A novel method for the synthesis of

cellulose nanofibril whiskers from banana fibers and characterization. J. Agric. Food Chem. 2008, 56, 5617–5627. [CrossRef]
68. Siqueira, G.; Bras, J.; Dufresne, A. Luffa cylindrica as a lignocellulosic source of fiber, microfibrillated cellulose and cellulose

nanocrystals. BioResources 2010, 5, 727–740.
69. Robin, F.; Dubois, C.; Curti, D.; Schuchmann, H.P.; Palzer, S. Effect of wheat bran on the mechanical properties of extruded starchy

foams. Food Res. Int. 2011, 44, 2880–2888. [CrossRef]
70. Fu, Z.; Wu, H.; Wu, M.; Huang, Z.; Zhang, M. Effect of Wheat Bran Fiber on the Behaviors of Maize Starch Based Films.

Starch-Stärke 2020, 72, 1900319. [CrossRef]
71. Pegoretti, A.; Della Volpe, C.; Detassis, M.; Migliaresi, C.; Wagner, H.D. Thermomechanical behaviour of interfacial region in

carbon fibre/epoxy composites. Compos. Part A Appl. Sci. Manuf. 1996, 27, 1067–1074. [CrossRef]
72. Li, Y.; Pickering, K.L.; Farrell, R.L. Determination of interfacial shear strength of white rot fungi treated hemp fibre reinforced

polypropylene. Compos. Sci. Technol. 2009, 69, 1165–1171. [CrossRef]

58



Polymers 2022, 14, 615

73. Serrano, A.; Espinach, F.X.; Julian, F.; Del Rey, R.; Mendez, J.A.; Mutje, P. Estimation of the interfacial shears strength, orientation
factor and mean equivalent intrinsic tensile strength in old newspaper fiber/polypropylene composites. Compos. Part B Eng.
2013, 50, 232–238. [CrossRef]

74. Nam, T.H.; Ogihara, S.; Kobayashi, S. Interfacial, mechanical and thermal properties of coir fiber-reinforced poly (lactic acid)
biodegradable composites. Adv. Compos. Mater. 2012, 21, 103–122. [CrossRef]

75. Mohammed, L.; Ansari, M.N.M.; Pua, G.; Jawaid, M.; Islam, M.S. A review on natural fiber reinforced polymer composite and its
applications. Int. J. Polym. Sci. 2015, 2015, 1–15. [CrossRef]

76. Coltelli, M.-B.; Bertolini, A.; Aliotta, L.; Gigante, V.; Vannozzi, A.; Lazzeri, A. Chain Extension of Poly(Lactic Acid) (PLA)—Based
Blends and Composites Containing Bran with Biobased Compounds for Controlling Their Processability and Recyclability.
Polymers 2021, 13, 3050. [CrossRef] [PubMed]

77. Jacob, M.; Francis, B.; Thomas, S. Dynamical Mechanical Analysis of Sisal/Oil Palm Hybrid Fiber-Reinforced Natural Rubber
Composites. Polymer Composites 2006, 38, 1504–1518. [CrossRef]

78. Thomason, J.L. The influence of fibre length and concentration on the properties of glass fibre reinforced polypropylene: 7.
Interface strength and fibre strain in injection moulded long fibre PP at high fibre content. Compos. Part A Appl. Sci. Manuf. 2007,
38, 210–216. [CrossRef]

79. Gigante, V.; Seggiani, M.; Cinelli, P.; Signori, F.; Vania, A.; Navarini, L.; Amato, G.; Lazzeri, A. Utilization of coffee silverskin
in the production of Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) biopolymer-based thermoplastic biocomposites for food
contact applications. Compos. Part A Appl. Sci. Manuf. 2021, 140, 106172. [CrossRef]

80. Correa, C.A.; Razzino, C.A.; Hage, E. Role of maleated coupling agents on the interface adhesion of polypropylene-wood
composites. J. Thermoplast. Compos. Mater. 2007, 20, 323–339. [CrossRef]

81. Aliotta, L.; Gazzano, M.; Lazzeri, A.; Righetti, M.C. Constrained Amorphous Interphase in Poly (L -lactic acid): Estimation of the
Tensile Elastic Modulus. ACS Omega 2020, 5, 20890–20902. [CrossRef]

82. Mai, Y.; Cotterell, B.; Horlyck, R.; Vigna, G. The essential work of plane stress ductile fracture of linear polyethylenes. Polym. Eng.
Sci. 1987, 27, 804–809. [CrossRef]

83. Arkhireyeva, A.; Hashemi, S. Fracture behaviour of polyethylene naphthalate (PEN). Polymer 2002, 43, 289–300. [CrossRef]
84. Alvarez, V.; Vazquez, A.; Bernal, C. Effect of microstructure on the tensile and fracture properties of sisal fiber/starch-based

composites. J. Compos. Mater. 2006, 40, 21–35. [CrossRef]
85. Anuar, H.; Ahmad, S.H.; Rasid, R.; Surip, S.N.; Czigany, T.; Romhany, G. Essential work of fracture and acoustic emission study

on TPNR composites reinforced by kenaf fiber. J. Compos. Mater. 2007, 41, 3035–3049. [CrossRef]

59





polymers

Review

Liquid and Solid Functional Bio-Based Coatings

Vito Gigante 1,2 , Luca Panariello 1,2 , Maria-Beatrice Coltelli 1,2,* , Serena Danti 1,2 ,

Kudirat Abidemi Obisesan 3, Ahdi Hadrich 4, Andreas Staebler 5 , Serena Chierici 6, Ilaria Canesi 7,

Andrea Lazzeri 1,2,7 and Patrizia Cinelli 1,2,7,*

Citation: Gigante, V.; Panariello, L.;

Coltelli, M.-B.; Danti, S.; Obisesan,

K.A.; Hadrich, A.; Staebler, A.;

Chierici, S.; Canesi, I.; Lazzeri, A.;

et al. Liquid and Solid Functional

Bio-Based Coatings. Polymers 2021, 13,

3640. https://doi.org/10.3390/

polym13213640

Academic Editor: Begoña Ferrari

Received: 20 September 2021

Accepted: 20 October 2021

Published: 22 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Department of Civil and Industrial Engineering, University of Pisa, 56122 Pisa, Italy;
vito.gigante@dici.unipi.it (V.G.); luca.panariello@ing.unipi.it (L.P.); serena.danti@unipi.it (S.D.);
andrea.lazzeri@unipi.it (A.L.)

2 Interuniversity Consortium of Materials Science and Technology (INSTM), 50121 Florence, Italy
3 IRIS Technology Solutions (IRIS), 08940 Cornellà de Llobregat, Spain; kabidemi@iris-eng.com
4 Biomass Valorization Platform-Materials, CELABOR s.c.r.l., 4650 Chaineux, Belgium; ahdi.hadrich@celabor.be
5 Fraunhofer-Institute for Process Engineering and Packaging, 85354 Freising, Germany;

andreas.staebler@ivv.fraunhofer.de
6 Stazione Sperimentale per l’Industria delle Conserve Alimentari (SSICA), 43121 Parma, Italy;

serena.chierici@ssica.it
7 Planet Bioplastics s.r.l., 56017 Pisa, Italy; ilariacanesi@planetbioplastics.it
* Correspondence: maria.beatrice.coltelli@unipi.it (M.-B.C.); patrizia.cinelli@unipi.it (P.C.);

Tel.: +39-0502217856 (M.-B.C.); +39-0502217869 (P.C.)

Abstract: The development of new bio-based coating materials to be applied on cellulosic and plastic
based substrates, with improved performances compared to currently available products and at
the same time with improved sustainable end of life options, is a challenge of our times. Enabling
cellulose or bioplastics with proper functional coatings, based on biopolymer and functional materials
deriving from agro-food waste streams, will improve their performance, allowing them to effectively
replace fossil products in the personal care, tableware and food packaging sectors. To achieve these
challenging objectives some molecules can be used in wet or solid coating formulations, e.g., cutin as
a hydrophobic water- and grease-repellent coating, polysaccharides such as chitosan-chitin as an
antimicrobial coating, and proteins as a gas barrier. This review collects the available knowledge on
functional coatings with a focus on the raw materials used and methods of dispersion/application. It
considers, in addition, the correlation with the desired final properties of the applied coatings, thus
discussing their potential.

Keywords: coatings; active molecules; barrier properties

1. Introduction

The production of items derived from sustainable and renewable resources, not
toxic for humans and the environment, is a pressing challenge facing our society [1]. In
this context, the production of sustainable coatings with improved and multifunctional
performances is necessary [2]. As such, the search for coatings that have to be bio-based,
with good barrier, water resistance and antimicrobial features is underway [3]. Nowadays,
extensively used materials, with excellent moisture barrier properties for the production
of coatings, are fundamentally petro-based. This must be the barrier to break down in
research in the coming years [4].

Before going into the detail of the review subject, it is necessary to underline and
to clarify the definition of biodegradable and bio-based polymers used for coatings for-
mulation. The concept of biodegradation refers to biodegradable polymers that can be
disintegrated and catabolized to CO2 and H2O by bacteria and/or enzymes [5,6]. Instead,
bio-based polymers can be categorized based on their source, process technique, and for-
mulation following the classification shown in Figure 1 [7]. In detail, bio-based polymers
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can be derived from biomass (like polysaccharides, lipids and proteins), from bio-derived
monomers achieved by fermentation, such as lactic acid oligomers (OLAs); finally it is
possible to find polymers developed from microorganisms (e.g., polyhydroxyalkanoates,
PHAs) [8].

Figure 1. Schematic overview of bio-based polymers’ differences.

In the field of coatings, these bio-based polymers represent the “new pathway to
follow” because they can specifically provide to substrates multiple functionalities, also in
relation to their processing conditions, without being petro-based [9].

Generally, functional bio-based coatings can be applied with the aim to improve the
surface characteristics of a substrate (adhesion, wettability, water repellence, anti-corrosion
properties and gas barrier. In other cases the coating can guarantee new properties in the
final product, being an essential part of it [10].

This review will, therefore, be focused on the state of the art of bio-based and sustain-
able coatings production, with a detailed analysis of their application on cellulosic and
plastic substrates. Moreover, the involvement of biomolecules in the coating formulations,
but also the main technological innovations and the difference among liquid and solid
preparation of bio-based sustainable coatings will be described in the following sections.

Indeed, to develop sustainable coatings for cellulose or bioplastic substrates is a
technological goal of huge importance and it has become mandatory in the bioeconomy
and circular economy context, aimed at imparting proper functional characteristics, based
on biopolymer and functional materials coming from agro-food waste streams [11].

Coatings based on polymers, polymeric composites, and nanocomposites are used in
several applications and sectors: (aerospace, automotive, marine structures, biomedical
devices, decorative stuff, energy items, packaging). High-quality material is usually
attained by thoroughly modulating layer/substrate.

Starting from paper substrates, it is well known that they are made of the most
available bio-based material: the cellulose [12]. The use of cellulose-coated materials
in personal care and disposable items for food (i.e., tableware) could be helpful for the
environment and it is a route that has been followed in recent years [13]. The limits yet to be
overcome are the hydrophilicity and low barrier properties typical of a non-woven fibrous
system. For this reason, materials based on cellulose combined with poly(ethylene) are
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still widely present on the market, and these petro-based products are currently preferred,
despite their negative environmental impact.

Regarding the application of coatings on plastic substrates, this is becoming increas-
ingly necessary with the development of items with novel bio-based and biodegrad-
able plastics based for example on poly (lactic acid) PLA, poly (butylene succinate) PBS,
poly(butylene succinate-adipate) PBSA, as they do not show adequate barrier properties
and are not able to withstand the rigours of the market [14–17]. In fact, since they do
not present barrier properties comparable to traditional plastics [18], they need a protec-
tive layer. Obviously, in order not to affect the renewability and biodegradability of the
product, a coating must also be developed with the characteristics of being bio-based and
environmentally friendly [19].

Therefore, a considerable research effort “is on the agenda” investigating and formu-
lating new bioplastics and new sustainable coating systems [20]. While their actual impact
on the market is growing, it needs to be sharpened in many other applications.

The critical issue to achieving real progress towards sustainable materials is to intercept
society’s willingness to achieve sustainability; consumers must understand that obtaining
sustainable products also means reducing global costs [21].

2. Bio-Based Coatings—Properties, Processing, Testing and Applications

2.1. Key Properties of Bio-Based Coatings

The innovation on bio-based coatings accompanies food packaging novelties and
personal care applications. More specifically, the largest part of the bio-based coating
research activity is primarily focused upon low-end (i.e., short-lived) bioplastic-based food
packaging and paper coating for personal care. In contrast, fewer innovations are dedicated
to coating for high-end (i.e., durable) applications [22]. Food products, indeed, endure
many chemical, physical, and bacterial modifications when stored [23]. The shielding
coating achieved during processing retards the damaging food deterioration, but also its
quality is improved. For this reason, modification of the packaging, together with the
development of eco-sustainable materials for packaging applications [24], can slow down
deterioration rate of the packaged product, and hence, extend the shelf life of food [25].

Regarding personal care products, the goal to achieve is to reach tailored specific
functional assets via a proper coating that can widen a large range of application, improving
properties and favouring their use [26]. In addition, the production of bio-based films to
coat personal care products, able to provide antimicrobial properties through the insertion
of active biomolecules into a primer, is an encouraging alternative with respect to the direct
application of antimicrobials in the food [27].

Nonetheless, to increase sustainability, the polymers should be bio-based, but green
synthesis methods, which favour the use of non-toxic and environmentally friendly sol-
vents, preferably relying on water-based or powder coatings, should be adopted [28].
Furthermore, coating cellulose or bioplastics with proper functional coatings based on
biopolymer and functional materials deriving from agro-food waste streams will improve
their performances, thus enabling them to replace effectively fossil-based products in
personal care, tableware, and food-packaging sectors [29].

Table 1 briefly describes the most employed biopolymers used as a coating on cellulosic
or plastic substrates, their preparation, application methods (that will be evidenced more
n-depth in Section 4) and their key properties.
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Connecting bio-based coating properties to final applications can be very useful in
new product development. Those relations will be more extensively considered in the
following sections of this review. In particular, three main properties for coatings will be
considered:

• Antimicrobial coatings produced with chitin nano-fibrils and/or chitosan can be useful
for cellulose tissues (e.g., personal care), paper and cardboard (e.g., packaging for
fresh products like pasta, tableware), woven and non-woven (e.g., sanitary, personal
care), plastic substrates (e.g., bio-polyesters) for active packaging.

• Gas barrier improvements for multilayer food packaging (e.g., bio polyester-based),
with sustainable end of life options could be achieved by protein-based coatings

• Water-repellent properties for paper cups, but also non-food packaging, could be
imparted by including cutin, thanks to its hydro-repellence

Polymeric coatings can be applied on several substrates, using many technologies,
and with different approaches that depend on the nature of the coating (i.e., liquid or solid,
detailed in the next sections). Although going in depth into the details of such technologies
is behind the purpose of this review a marginal description of the main technologies, such
as extrusion/dispersion coating and solution application, is necessary to comprehend how
to exploit and develop bio-based coatings [40].

Thermoplastic polymers can be applied on bioplastic or cellulosic substrates with
the technique of cast extrusion coating. Differently, biopolymers lacking of thermoplastic
behaviour—as for example proteins, polysaccharides and fatty acids—can be also coated
by polymer dissolution in a suitable solvent, or dispersing it in a solvent via dispersion
coating [9].

Anyway, the use of these renewable materials in coatings faces issues and technical
challenges due to low adhesion of the bio-based coatings on both plastic and cellulosic
substrates [41]. Indeed proteins, chitosan and chitin have shown difficulty in adhering to
plastic substrates; coating of cellulosic substrates have to face the challenge of moisture
and temperature sensitivity [42].

2.2. Main Physico-Chemical Surface Treatments and Measurement Protocols

There are many physical and chemical processes employed for activating the surface
of materials. Plasma-treated wood presented a substantially improved adhesion to the
coating, leading to increased durability and a reduced attack by blue stain fungi. In the
Durawood project [43], plasma was used as a pre-treatment before wood coating. Plasma-
treated wood presented a substantially improved adhesion to the coating, leading to an
increased durability, as well as a reduced attack by blue stain fungi. Unlike chemical
treatment, plasma treatment does not require the use of chemicals and does not generate
by-products. It can be promising for surface decontamination and finally for process
intensification as it is expected to speed up the impregnation of the applied liquid.

Moreover, it is envisaged that coatings of several microns thickness will be applied to
reach the multifunctional requirements of these applications, possibly in a subsequent step.
As such, monitoring of these characteristics is needed. A number of monitoring techniques
exist for thin printed coatings in the sub-micro/micro ranges. Most of them are in fact
implemented off line and require sample preparation.

Most of them are used offline and require sample preparation. However, according to
a recent review article, some combined optical techniques have shown potential for this
type of in situ analysis [44]. Spectral reflectance is the most frequently employed technology
giving quantifiable data. A white light beam is directed onto the specimen surface and
the reflectance is gathered and studied by a spectrometer. Thickness is computed by
determining the wavelengths of the interference peaks in the reflectance spectrum, where
the thickness of the layer is a function of the wavelength of the peak and the refractive
index of the material. [45]. This method is ideal for a thickness between 1 and 50 microns.

As far as the testing methods are concerned, several protocols and procedures have
been developed to test antimicrobial properties, gas and water barriers.
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An interesting review has shown several methods to evaluate antimicrobial proper-
ties [46]. The official standards were published by the Clinical and Laboratory Standards
Institute (CLSI) for bacteria and yeasts testing [47], being the agar disk-diffusion test the
mainly used technique. In this procedure, microorganism were inoculated by agar plates
following standard procedures. Then, filter paper discs are placed on the agar surface. The
Petri dishes are protected under suitable conditions. Commonly, the antimicrobial agent
diffuses into the agar and inhibits germination and growth of the tested microorganism
and then the diameter of growth inhibition zone (i.e., called “halo”) is measured [48].

Regarding the barrier properties, the oxygen permeability, according to ASTM D3985-
81, is evaluated as oxygen transmission rate (OTR) and demarcated as the oxygen amount
passed through the material of a fixed thickness per unit of area and time [49].

The capacity of water vapour to permeate is measured, according to ASTM E96,
instead, as water vapour transmission rate (WVTR), i.e., the quantity of water that passes
through a substance of fixed thickness per unit of area and time [50]. The wettability
or surface hydrophobicity can be evaluated through static or dynamic water contact
angles [51]. Moreover, specifically for paper substrates, water absorption can be defined
by the Cobb test (ISO 535). The Cobb value describes the water absorption capacity of
a carton-board expressed in g/m2. If the COBB value is high, the substrate shows the
ability to absorb and retain moisture, otherwise the substrate can withstand penetration
and retention of moisture [52].

3. Innovative Coatings Based on Chitosan-Chitin, Proteins and Cutin

3.1. Innovation on Chitosan- and Chitin-Based Coatings

Coatings with antimicrobial agents are useful because they can protect surfaces to
microbial growth and can also be employed as barriers to humidity and oxygen [53].

Among the biomolecules that can be helpful to guarantee antimicrobial properties, a
lot of interest is focused on chitin (and its derivate: chitosan), which is also the second most
abundant biopolymer on the earth with an annual production of 1012–1014 tons [54,55].
Speaking of numbers, the global demand for chitin in 2015 was above 60,000 tons, while
its global production was around 28,000 tons [56]. Chitosan market size was valued at
€1.5 billion in 2019, and is projected to reach €4 billion by 2027, according to a report by
Global Industry Analysis [57]. The necessity of proper use of this waste material may allow
the recovery of value-added goods also in the field of bio-based coatings. The amorphous
part of chitin is transformed in chitosan by deacetylation. The difference between chitin
and chitosan is not strict and it depends from the degree of deacetylation. Chitosan is a
fully or partially deacetylated derivative of chitin, with a typical degree of deacetylation
not higher than 65% [58]. Moreover, it can have animal (e.g., shells of crustaceans) or
vegetal (e.g., fungi, such as Aspergillus niger) origin. Chitosan is characterized by non-
toxicity, biodegradability, film-forming capacity, antimicrobial and antioxidant properties
and good oxygen barrier properties [59]. The main advantage of chitosan application is
the possibility to produce films and coatings with intrinsic antimicrobial properties which
mainly differentiates chitosan from the other common antimicrobials (e.g., ethanol, sorbic
acid, bacteriocins, lysozyme, essential oils) [60].

The properties of chitosan are related to origin and physico-chemical characteris-
tics. Referring to films and coatings, antimicrobial and barrier properties depend on the
molecular weight of chitosan, deacetylation degree, concentration, solvent used for its
solubilisation, pH and possible plasticizers or other additives added in the formulations.
The antimicrobial activity of chitosan relies on its positive charges, which can interact
with negatively charged residues of macromolecules on the microbial cell surface, finally
causing membrane leakage [61]. It is thus possible to find many examples of coatings,
applied by dipping technique, spraying and other methods, as well as films produced by
casting technique for fruit and vegetables, meat, cheese and fish, which avail themselves of
chitosan. Antimicrobial properties of chitosan have been largely studied, even in combina-
tion with other substances, such as essential oils, or with other film-forming materials, such
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as proteins and gelatine. The use of chitosan for the edible coatings of fresh vegetables was
investigated in depth recently by Tampucci et al. [62] who highlighted the possibility of
developing a nutraceutical active coating for tomatoes.

Interestingly, chitin nanofibrils (CNs) can be formed by controlling the deacetylation
step, thus avoiding the full conversion to chitosan [63]. In fact, the CNs represent the
crystalline part of chitin. The amorphous part of chitin is transformed in any case in
chitosan by deacetylation.

CNs have attracted significant interest because of their peculiar properties, including
exceptional mechanical properties (Elastic Modulus with values up to 140 GPa), thermal
stability (around 300 ◦C), low density (≈1.5 g/cm3), renewable bio-based biodegradable
and biocompatible character, biological properties, high aspect ratio and high surface
area with a wide chemical modification capacity [64]. The first studies on CNs focused
on their production processes by applying shear forces using mechanical treatment for
physical disintegration of the cell wall along the longitudinal axis. The common mechanical
treatments for the defibrillation of chitin fibres are based on high-pressure homogenizer
and disk mills [65], less conventional ball milling [66], or high intensity ultrasonication [67].
However, thanks to the tough hydrogen bonds between chitin fibers, large quantities of
energy are needed to their disintegration into nanofibers via mechanical treatments. To
circumvent the problem of high energy consumption during the defibrillation processes,
the mechanical treatment was combined with chemical pretreatment such as (2,2,6,6-
tetramethylpiperidine-1-oxyl radical)-mediated oxidation (TEMPO) which was used to
weaken the bonds that hold the chitin chains together, facilitating their conversion into
CNs [68]. Partial deacetylation associated with partial mechanical scission of the fibrils
during disintegration was also used to obtain CNs [69]. In addition, the esterification of
hydroxyl groups of chitin by carboxylate groups can significantly improve the mechanical
disintegration of chitin using a grinder [70]. Furthermore, a simple acidic treatment of chitin
fibres coupled with mechanical treatment using grinder can accelerate their conversion
into CNs thanks to the repulsive force caused by the cationization of amino groups [71].
Unfortunately, most of these methods require the use of toxic solvents, which significantly
reduce the environmental benefits of CN [72].

Regarding the preparation of poly(lactic acid) (PLA)-based nanocomposites containing
CNs, a fine dispersion was achieved thanks to the preparation of pre-mixtures, as described
by Coltelli et al. [73,74]. This strategy can be considered to uniformly disperse CNs in
biopolyester formulations or hot-melt oligopolyesters for producing functional film or
coatings. CNs have been demonstrated to be cytocompatible, interestingly showing anti-
inflammatory activity, which make them good vectors for the distribution of biomolecules
for skin care and cells restoration [75]. All these findings are suggestive for promising
applications in the personal care sector, because of the good compatibility of the CNs with
the skin [76,77]. Recent studies are also considering CNs coatings and nanocomposites for
some biomedical applications, such as eardrum repair [78].

3.2. Innovation on Protein-Based Coatings

As bio-based materials are potentially useful for protective coatings, the proteins play
a fundamental role [79–81]. Specific advantages of proteins (easy to make into films and
abundance) allow them to be used extensively for preparing biodegradable films [82].

Proteins are natural polymers synthesized by all living organisms for a wide range of
reasons. There are twenty different monomeric units, called proteinogenic amino acids,
whereas the structure and properties of a specific protein is determined by the number,
sequence and types of amino acid. Therefore, different proteins as oxygen barrier layers
have received some attention in the literature [83–86]. The excellent barrier properties
of protein-based films are due to covalent and non-covalent intermolecular interactions
caused by free functional groups of the amino acids in the polypeptide chain. These
cause the formation of a protein network, acting as an efficient barrier for oxygen [87–89].
However, as a result of these interactions, protein-based films and coatings are usually
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brittle and require to be added with plasticisers [90]. Glycerol (GLY), a characteristic polyol,
shows high capacity to resist to the water, and it can be added to the solution to increase
the ductility of the final film [91]. On the other hand, these plasticisers increase oxygen
permeability due to the increased free volume in the protein network [80]. Therefore,
developing suitable protein-based formulations combining both good barrier as well as
mechanical properties is of utmost importance [92].

Micellar proteins obtained from different sources have been used to develop a lacquer-
ing adhesive having the unique property of combining a high adhesive strength with an
excellent barrier against oxygen [93]. Unfortunately, the adhesive strength could not be
quantified as a rupture of the paper substrate occurred before the protein coating failed.
This, however, indicates that the bond strength of the coating was exceeding the cohesion
strength of the substrate [94]. Because of the huge capability to act against the oxygen
permeation, protein-based polymers are helpful for producing sustainable coatings more
than polysaccharides and lipids. For example, the oxygen permeability of soy protein-
based films is lower with respect to pectin, starch and even polyethylene (PE) according to
Schmid et al. [95]. Clearly, the tremendous gas barrier improvement and the increasing of
mechanical resistance make the protein-based biopolymers one of the most useful solutions
for the future trends in packaging [96].

3.3. Innovation on Cutin-Based Coatings

Cutin is a crosslinked polyester formed mainly by condensed polyhydroxylated
acid [97] and is the main constituent of the cuticles of the plant. The primary role accredited
to plant cuticles is to be water repellent, to avoid leakages from internal tissues [98,99].
They also act as gas obstacles, UV inhibitors and thermal controllers [100]. Cutin can be
depolymerized by cleaving the ester bonds using alkaline hydrolysis, with NaOH or KOH
in water, transesterification with methanol containing BF3 or NaOCH3, reductive cleavage
by exhaustive treatment with LiAlH4 in THF, or with trimethylsilyl iodide in organic
solvents [101]. Nevertheless, these methodologies are not satisfactory for large-scale cutin
extraction, because of the steps involved and the impact of solvents and chemicals in terms
of environmental and economic sustainability. Instead, the method patented by Cigognini
et al. [102] is solvent-free and does not require pretreatment for cuticle isolation. This
innovation allowed a pilot plant to be designed that extracts cutin from tomato by-products
at a semi-industrial scale [103].

The first application of tomato cutin was the development of a bio-lacquer to coat
food metal packaging. This application was patented and consists of a solvent based
formulation [102]. Insoluble and thermostable coatings have been prepared from aleuritic
acid as it is or added to palmitic acid, by melt-condensation polymerization in air without
using solvents and catalysts [97,104]. The polyesters formulated can substitute plastic
polymers or be applied as a coating. Tomato cutin was used in combination with sodium
alginate and beeswax in a green solvent (i.e., water and ethanol) to obtain a hydrophobic
free-standing film [105]. The work revealed that the thermal treatment (i.e., 150 ◦C, 8 h)
represents a sustainable route to create structured, composite networks. Manrich et al.
described the combination of cutin with pectin for the production of water-resistant plastic
wraps [106], or as coating for plastic and bioplastic to confer hydrophobicity. Biodegradable
polyester film has been prepared from aleuritic acid by melt-polycondensation in air. The
film showed good water barrier properties and biocompatibility [107]. Similarly, films
obtained by non-catalyzed melt-polycondensation of three types of tomato pomace by-
products demonstrated high hydrophobicity. Furthermore, all these studies indicate that
cutin has a valuable potential for packaging applications.

4. Liquid Bio-Based Coatings

One of the main methodologies used in the coating of cellulosic and plastic substrates
is represented by the application of a liquid suspension/solution of functional molecules.
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Among liquid application techniques, the most used are mentioned in Table 2, sum-
marizing the description and main results of spray drying, electrospray, airbrush spraying,
spin coating, dipping, solution casting, flexography and gravure roll coating.

Table 2. Liquid coatings techniques and main results regarding liquid bio-based coatings.

LIQUID COATINGS

Technique Description
Meaningful Applications in Liquid

Bio-Based Coatings

Spray Drying
Transformation of a solution in which are dispersed

particles into dried ones, thanks to a gaseous hot drying
medium [108].

[109–111]

Electrospray
Liquid atomization through commanding electrical forces
on the flow of a liquid injection from a cilindric die. This
technique gaurantees uniform droplets generation [112].

[113,114]

Airbrush Spraying
Polymer solutions are sprayed through an airbrush

supplied by a nitrogen line and fixed on a mechanic arm
over a hot plate [115].

[116,117]

Spin Coating
The material used to coat is present at the centre of the

substrate, then it is rotated at high speed until centrifugal
force spreads the coating material [118].

[119,120]

Dipping The solution substrate is immersed in the coating for
effective formation of the complete material [121]. [122,123]

Solution Casting

A polymer is dissolved in a solution into which an inner
diameter mold is immersed. The solvent is removed to
leave a solid cast layer. This layer can be laminated or

coated before being stripped from the mold [124].

[125–127]

Flexography
Flexographic assumes the possibility to widespread liquid

inks with a low viscosity on paper, cardboard, or plastic
films [128].

[129,130]

Gravure Roll Coater
Coating is introduced onto the surface of an engraved roll,

then it is partially submersed in or by an enclosed
applicator head that holds the coating against the roll [131].

[132–134]

Each method can be considered a valid technique for wet coating application and
the specific choice depends on the physico-chemical features of the coating and the sur-
face properties of the chosen substrate. For instance, coatings based on polysaccharides
or proteins exhibit a considerably polar component in terms of surface energy, while
the cutin, composed of ω-hydroxy acids, forms hydrophobic films [135]. Similarly, the
surface energy of fossil-based plastics, such as polyolefins, showed a high dispersive com-
ponent [136,137], bioplastics, such as polyesters, displayed a progressive increase in the
polar component [138], whereas polysaccharides showed a predominance of the polar
component [139]. It was reported in the literature that good adhesion between coating and
substrate strongly depends on the interfacial surface energy and the topography/geometry
of the adherent bodies [140]. As the wet coating was applied through the use of a liquid
it was necessary for optimal conditions to be established in the substrate and the coating
solution/suspension. Commonly the evaluation of surface energy of a liquid on a solid
surface is defined by the contact angle expressed by the Young’s equation and the relative
work of adhesion expressed by Dupré’s equation [141,142]. Surface energy of the liquid
depends not only on the selected coating but also on the chosen solvent and the presence of
surfactants [143–145]. Instead, factors such as concentration [146,147], viscosity [148,149],
and wettability also influence the homogeneity of the coating, the drying speed, and the
choice of application method. Instead, factors as the concentration and viscosity, in addition
to the wettability, also influence the homogeneity of the coating, the drying speed and the
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choice of application method. Regarding the morphology, as the liquid coating assumes the
shape of the solid, it was important to evaluate the roughness and the absorbency/porosity
of the substrate. In literature it was reported that roughness has a strong influence on the
wettability of the surface showing lower values of contact angle at higher levels of rough-
ness [150–152]. The presence of porous or high-absorbency substrates highly influences
the coating process by increasing the wettability and changing the drying kinetic [153–157].
Although surface roughness and porosity can increase the wettability of a surface, they
have a significant influence on the coating morphology and thickness uniformity [158,159].
Other aspects that influence the coating are the process parameters, such as the deposition
rate [160], the drying temperature [161] and the use of air or vacuum drying [162,163].

Application of coating with a wet technique had some advantages that were suitable
for increasing the development of bio-based coatings. The use of a room temperature
application avoids the thermal degradation and hydrolysis of bio-based materials, which
are inherently sensitive to these processes [164–166]. Moreover, the use of a liquid medium
allows the wettability of this type of coating to be tuned. For instance, a concentrated
coating can be more suitable for blade or dipping application than a diluted one, which
conversely can be more suitable for spray application. Particular attention must be paid to
the choice of solvent/suspending agent, favouring bio-based and non-toxic liquids. The
use of non-toxic substances for humans and environment should be deeply investigated
because it could interfere with processes such as biodegradation [167–169]. Unfortunately,
the preparation of optimal solution and dispersion for coating could not be easy to achieve.
Solution guarantees a homogeneous distribution of the coating layer in wet medium, but
the coatings are strongly influenced by properties like viscosity and possible formation
of gel structures [170]. Dispersion has a weak influence on the physical properties of the
coatings but they request a stabilization. In particular, with the increasing availability of
nanometric biomolecules, such as the CNs [75,171] or the cellulose nanowhiskers [119],
these problems were amplified due to the increase in the surface area. Consequently, high
energetic dispersion and homogenization techniques, such as the ultraturrax homogeniza-
tion [172,173], sonication [174,175] and high pressure homogenization (HPH) [176,177],
were increasingly applied. If the operative parameters and the homogenization techniques
did not allow an optimal wet coating to be prepared, the use of biosurfactant [178,179] or a
bio-based primer [180–182] becomes necessary.

5. Solid Functional Bio-Based Coatings

In recent years, solid coatings have been developed in an exponential way and the
necessities of functional coatings have also gradually been fortified [183]. As described in
Table 3, among the widely used solid coating application techniques, the most common
are: co-extrusion, compression molding, fluidized bed dipping, electrostatic spray and roll
coating.

A differentiation can be made between hot melt coatings (HMCs) and powder coatings.
HMCs have been in use since the fifties, they relies on thermoplastic solid materials
achieved without the use of solvents, which are inherently solid below 80 ◦C and they
become low-viscosity fluids at higher [184,185].

HMC is made of thermoplastic materials that can be easily spread upon heating. When
the hot melt is in a fluid state, it flows onto the substrate. When the hot melt is then cooled,
the coating solidifies and forms a bond to the substrate [186].

Today, HMCs are involved in the production of items in many manufacturing fields,
from packaging to paper industry, and their development is increasing considering the
step ahead made in the hot melt coating application methods [187].
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Table 3. Description of solid coatings application techniques and main results on solid coatings.

Solid Coatings

Technique Description Meaningful applications with solid
coatings

Co-extrusion
Co-extrusion is a process that allows the simultaneous

extrusion of two or more materials along the same
production line, resulting in a multilayer final product [188].

[189]

Compression molding

A method based on the application of a pressure on a
powder or another solid placed on a substrate in the lower
plate of the press. The equipment is heated guaranteing a

good adhesion between the layers [190].

[191]

Fluidized bed dipping A powder is transformed in an entirely consolidated film
thanks to electrostatic forces [192]. [193]

Electrostatic Spray The coating method is characterized by the deposition of the
solid coating through electrostatic atomization [194]. [195]

Roll-to-Roll Coating
The coating or printing process is performed spreading a

solid coating on a moving substrate, constitued above all by
thin and flexible polymers, papers, ot textiles [196].

[197]

As they form a strong bond quickly, simply by cooling, they are compatible with many
materials Achanta et al. [198] stated that HMC methods of applications are very attractive
in all sectors in which there is a fundamental necessity to develop novel, simple, efficient,
precise, and cost-effective coating processes.

The driving force for the employment of HMCs (and their strength compared to
water-based film-coating technology) is to avoid the use of hazardous and toxic solvents as
described by several literature works [199,200].

On this premise, since there is no necessity for solvent evaporation, the time for the pro-
cess to be completed is shorter; consequently are eliminated all solvent disposal/treatment
associated with organic solvents., making HMC environment-friendly materials [183].

Although water-based coating systems are useful, they are not completely flawless.
A difficult problem encountered with waterborne coating systems is the variation in the
dispersion of the coating. In fact, it is virtually impossible to control the presence or
growth of microbes in coating dispersions without damage [201]. In addition, HMCs offer
significant technical advantages, i.e., faster and cheaper coating processes and less risk of
dissolution of biomolecules during treatment [202].

However, although this technique has been described well by many review papers, like
by Lopes et al. [203], its application is scarce in producing coatings out of the pharmaceutical
sector. The motivation is the necessity to mix in the correct way “active molecules”, able to
guarantee the achievement of the desired HMC properties, with oligomers, which act as
primers during a low-temperature extrusion process (to ensure that the hot melt has the
right melt strength to be processed) [204].

Improving the solubility of water-insoluble molecules remains a real challenge in
the development of HMC formulations, as the bioavailability of active ingredients is
controlled by their solubility in water [205]. Improving the solubility of the couple “active
molecule–oligomer” is one of the challenges nowadays.

Finally, it is possible to conclude that HMCs represent the best strategy to develop
coatings for bioplastics and cellulose with highly diffused industrial technologies, such as
extrusion coating, in which the adhesion of the coating to the bioplastic substrate is very
critical, as pointed out by Correlo et al. [206].

Another solid coating can be achieved in the form of a powder. In fact, with environ-
mental regulations becoming more stringent, an urgent problem is to reduce the use of
volatile organic compounds (VOCs). An approach based on powder coatings, which is
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inherently solvent free is perfect from this point of view. Such coatings represent the final
destination along the road to VOC reduction [207].

Because of their superior application properties and environmental friendliness, the
use of powder coatings has grown very rapidly in recent years and the demand for func-
tional powder coatings has gradually intensified. The components of powder coatings are
extruded, crushed and screened to obtain powder for coating [208]. Powder coatings are
usually operated first by electrostatic spraying and fluidised bed impregnation methods.
Then, the powder is heated until it melts and hardens.

The most commonly used method for thermoplastic systems is the fluidised bed
process. Here, a hot metal test piece is immersed in the fluidised powder. The powder
dissolves, melts and cures, resulting in a smooth polymer surface on the test piece [209].
Due to the partial crystallisation of polyester resin, the effect on the properties of the
powder coating film, especially the mechanical properties, cannot be ignored in industrial
applications [210].

The production of a polymeric powder coating by extrusion is, actually, a multi-step
process. Indeed, it can be labelled a “batch process” because it involves weighing, premix-
ing, extrusion and milling, weighting the “ingredients” in prescribed ratios, pre-mixing
them in the solid state, feeding them into an extruder so to obtain a molten homogenous
mixture. The molten material, after cooling, is subsequently crushed into flakes of about
10–20 mm and then finally ground by disc or hammer mill to obtain particles with size in
the range of 2–100 μm with a distribution peak of about 50 μm [211].

Powder coating formulations exist on the market either as thermosetting or thermo-
plastic but they are fossil-based. Concerning biopolyester thermoplastic-based powder
coatings there are still many steps ahead to reach an industrial application. Interestingly,
Van Haverman et al. [212] developed alkyd resins for high-solid powder coatings com-
pletely based on commercially available renewable resources.

As interest continues to focus on improving more sustainable technologies, and as
the prices of fossil raw materials are set to rise, the coming decades will inevitably see an
increase in renewable-based coatings, combining them with unique properties.

6. Future Perspectives for Liquid and Solid Bio-Based Coatings

The present review evidenced the needs of formulating new bio-based coatings, which
can be highly compatible with cellulosic and bioplastic substrates, in which thermoplastic
starch films are one of the main examples [213]. The use of proper food or agricultural
waste for their formulation agrees with the circular economy principles, can keep the cost
of new materials down and can result in evident environmental advantages.

It is easy to predict, on the basis of the present literature survey, that chitin/chitosan
coatings could be interesting both in liquid and solid forms. Cellulosic substrates [26], but
also bioplastic [214] and textile substrates [113], can be easily treated with liquid coatings.
The penetration of the liquid in the cellulosic or textile tissue is an important aspect to be
controlled. Whereas chitosan, dissolved in acidic water, can penetrate inside the tissues,
the chitin nanofibrils, generally suspended in water, remain on the substrate surface. In
both cases the antimicrobial action can be modulated by controlling the concentration
of these biopolymers in the liquid product. Solid coatings in powder or in film can be
highly innovative. CNs or chitosan could be properly dispersed in thermoplastic matrices,
having a low melting temperature for an easy and not expensive coating in terms of energy
application.

Proteins can actually be used more on plastic and cellulosic substrates for developing
high oxygen barrier coating for plastic and cellulose packaging [81,93], but they could also
be potentially employed in solid coating formulations, despite their difficult processability
and temperature sensitivity [215].

A cutin lacquer was developed for metallic substrates [103], but it is potentially
applicable by liquid coatings on cellulosic and bioplastic substrates to obtain coloured (i.e.,
not transparent) coatings. The high hydrorepellency of cutin could probably allow these
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properties to be modulated on many substrates. The application of cutin in solid coating
would be very new and interesting for the same reason.

These last considerations are summarized in Table 4.

Table 4. Predictable perspectives for chitin/chitosan, protein and cutin on different substrates.

Biomolecule Liquid Solid

Chitin/chitosan Antimicrobial coatings for cellulose, bioplastic and
textile substrates.

Potentially antimicrobial and water barrier
coatings for cellulose, plastic and textile substrates.

Protein High oxygen barrier coatings for plastic and
cellulose.

In blend with polyesters, oxygen barrier coatings
for cellulose and plastic.

Cutin Hydrorepellent coatings and potentially for
cellulose, bioplastic, and textile substrates.

Potentially hydrorepellent coatings for cellulose,
bioplastic, and textile substrates.

In general, the preparation of liquid coatings based on chitin/chitosan, protein or
cutin is at a higher technological readiness level, with respect to solid coatings.

The latter are extremely promising but more challenging than liquid coatings, as the
modulation of morphological features based on coating concentration is a complex issue,
as well as for the possible thermal degradation that could occur during processing and
further application.

The considered biopolymers are thus extremely promising for developing innovative
and environmentally friendly coatings for several substrates with some pros and cons,
shown in Figure 2. These coatings can be extremely useful for improving the properties of
renewable products, thus boosting their use in several applications.

Figure 2. Advantages and disadvantages of liquid and solid coatings.

7. Conclusions

The objective of this review has been to summarize the main techniques for the applica-
tion of bio-based coatings, differentiating between liquid and solid methods. Moreover, an
in-depth literature search was necessary to evaluate some properties, which can be obtained
starting from the dispersion of biomolecules within the coating itself. Chitosan/chitin,
proteins and cutin were the main focus of this review paper, because of their complemen-
tary functional properties, antimicrobial, oxygen and water barrier, respectively. These
properties are highly requested in novel functional bio-based coatings. Liquid and solid
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bio-based coatings showed advantages and disadvantages, but they can provide high
flexibility to industry as well as drive specific innovations in the market, thus satisfying the
exigencies of more sustainable yet performant products, than fossil-based counterparts.

In conclusion, this paper evidenced that the world of bio-based coatings is constantly
evolving and expanding; several sectors are looking for a bio-based solution to improve
the properties of their substrates and a considerable technological step forward has been
made in this field.
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Abstract: The paper tissue industry is a constantly evolving sector that supplies markets that require
products with different specific properties. In order to meet the demand of functional properties,
ensuring a green approach at the same time, research on bio-coatings has been very active in recent
decades. The attention dedicated to research on functional properties has not been given to the study
of the morphological and mechanical properties of the final products. This paper studied the effect
of two representative bio-based coatings on paper tissue. Coatings based on chitin nanofibrils or
polyphenols were sprayed on paper tissues to provide them, respectively, with antibacterial and
antioxidant activity. The chemical structure of the obtained samples was preliminarily compared by
ATR-FTIR before and after their application. Coatings were applied on paper tissues and, after drying,
their homogeneity was investigated by ATR-FTIR on different surface areas. Antimicrobial and antiox-
idant properties were found for chitin nanofibrils- and polyphenols-treated paper tissues, respectively.
The mechanical properties of treated and untreated paper tissues were studied, considering as a
reference the same tissue paper sample treated only with water. Different mechanical tests were
performed on tissues, including penetration, tensile, and tearing tests in two perpendicular directions,
to consider the anisotropy of the produced tissues for industrial applications. The morphology of
uncoated and coated paper tissues was analysed by field emission scanning electron microscopy.
Results from mechanical properties evidenced a correlation between morphological and mechanical
changes. The addition of polyphenols resulted in a reduction in mechanical resistance, while the
addition of chitin enhanced this property. This study evidenced the different effects produced by two
novel coatings on paper tissues for personal care in terms of properties and structure.

Keywords: chitin nanofibrils; polyphenols; paper tissues; mechanical properties; bio-based coatings

1. Introduction

The paper industry is increasingly becoming interested in developing efficient and
innovative solutions to guarantee high-quality products [1]. For this purpose, research
activities have always been focused on the development of additives capable of adding
functional properties to cellulosic substrates. Typical properties required by the paper
industry are related to the water and grease barrier, antimicrobial properties, or antioxidant
activities [2–5].
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In parallel with innovative pharmaceutical products [6,7], considering it a sustainable
and circular economy perspective, the use of functional molecules from natural sources or
industrial wastes is increasingly being used [8–10].

Extracts derived from agro-food wastes and forest residues represent a valid source
of a wide range of functional molecules [11,12]. Polyphenols are considered interesting
and widely available active molecules obtainable from wastes, and they are mainly used
as natural antioxidants. For instance, different studies dealing with the extraction of
polyphenols from tomato, lemon, orange, carrot peels or seeds [13,14], fennel stems, foils,
and outer sheaths [15] but also from by-products such as cashew nuts, coconut shells, or
groundnut hulls [16] have been reported.

Other products of great interest, extracted from natural wastes, are chitin nanofibrils
and chitosan, which are used for their natural antimicrobial properties [17]. Chitin can be
naturally obtained from marine sources, such as exoskeletons of crustaceans (crabs and
shrimps) and molluscs (squid pens and mussel shells) [17–19], but also from terrestrial
sources, such as insects [20] or mushrooms [21]. The extraction process generally involves
demineralization (only for animal shells) and deproteinization steps [22–24]. The obtained
chitin can be converted into chitosan by a deacetylation process or to chitin nanofibrils
thanks to milder processes [25].

Moreover, the availability and yield of these active molecules from biomass waste
have been recently improved by using innovative extraction techniques such as ultrasound-
assisted extraction (UAE) [26], microwave-assisted extraction (MAE) [26–28], ultrafiltration
(UF) and nanofiltration (NF) [29], and hydrodynamic cavitation [30]. The application of
these molecules on cellulosic substrates has received great attention due to their intrinsic
properties, which guarantees the biodegradability of the substrates and their compatibility
with industrial-scale production [31,32]. Their use is very important, especially in skin care
products [33,34], as they exhibit properties such as UV radiation protection [34,35] and
anti-age action, acting as anticancer or moisturizer agents [36,37] and skin inflammatory
reaction modulators [38,39].

One of the most used methods for the application of functional molecules involves us-
ing water as a solvent or suspension medium [40–44], thanks to its good environmental and
economic advantages. Many techniques have been developed for the application of water
dispersions or solutions of active molecules, such as flexography [45], roll-to-roll [46,47],
wire-bar [48], blade [49], and spray [50,51]. In particular, in the paper industry, the applica-
tion of a coating on the surface of paper substrates enables the increase in properties such
as water vapor or gas barriers [52,53], and antimicrobial [54] or antioxidant activities [55].
Even if it is important to verify the effectiveness of functional additives to transfer the
desired properties, it is also necessary to investigate their effect on the morphology and
mechanical properties of the substrates. The thickness of the paper substrate and coating
plays a key role in the analysis of the mechanical behaviour. Substrates constituted by
paperboard for packaging are often affected by cracking of the coated layer during creasing
and folding [56,57], but mechanical properties are minimally affected by the presence
of a coating due to its negligible thickness compared to the substrate. Conversely, the
mechanical properties of materials with limited thickness, such as paper tissues or towels,
are affected by the presence of a coating and its application technique [58–60]. The main
issues are represented by the change in coated tissues in terms of softness and dry/wet
mechanical strength but also properties such as hydrophobicity, surface anisotropy, ab-
sorbency, and colour [44,61,62]. In solvent-mediated applications, it is pivotal consider that
a greater interaction between the coating and substrate often means a greater modification
of properties. It was reported that surface roughness and porosity distribution of the paper
are the main factors that affect the interaction between the liquid and substrate and the
absorption properties of the fluids [63,64]. Furthermore, it is also important to consider
the molecular size of the active molecules and their affinity with the substrate. Small
hydrosoluble molecules or micrometric particles, such as calcium carbonate, kaolin, talc,
alumina, and titanium oxide [65–67], often used as pigments, can penetrate deeper than
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macromolecules such as polyphenols (tannic acid, catechin) [68,69], polysaccharides (starch,
chitin) [70,71], or other polymers (natural rubbers, polyesters, polysiloxane) [58] used for
surface modification [67].

In this paper, two coatings based on chitin nanofibrils and polyphenols were applied
onto paper tissues by using spray techniques. FTIR spectra of treated tissues were recorded
on different surface points and compared with the spectra of raw coatings to evaluate the
homogeneity and penetration of the performed treatment on the tissues. Antioxidant and
antibacterial properties of, respectively, polyphenols and chitin were measured to verify
their activity as functional molecules. Their effect on the mechanical properties of tissues
was investigated by different mechanical tests that included puncture resistance, and tensile
and tearing tests. Mechanical properties were discussed correlating their trend with the
microstructure, observed through field emission scanning electron microscopy (FESEM).

2. Materials and Methods

2.1. Materials

Cellulosic tissues were provided by Lucense SCaRL (Lucca, Italy) (thickness = 200 μm,
19.5 × 20.5 cm).

Polyphenols powder was extracted by the University of Alicante (Alicante, Spain)
from tomato seeds obtained from agri-food wastes. Dried seeds were ground with a high-
speed rotor mill at 12,000 rpm (Ultra Centrifugal Mill ZM 200, RETSCH, Haan, Germany),
and particles passing through a 1 mm sieve were used. Then, microwave-assisted extraction
(MAE) was applied by using a FLEXIWAVETM microwave oven (Milestone srl, Bergamo,
Italy), as reported in the literature [72]. One gram of sample was introduced and mixed with
80 mL of 65% (v/v) ethanol at 400 rpm for 15 min at 80 ◦C. The obtained extract was cooled
to room temperature and centrifuged at 5300 rpm for 10 min. The solid residue was washed
twice with the extraction solvent and then discarded. Then, the supernatant was pooled
with the washing solvent and stored overnight at −20 ◦C in order to remove possible
interferences by precipitation. After that, the precipitate was removed by centrifugation
at 5300 rpm and 4 ◦C for 10 min. The supernatant was collected and the ethanol was
subsequently evaporated under reduced pressure. Afterward, the extract was frozen at
−80 ◦C and freeze-dried until complete dryness. Finally, tomato seed extract was stored in
vacuum-sealed packs at −20 ◦C in darkness.

A partially deacetylated chitin nanofibrils (ChNFs) suspension was supplied by Cela-
bor (Chaineux, Belgium). The suspension was obtained through a chemical pre-treatment
followed by a mechanical defibrillation process using an ultra-fine friction grinder Super
masscolloider (Masuko® Sangyo Co. Ltd., Kawaguchi, Japan) equipped with two ceramic
nonporous grinders adjustable at any clearance between the upper and lower grinder.
Chemical pre-treatment was performed by a partial deacetylation of commercial chitin
from shrimp shells (Sigma-Aldrich, St. Louis, MO, USA) using concentrated sodium hy-
droxide. The reaction was stopped when a degree of deacetylation (DDA) of 16% was
reached. The product was then purified until the pH value reached 6.5~7. After the partial
deacetylation, the resultant chitin suspensions were then prepared for mechanical defibril-
lation by dispersing them in acidified water at a concentration of 1.5 wt%. The solution was
then manually poured into the grinder and the partially deacetylated chitin suspensions
fed into the hopper were dispersed by centrifugal force into the clearance between the
grinding stones, where they were ground into ultra-fine particles, after being subjected to
massive compression, shearing, and rolling friction forces. ChNFs were thus obtained and
stored at 4 ◦C until further use.

2.2. Raw Materials and Substrates Characterization

The tissue substrate was analysed by thermogravimetric analysis using a TA Q-500 (TA
Instruments, Waters LLC, New Castle, DE, USA) to evaluate its qualitative composition and
thermal degradation profile. This analysis was performed from room temperature to 900 ◦C
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under a nitrogen atmosphere at 10 ◦C/min. At 900 ◦C, an isothermal treatment of 30 min
under air was performed to evaluate the residual weight under oxidative atmosphere.

Extracted active molecules were analysed by infrared spectroscopy using a Nicolet
T380 Thermo Scientific instrument equipped with a Smart ITX ATR accessory with a
diamond plate (Thermo Fisher Scientific, Waltham, MA, USA), collecting 256 scans at
4 cm−1 resolutions.

The polyphenols main composition was determined by high-performance liquid
chromatography coupled to mass spectrometry (HPLC-DAD-MS) at 294 nm. An Agilent
1100 HPLC system coupled to a LC/MSD ion trap mass spectrometer with an electrospray
ionization (ESI) source (Agilent Technologies, Palo Alto, CA, USA) was used. A HALO
C18 column (100 mm × 4.6 mm × 2.7 μm) coupled to a HALO C18 guard column 90 Å
(4.6 × 5 mm × 2.7 μm) operating at 25 ◦C was used. The mobile phase was composed of
milli-Q water (solvent A) and acetonitrile (solvent B), both added with 0.1% acetic acid.
A gradient elution program was used at a flow rate of 0.5 mL/min: starting A at 85% to
60% in 15 min to 30% in 3 min to 10% in 1 min and returning to the initial composition
in 3 min. Mass spectra were recorded in the negative ionization mode (m/z 50–900). The
electrospray chamber was set at 3.5 kV with a drying gas temperature of 350 ◦C. The N2
pressure and flow rate of the nebulizer were 50 psi and 10 L/min, respectively. Polyphenols
were identified by comparing MS experimental data with those of standard compounds
prepared in ethanol:water (60%, v/v). All solutions were filtered through a 0.22 μm nylon
membrane prior to injection (6 μL).

The ChNF nature was investigated to verify the effect of the defibrillation process. A
drop of diluted ChNF dispersion (1:1000 v/v in water) was poured on a microscopy slide
and dried at room temperature. The slide was mounted on a SEM stub and observed under
a field emission scanning electron microscopy (FESEM) using a FEG-Quanta 450 instrument
(FEI, Hillsboro, OR, USA).

2.3. Coating Application

The chitin suspension was applied as received while the polyphenols powder was
dissolved in water. Both coatings were applied by the spray technique with a hand
sprayer on one side of the paper tissue. Different amounts of ChNFs (1 wt%, 7.5 wt%) and
polyphenols (0.1 wt%, 1 wt%, 10 wt%), with respect to the tissue weight, were applied on
the substrate. In addition to the tissues treated with active molecules, a reference sample
treated with pure water was prepared. The same amount (30 mL) of water was used in all
samples. In order to apply uniformly the coating, the application was performed at 10 cm
from the surface of the tissue, equally dividing the spray between 9 application points as
reported in Figure 1.

Figure 1. Application points selected for spray coating.

2.4. Coating Homogeneity Evaluation

The homogeneity of treated tissues was evaluated by performing five ATR-FTIR
spectra on each side (selected points are reported in Figure 2) by using the same conditions
of extracted active molecules described in Section 2.2.
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Figure 2. Scheme of selected points (blue dots) for ATR-FTIR analysis for evaluating coating
homogeneity.

The two samples treated with the highest concentrations of each molecule (7.5 wt%
ChNFs and 10 wt% polyphenols) were applied and dried on aluminium foil. Samples were
analysed by ATR-FTIR to evaluate the effect of the application technique for eliminating
the presence of the paper tissue signals.

2.5. Morphological Evaluation

The morphology of all samples was investigated by field emission scanning electron
microscopy (FESEM) using a FEG-Quanta 450 instrument (FEI, Hillsboro, OR, USA). From
all the samples constituted by the chitin and polyphenols sprayed on aluminium foils and
the coated and uncoated paper tissues, a 1 × 1 cm square was cut with a hand precision
scissor. Cut samples were stuck on an aluminium stub with a diameter of 12 mm through
conductive carbon scotch. Stabs were sputtered with Pt using a LEICA EM ACE600 high-
vacuum sputter coater (LEICA, Buccinasco, Italy) to make them conductive.

2.6. Antioxidant and Antibacterial Assays

Antibacterial properties of chitin suspensions were tested on treated tissues according
to the BS ISO 8784-1:2014 Standard for determining the total number of colony-forming
units of bacteria on disintegration on at least 5 plates.

The measurement of the radical scavenging activity (RSA) of polyphenols was per-
formed according to the DPPH assay, as a simple and widely used method to determine
the antioxidant properties of active molecules [73]. The analysis was conducted on an
aqueous solution of polyphenols at concentrations of 0.07 wt%, 0.3 wt%, and 3 wt% to
verify their antioxidant activity. The analysis was performed on three samples for each
concentration. The absorbance of reference and sample solutions was measured with a
UV-VIS spectrophotometer Perkin Elmer L60000B (Perkin Elmer, Waltham, MA, USA). The
RSA was calculated as reported in Equation (1):

RSA(%) = [(Areference − Asample)/A reference]×100 (1)

2.7. Mechanical Properties

The mechanical properties of treated tissues were measured by different tests. All the
specimens were previously conditioned at least 48 h in a 50% RH chamber.

The puncture resistance test was performed with a universal testing machine model
3365 (Instron, Norwood, MA, USA) equipped with a load cell of 100 N. A penetration
probe with a hemispherical tip was used. As reported in the literature, this type of tip
showed the highest reproducibility (lowest variability coefficient) on tests performed on
paper laminates [74]. The test was performed at 1 mm/min until a complete break of the
tissue. For each test, at least seven specimens were measured. As the puncture test was
conducted orthogonally with respect to the surface of the tissues, the eventual orientation
of the fibre did not influence the test.

87



Polymers 2022, 14, 2274

Other mechanical tests were performed on specimens cut in two perpendicular ways,
namely cross direction (CD) and machine direction (MD). The tissue was ripped by hand
in the two directions. The direction where the rip had a straight progression was called the
machine direction (MD), while the direction where the rip went through a deviation was
called the cross direction (CD).

The Elmendorf tear test was performed with an Elmendorf tearing tester model 275A
(Mesdan-lab, Raffa di Pugenago, Italy) equipped with a 1600 g pendulum, according to
BS EN ISO 13937-1:2000 Standard. Specimens were cut with a manual scissor with the
help of a jig according to the shape and dimensions reported in the Standard. A pre-notch
was performed with the appropriate blade on the instrument. For each test, at least four
specimens were measured.

A trouser test was conducted with a universal testing machine model 3365 (Instron,
Norwood, MA, USA) equipped with a load cell of 100 N according to ASTM D1938 Standard
with a grip-separation speed of 250 mm/min. Specimens were prepared with a manual
scissor using a 45◦ blade from the top of the pre-crack to the bottom of trousers, achieving
legs dimensions of 65 mm × 12.5 mm and an uncracked area of 25 mm × 25 mm. For each
test, at least five specimens were measured.

The tensile test was conducted with a universal testing machine model 3365 (Instron,
Norwood, MA, USA) equipped with a load cell of 100 N according to ASTM D882 Standard
with a grip-separation speed of 10 mm/min. Tests were performed on ISO 527-2/5A
dumbbell specimens obtained with a Manual Cutting Press EP 08 (Elastocon, Brahmult,
Sweden). For each test, at least five specimens were measured.

The analysed samples are reported in Table 1.

Table 1. Samples studied by mechanical tests.

Name Composition

TP Pure tissue
TW Tissue treated with sole water
TA Tissue treated with 10 wt% antioxidant polyphenols
TC Tissue treated with 7.5 wt% ChNFs

2.8. Statistical Analysis

The significance of differences between mean results in mechanical properties were
analysed through a Tukey HSD post hoc test. Means that were identified as not significantly
different were grouped under the same letter.

The test was performed on Minitab® software (Gmsl S.r.l., Nerviano, Italy) using a
one-way analysis of variance assuming a confidence level of 95%.

3. Results

3.1. Raw Materials Characterization

Different biomolecules, such as ChNFs and polyphenols, from natural sources were
applied onto the tissues to obtain functional tissues with enhanced properties. Before the
application on the substrate, active molecules were characterized to identify their main
composition. In Table 2, the main results obtained from the TGA thermogram are reported.

Table 2. Main components of cellulosic tissues elucidated by TGA.

Sample
Water Content

(wt%)
Cellulose Degradation

Onset Temperature (◦C)
Cellulose

Degradation (wt%)
Residue in N2

(900 ◦C) (wt%)
Residue in Air
(900 ◦C) (wt%)

Tissue 5.66 275 81.63 12.71 1.10
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TGA analysis confirmed that the tissue was mainly composed of cellulose (81.63%),
with a water content of 5.66%. The residue obtained under nitrogen atmosphere accounted
for 12.71 wt%, which was mostly attributed to carbonaceous derivatives or organic additives
that can be oxidized under air (final residue in air was 1.1 wt%).

Powders of active molecules were analysed by ATR-FTIR to qualitatively determine
their composition.

The polyphenols spectrum showed typical bands associated with amide (1650 and
1540 cm−1) and lipid (1720–1650 cm−1 and 3000–2800 cm−1) groups. Other bands occur-
ring at 1440–1400 cm−1 (C-H bending) and 1240–1400 cm−1 (C-C and C-C-H stretching)
indicated the presence of methyl groups of proteins, and 1170–1115 cm−1 was attributed to
C-O stretching. Broad absorption bands of OH group were shown in the 3500–3000 cm−1

range. The two peaks at 2920 and 2850 cm−1 were related, respectively, to asymmetric
and symmetric C-H stretching. The region between 1040 and 990 cm−1 showed intense
bands attributed to C-O-C vibrational modes of various carbohydrates and acids, which
are abundant groups in tomatoes [75]. Finally, a small peak related to C=O stretching
(1720 cm−1) showed the presence of acetate groups.

In Figure 3, the FTIR spectrum of the polyphenol powder was compared with the
one obtained from the sprayed polyphenols solution on an aluminium foil. This compar-
ison evidenced a correspondence between main bands except for the band appearing at
990 cm−1, which was attributed to the C-O-C vibrational modes of carbohydrates and
organic acids derived from tomato [76]. This difference can be ascribed to the different
surface composition detected by ATR-FTIR in the case of the powder or spray suspension.
In the latter case, electrolytic substances are reasonably more concentrated on the surface
than in the case of the powder.

Figure 3. Spectra of polyphenols powder (top) and its sprayed film deposited on an aluminium foil.

Typical peaks related to acetyl and amide groups of chitin were observed in the
spectrum of Figure 4. C-H stretching was identified at 1850 cm−1, and the bands observed
at 1548 cm−1, 1615 cm−1, and 1650 cm−1 were typical of amide groups. N-H stretching
band relatives to deacetylated groups of chitin were observed at 3270 cm−1. Other typical
peaks related to the chitin carbohydrate backbone were the C-H stretching band shown
at 2870–2880 cm−1, the O-H wide band at 3450 cm−1, and C-O-C stretching at 1025 and
1075 cm−1 [77]. The comparison between ATR-FTIR results for ChNF powder and its spray
on aluminium in Figure 4 evidenced a good correspondence between both spectra.
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Figure 4. Spectra of chitin powder (top) and its sprayed film deposited on an aluminium foil.

The ChNF structure was studied by FESEM. The micrograph reported in Figure 5
showed a nanometric structure of chitin composed of fibrils with a diameter <50 nm.

Figure 5. ESEM micrograph obtained for ChNFs.

Regarding the composition of polyphenols determined by HPLC-DAD-MS, chloro-
genic acid, rutin, and naringenin were mainly identified in the tomato seeds powder. The
quantification of these polyphenols was performed, in triplicate, based on integrated peak
areas of samples and standards using external calibration. As a result, 2.99 ± 0.11 mg/100 g,
1.38 ± 0.02 mg/100 g, and 1.11 ± 0.35 mg/100 g were obtained for naringenin, rutin, and
chlorogenic acid, respectively. These results are in agreement with other authors who
reported similar polyphenols contents in tomato seeds [78].

3.2. Homogeneity Evaluation

The homogeneity of the performed treatment was investigated by ATR-FTIR analysis
in five points on each side of tissue samples. This analysis was carried out only on tissues
treated with the highest concentration of the active molecules to have enough intense IR
signals to be detected.

Figures 6 and 7 show the spectra acquired for the tissues treated, respectively, with
chitin and polyphenols. The spectrum of the untreated paper tissue was also considered
as a reference, in order to select the bands that could reveal the presence of the active
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compounds in the coating. The intense signals appearing at 1650 cm-1 and 1615 cm-1

(related to amide groups) were, respectively, used to identify the presence of antioxidant
polyphenols and chitin on the surface of the tissues. Similar intensities were obtained for
this band in all five points analysed of each side, denoting a good homogeneity of the
treatment. The comparison between the top and bottom (opposite side) parts of each tissue
evidenced the prevalence of the active molecules on the top (application side), but they
were detectable also on the bottom (opposite side). This difference was more evident in the
chitin-treated tissue than in the polyphenols one, indicating that this latter had a higher
penetration in the tissue. This phenomenon can be attributed to the similar molecular
structure of chitin and cellulose (they both are polysaccharides) compared to polyphenols,
to the lowest molecular weight of polyphenols with respect to the chitin, and to the fact
that ChNFs were dispersed as a solid suspension in water, while polyphenols were at least
partially dissolved. Hence, ChNFs were applied mainly on the application side where
nanofibrils tend to be deposited forming a superficial tissue.

Figure 6. Spectra of the top and bottom part of chitin-treated tissues compared with IR spectrum of
pure chitin (red). Capital letter on each spectrum indicate the point where it was acquired according
to the relative picture on its left.
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Figure 7. Spectra of the top and bottom part of antioxidant-treated tissues compared with IR spectrum
of pure antioxidant extract (red). Capital letter on each spectrum indicate the point where it was
acquired according to the relative picture on its left.

3.3. Antibacterial Test

Antibacterial properties of tissues sprayed with chitin were analysed through the
enumeration of bacteria on the surface according to ISO/CD 8784-2 Standard. The obtained
results (Table 3) showed a clear effect of chitin on bacteria proliferation that was almost
halved at 1 wt% and was a fifth at 7.5 wt%. Although bacterial proliferation was not inhib-
ited even at the highest concentration of chitin, its significant decrease can be considered
an improvement in the capacity of the prepared tissue to limit bacteria growth.

Table 3. Results for bacteria enumeration on tissues treated with ChNFs (percentage of chitin was
referred to the weight of raw tissue).

Untreated Tissue + 1 wt% Chitin Tissue + 7.5 wt% Chitin

Enumeration of bacteria
on surface (CFU/g) 1390 ± 120 867 ± 33 280 ± 17

3.4. Antioxidant Test

Antioxidant properties of tissues sprayed with polyphenols were evaluated by using
the DPPH method. The antioxidant activity was expressed in radical scavenging activity
RSA (%) values that were calculated as reported in Equation (1) and represent the capacity
of the active molecules to reduce the free-radical activity. From the results shown in Figure 8,
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a clear antioxidant activity of the active tissues was observed, which significantly grew with
the concentration of polyphenols. In addition, it was shown that the lowest concentration
of polyphenols needed more than 30 minutes to reveal antioxidant properties, while the
other concentrations used showed a significant antioxidant effect in less than 30 minutes.

Figure 8. RSA (%) values of DPPH for polyphenol solutions at different concentrations after 0, 30,
and 60 minutes.

3.5. Mechanical Properties

In addition to functional and compositional properties of the treated tissues, mechan-
ical tests were also performed to describe exhaustively the effect of the coatings on the
substrates. In addition to the untreated tissues and tissues treated with the maximum
concentration of active molecules, the tissue treated with sole water was also studied.

3.5.1. Puncture Resistance Test

The puncture resistance of coated and uncoated tissues was determined by measuring
the force needed to penetrate the paper with a blunt probe and its maximum deflection
before breakage. This test can be used as a simple and quick preliminary study to predict
the mechanical properties of nonwoven fabrics under quasi-static deformation [79–81].

In Figure 9a, differences between the force needed to penetrate treated and untreated
tissues are shown. It was clear that the application technique strongly influenced the
mechanical properties of the tissue. In fact, the sample treated with water (TW) showed a
maximum force that was almost doubled with respect to the untreated tissue (TP). As a
result, treated tissues should then be compared with this tissue and not with the untreated
one. Considering treated tissues, TA appeared to be more easily penetrable compared to
TW, while TC showed a similar behaviour.
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Figure 9. Maximum force (a) and maximum deflection (b) that tissues can sustain before breakage.
Significance of standard deviation was investigated with a Tukey HSD post hoc test performed on
7 different specimens. On the top of each column, a letter was reported. Means that were identified
as not significantly different were grouped under the same letter.

Maximum deflection values of tissues reported in Figure 9b represent the maximum
displacement of the probe before tissues breakage. Nonsignificant differences between TP,
TW, and TC values were observed.

In general, all measured values were similar except for TC that showed a maximum
deflection slightly higher compared to the other samples. This behaviour could be com-
patible with the formation of a more compact structure thanks to the chitin nanofibrils
presence that can sustain a greater deflection and force. The analysis of variance of the mean
maximum force (Figure 9a) evidenced a significant difference between TC with respect to
TA or the pure tissue, confirming its effect on reducing the penetrability of the coated tissue.
Conversely, the analysis of mean maximum deflection (Figure 9b) showed a significant
negative effect of TA with respect to the other samples, reducing the maximum deflection
before breakage of the tissue.

3.5.2. Tensile Test

The tensile test performed on the two directions of the film (MD and CD) is a simple
method to analyse the anisotropy in the mechanical properties of the tissues and the effect
of the coating on these properties [61]. Moreover, the comparison between treated and
untreated samples gave information on the effect of the coating on the resistance of the
fibre texture, regarding the complex mechanism that consists of different steps, such as the
alignment of the fibre, the reduction in the intermesh voids, and sliding of the fibres [82].

In Figure 10a, the stress at break of treated and untreated tissues in both directions
are shown and represent the maximum values of stress that the mesh can sustain before
the first fibre (or bundle of fibres) started to break. A clear difference between TC and the
other samples can be noticed. Similar values of stress at break were observed in TP, TW,
and TA samples, with a higher resistance at break in MD with respect to CD. The high
stress in MD can be explained considering the alignment of the fibres in that direction.
The comparison between TP, TW, and TA samples showed that water treatment seems to
slightly reinforce the fibres, while polyphenols reduce their ability to resist the tensile force.
Regarding TC, stress values significantly higher with respect to the other samples were
noticed and similar values were observed for both directions. Therefore, chitin was able to
override the anisotropy of the material and increase its properties. This behaviour could
be compatible with the filling of the intermesh space with nanofibrils and the formation
of higher-density materials that can sustain a greater force, in agreement with puncture
tests results.
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Figure 10. Stress (a) and strain (b) at break of treated and untreated tissues for tensile test. Significance
of standard deviation was investigated with a Tukey HSD post hoc test performed on 5 different
specimens. On the top of each column, a letter was reported. Means that were identified as not
significantly different were grouped under the same letter.

In Figure 10b, strain values related to maximum stress values are reported. Compared
to stress at break values (Figure 10a), all samples showed similar results, although in TC,
the difference between MD and CD was less evident than in the other samples. Strain at
break is caused by a complex mechanism that comprehends the alignment and movement
of the fibres in the tissue. Hence, the presence of chitin, filming on the treated surface and
in between the different fibres, and thus enhancing inter-fibre linkages makes the materials
more resistant but less deformable.

ANOVA of stress at break values (Figure 10a) showed the same grouping in both MD
and CD, confirming a significant strengthening effect of chitin with respect to the pure and
other coatings. Instead, the statistical analysis of strain at break (Figure 10b) showed some
significant differences between MD and CD. The values measured in CD with respect to the
same grouping observed in stress at break values showed a predominance of the chitin with
respect to the other coating, while, in MD, all the means were not significantly different.

3.5.3. Tearing Tests

The tearing test is classified as a type III mode of fracture mechanics (out-of-plane
fracturing test) and allows the fracture propagation on the plane to be studied by applying
an out-of-plane shear [83]. Two types of tearing tests were performed on treated and
untreated tissues: Elmendorf and trouser tearing tests. The differences between these
tests were mainly in the test speed; the Elmendorf apparatus is composed of a swinging
pendulum that was released, causing a very fast propagation of the crack, while the trouser
test was a test with a controlled strain rate.

In Figure 11a, the trouser tear propagation force is shown, which can be defined as
the force required to propagate the crack. TP and TW samples showed similar values,
denoting that, in this case, the application technique did not affect the measured property.
Instead, TA and TC showed, respectively, lower and higher values with respect to TP and
TW. Regarding the analysis direction in all samples, it was observed that the crack required
more force to propagate in CD compared to MD, conversely to the behaviour observed in
the tensile test. This behaviour agreed with a partially oriented fibre structure where a tear
can easily propagate parallel to the fibres with respect to the perpendicular direction.
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Figure 11. Tear propagation force (a) measured through trouser test and tear propagation resistance
(b) measured with Elmendorf pendulum. Significance of standard deviation was investigated with a
Tukey HSD post hoc test performed on 4 different specimens for Elmendorf test and on 5 different
specimens for tear propagation test. On the top of each column, a letter was reported. Means that
were identified as not significantly different were grouped under the same letter.

Elmendorf tearing test results reported in Figure 11b showed a trend similar to the
trouser test but with some differences. The obtained results were all higher compared to
the respective values observed in the trouser test due to the higher test speed. Differences
between TP and TW were shown, with an increment in tear resistance caused by the
application technique, but in these two samples, the difference between MD and CD was
no longer visible. Conversely, in TA and TC, higher values in CD were observed compared
to MD, maintaining the same trend observed in the trouser test with propagation tear
resistance values of TA and TC, respectively, lower and higher with respect to TP.

Analysis of variance of both trouser and Elmendorf tearing tests showed the same
grouping of means, evidencing a significant difference between TC and TA tissues. In
particular, TC showed the highest tearing resistance values in all tests and directions, while
TA showed the lowest ones.

3.6. FESEM Analysis

FESEM analysis was performed to observe the structure of ChNFs and polyphenols
and their effect on the paper tissue structure. The brittle dusty sample deposited on
aluminium foil by spraying the polyphenol-based treatment and the homogeneous and
compact film formed by depositing the treatment based on ChNFs were both analysed.

In Figure 12, the different microstructures of polyphenols (Figure 12a) and ChNFs
(Figure 12b) were clearly observed. Polyphenols showed the aspect of a paste consisting
of round submicrometric partially united particles deposited on the surface of aluminium
foil forming a nonhomogeneous film with the presence of cracks in correspondence of the
particles joining lines. Instead, chitin showed a nanostructured morphology consisting
of nanofibrils that form a compact structure fully covering the aluminium foil. In good
agreement, a good film-forming capacity was evidenced for ChNFs [54,84].
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Figure 12. Cont.
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Figure 12. FESEM micrographs of: (a) polyphenols and (b) chitin sprayed on aluminium foil,
(c,d) paper tissue, (e,f) paper tissue treated with polyphenols, and (g,h) paper tissue treated with
ChNFs.

Pure tissue, as observed in the micrograph of Figure 12c,d, showed a fibrillar structure
grouped in bundles that were oriented in different directions. However, the structure was
not compact and it showed many empty spaces having dimensions of tenth of micrometres.

In Figure 12e,f, micrographs of paper tissues treated with polyphenols are shown.
At low magnification (250×), it was not possible to identify the presence of antioxidant
molecules on the fibres and the microstructure appeared unmodified by the treatment. The
comparison between the high-magnification micrographs of pure tissue (Figure 12c,d) and
the one treated with polyphenols (Figure 12e,f) allowed the deposition of polyphenols onto
the fibrillar structure of the paper to be observed.

Micrographs of tissues coated with chitin (Figure 12g,h) showed a completely different
structure with respect to the one treated with polyphenols. In fact, it was also possible to
observe the coating at low magnification (250×) where the chitin completely filled the empty
space between the paper fibrils, forming a continue surface. At high magnification, it was
not possible to distinguish the fibrillar structure of the paper but only the nanofibrillated
structure of chitin covering the treated surface.

4. Conclusions

In this paper, two coatings based on chitin and polyphenols were successfully ap-
plied on paper tissues. As a result, antibacterial properties due to ChNFs and antioxidant
properties due to polyphenols were positively detected. In particular, the correlation be-
tween the concentration of functional coatings and the expected properties was confirmed,
resulting in an increase in antibacterial and antioxidant properties at higher contents of
active molecules. ATR-IR analysis confirmed the presence of a homogeneous coating on
the surface of the paper tissues and showed a higher concentration of chitin on the top
surface with respect to the bottom part, revealing its affinity for the cellulosic substrate.
Mechanical properties of treated and untreated tissues were also studied considering the
effect of the application technique with water. The results showed that, in all mechanical
tests, the water treatment had a toughening generalized effect. In the literature, it was
reported that the change in swelling and moisture can induce anisotropic shrinkage or
relaxation of the microcompression created during the manufacturing [85]. The latter
described phenomenon is in agreement with the generalized toughening effect. Regarding
the tissues treated with ChNFs or polyphenols, it was also possible to observe different
effects. In fact, the addition of polyphenols resulted in a reduction in mechanical resistance,
while the addition of ChNFs resulted in its enhancement, which was confirmed by the
statistical analysis of results. The observation of mechanical properties in the different
directions for tensile and tearing tests confirmed the general orientation of paper fibres in
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the machine direction, in agreement with industrial methodologies for paper production.
The effect of coatings on mechanical properties can be better explained by observing FESEM
micrographs. ChNFs increased the density of the tissue, filling the empty spaces between
the paper fibres and obtaining a more compact structure that can justify the increase in
mechanical resistance. Conversely, polyphenols did not significantly affect the structure
of the tissue, as they were impregnated but had no film-forming capacity. Therefore, the
decrease in mechanical properties of tissues treated with polyphenols cannot be attributed
to a change in the structure but to a detrimental effect due to the presence, along all the
tissue thickness, of the polyphenols extract showing a limited compatibility with the cellu-
losic fibres of the paper tissue. As polyphenols derive from a natural extract that contains
several molecules, it might be reasonable to assume a chemical degradation of the fibres.
On the whole, the results of the present paper can be useful for developing, in the near
future, functional coatings for cellulosic products in the skin care or packaging sectors
considering the effects of interesting biomass waste derivatives.
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Abstract: In this work, two different typologies of hazelnuts shell powders (HSPs) having different
granulometric distributions were melt-compounded into poly(lactic acid) (PLA) matrix. Different
HSPs concentration (from 20 up to 40 wt.%) were investigated with the aim to obtain final biocom-
posites with a high filler quantity, acceptable mechanical properties, and good melt fluidity in order
to be processable. For the best composition, the scale-up in a semi-industrial extruder was then
explored. Good results were achieved for the scaled-up composites; in fact, thanks to the extruder
venting system, the residual moisture is efficiently removed, guaranteeing to the final composites
improved mechanical and melt fluidity properties, when compared to the lab-scaled composites.
Analytical models were also adopted to predict the trend of mechanical properties (in particular,
tensile strength), also considering the effect of HSPs sizes and the role of the interfacial adhesion
between the fillers and the matrix.

Keywords: biocomposites; natural fibers; poly(lactic acid) (PLA); extrusion compounding

1. Introduction

Due to their complex end-of life management, petroleum-based plastics have caused
a serious environmental problem, mainly related to their disposal. It was observed that
from 1950 to 2015, less than 10% of the total plastic produced amount was recycled [1]. A
possible solution to the waste management problem caused by non-degradable plastics
can be obtained by replacing these materials with biodegradable polymers obtained from
renewable resources compounded with agro-food waste. In this context, biobased and
biodegradable polymers are an interesting solution to preserve petroleum resources and to
decrease CO2 emissions [2].

Agro-industry generates large biomass amounts that are not sufficiently and ade-
quately exploited. For example, in the European Union alone, about 700 million tons
of agriculture waste is annually produced [3]. The use of plant waste materials as raw
materials in the production of biocomposites materials represents an exceptional opportu-
nity for sustainable technological development. In fact, fruit shells and other agricultural
waste are potentially important sources for the production of sustainable and competi-
tive biocomposites. These plant by-products are produced in high quantities and crop
wastes are rich in different nutritional components that can be valorized. Recently, the
utilization of by-products has been increased by food and pharmaceutical manufacturers
to produce valuable compounds from such inexpensive resources. In particular, nuts are
one of the most important agricultural products due to their different uses within the food
industry [4].

Walnut and hazelnut shells have great potential due to their large scale production;
considering that about 67% of the total product weight consists of the shell, 646,818 tons
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of walnut shells, and 353,807 tons of hazelnut shells are produced each year [5]. After
the separation of the kernel from the external parts of the fruit, large quantities of peel
and shell are generated. These materials are the main part (over 60%) of the nut fruit
and are discarded or burned as fuel without any useful application. Unfortunately, this
waste material is typically burned directly in situ for heating purposes, while it could
potentially be used for the production of both high added-value chemicals and biocompos-
ites. Hazelnut shells are cost-effective byproducts [6] and their exploitation represents a
stimulating challenge [7]. To better exploit their potentialities, it is necessary to find other
better uses for hazelnut shells [8,9]. Hazelnut shells’ composition is very similar to that
of other wood-based biomass because cellulose, hemicellulose, and lignin are the main
components. Shell grinding allows to produce hazelnut shell powder (HSP) of different
sizes and morphologies. HSPs consist of lignin (40–50% by weight), cellulose (25–28%), and
hemicellulose (22–30%), but they also contain a fraction of polyphenols (flavonoids and
tannins), which can be recovered by hydroalcoholic extraction [10–12]. The shell extracts
can be used as natural antioxidants in polymeric matrices as they can act as thermal and
photo oxidative stabilizers for different types of polymers, including biopolymers like
poly(lactic) acid (PLA) [13,14]. Moreover, the HSP addition enables light biocomposites
to be obtained that, in some cases, possess improved mechanical and thermal properties
and have enhanced biodegradability, when compared to the pure matrices [15–19]. Fur-
thermore, the incorporation of HSPs into a biopolymeric matrix contributes to reducing
the overall biocomposite cost [20]. However, some drawbacks must be mentioned in
using agricultural waste for the production of lignocellulosic composites: unstable fiber
availability over the year, absence of industrialized processing, and the need for big storage
facilities and different necessary pre-treatments [21–24]. For this purpose, in order to take a
step forward, the extrusion and injection molding processes considering the biocomposites
scaling-up ability were investigated in this paper.

The polymeric matrix chosen for this study was poly(lactic acid) (PLA). In fact, among
the biopolymeric matrices commercially available in the market, poly(lactic) acid (PLA)
is one of the most attractive and its use in the production of green composites is gaining
great importance [25]. PLA can be considered the front runner of the bioplastic market
with an annual consumption of about 140,000 tons [26]. What has pushed up the increasing
PLA demand are its excellent starting mechanical properties (≈3 GPa of Young’s modulus,
≈60 MPa of tensile strength, ≈3% of elongation at break and an impact strength close to
2.5 kJ/m2) that are comparable to those of polystyrene (PS) [27].

Song et al. investigated the addition of walnut shell powder into PLA; they noticed
during the biocomposites processing that an increase in the melt fluidity was correlated
to the fiber powder addition [28]. This melt fluidity increment can lead to problems
during the processing, making impossible or very difficult, for example, the extrusion
compounding, the injection molding, the casting extrusion, etc. The evaluation of the
fiber/matrix adhesion plays an important role and must be considered. From the processing
point of view, fiber-matrix adhesion improvement can be done by chemical fiber pre-
treatments or in-situ reactive blending. The last option is very interesting for the scaling-up
point of view and involves the use, during the extrusion compounding, of coupling
agents that are able to modify the polarity and surface tension of the fibers, enhancing
the fiber-matrix adhesion [29,30]. The main coupling agents added to improve the fiber-
matrix adhesion are maleic anhydride (MA), silane, isocyanate, and peroxide [29,31,32].
Commercial chain extender represents another way to improve the fiber-matrix adhesion,
thanks to their easy processability during the extrusion compounding; however, they are
not bio based and not biodegradable and even if they are introduced in very few amounts,
they compromise the totally full bio-based origin of the final biocomposites.

The addition of HSPs into a PLA matrix must be deeply investigated and little work
has been done regarding the scaling-up of these biocomposites into semi-industrial extru-
sion compounding process. For this reason, in this work, firstly the effect of the addition of
different amounts (from 20 up to 40 wt.%) of two HSPs with different values of granulome-
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try was investigated. The effect on melt fluidity, and thermal and mechanical properties
was investigated on a lab-scale. Analytical models were also adopted to evaluate the
powder size effect and adhesion between HSPs and PLA matrix. Then, the best selected
compositions were extruded into a semi-industrial twin screw extruder, evaluating scale-
up feasibility, focusing on the change of melt fluidity and mechanical properties of the
scaled-up composites.

2. Materials and Methods

2.1. Materials

The materials used in this work are:

• PLA3251D from Natureworks is a PLA designed for injection-molding applications.
This polymer grade is very stable in the molten state and can be processed on con-
ventional injection molding equipment [density: 1.24 g/cm3; MFR (210 ◦C, 2.16 kg):
80 g/10 min].

• Two different KERN hazelnut shell powders (HSPs) with different granulometry were
provided by Arianna Fibers. Empty hazelnut shells were grounded by an impact mill.
HSP with coarser grain size are named H0210, while those with finer grain size are
named HM200 [ρ = 0.954 to 1.08 g/cm3 with HR 5 to 30%].

2.2. Hazelnut Shell Powders (HSPs) Characterization

In order to quantify the humidity present in the HSPs, about 0.5 g of HSP for each
sample were put in a Petri dish (previously weighed) and they were weighed before and
after the drying process in a ventilated oven at 60 ◦C for 16 h. For each fiber typology, at
least 3 measurements were carried out.

To investigate the possible degradation of the fillers during the extrusion compound-
ing and to evaluate differences in chemical compositions between H0210 and HM200 HSPs,
thermogravimetric (TGA) and FT-IR analysis were carried out.

TGA was performed on a TA Q-500 instrument (TA Instruments, Waters LLC,
New Castle, DE, USA). Few milligrams were heated at 10 ◦C/min from room temper-
ature up to 700 ◦C at 10 ◦C/min in nitrogen atmosphere.

FT-IR analysis was carried out on a Nicolet T380 FT-IR (Thermo Scientific, Madison,
WI, USA) spectrometer equipped with an ATR Smart iTX accessory. Infrared spectrum of
HSP was recorded in the 550–4000 cm−1 range, collecting 256 scans at 4 cm−1 resolutions.

The powders morphology was investigated by scanning electron microscopy (SEM)
analysis using a FEI Quanta 450 FEG (Thermo Fisher Scientific, Waltham, MA, USA). The
samples were prior sputtered with platinum to enhance their conductivity and generate the
images, thanks to the secondary electrons. For each fiber typology, different images were
acquired in order to obtain the filler distributions. The HSPs distributions were obtained,
according to literature [33,34], measuring the dimensions of at least 200 filler particles by
using Image-J software.

2.3. Lab-Scale and Semi-Industrial Scale-Up Extrusion Compounding and Injection Molding

PLA based composites containing different HSP amounts (from 20 up to 40 wt.%)
were extruded at laboratory scale with a Haake Minilab II (HAAKE, Vreden, Germany)
twin-screw mini-compounder. Before the extrusion, all materials were dried in a Piovan
DP 604–615 dryers (Piova S.p.A., Verona, Italy) at 60 ◦C for 16 h. The extrusion temperature
was set at 190 ◦C with a mixing residence time inside the extrusion chamber of 40 s and a
screw speed of 60 rpm. The strand coming out from the mini extruder was then cooled and
pelletized to obtain granules. The composites name and their compositions are reported
in Table 1.
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Table 1. Blends name and compositions.

Blend Name PLA wt.% HSP wt.%

PLA 100 0
PLA_20_H0210 80 20
PLA_30_H0210 70 30
PLA_40_H0210 60 40
PLA_20_HM200 80 20
PLA_30_HM200 70 30
PLA_40_HM200 60 40

PLA * 100 0
PLA_30_H0210 * 70 30
PLA_30_HM200 * 70 30

* Blends extruded with a semi-industrial COMAC twin-screw extruder (up-scaled).

To the best composition of both HSP typologies, the extrusion compounding was
scale-upped on a semi-industrial Comac EBC 25HT (L/D = 44) (Comac, Cerro Maggiore,
Italy), twin screw extruder. Also, in this case, the materials were dried following the same
procedure adopted for the mini-compounding. PLA pellets were introduced into the main
feeder while HSPs were fed with a specific lateral feeder that allows, once that the weight
concentration was set, a constant feeding rate during the extrusion. A schematization
of the extrusion feeder configurations, as well as the temperature profile adopted in the
11 extruder zones, is reported in Figure 1.

 
Figure 1. Schematization of the semi-industrial Comac twin screw extruder. In the figure are highlighted the feeder position,
the screw configuration and the profile temperature along the 11 extruder zones.

The strands coming out from the extruder were cooled in a water bath and then
pelletized by an automatic cutter. After the extrusion (both in lab-scale and in scale-
up process), the pellets (dried in the before mentioned Piovan dryer at 60 ◦C for 16 h)
were injection molded with a Megatech H10/18 injection molding machine (TECNICA
DUEBI s.r.l., Fabriano, Italy) to obtain ISO 527-1A dog-bone specimens (width 10 mm,
thickness 4 mm, useful length 80 mm) and ISO 179 Charpy impact specimens (width
10 mm, thickness 4 mm, length 80 mm). The injection molding was carried out in order
to minimize any change in the processing parameters (reported in Table 2) for a better
understanding of melt viscosity variation induced by the addition of different quantities
and different HSP typology (H0210 and HM200). Consequently, the temperature profile,
the mold temperature, the injection time, and the cooling time were fixed and only the
injection pressure was modified when necessary.
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Table 2. Injection-molding parameters.

Blend Name
Temperature Profile

(◦C)
Mold Temperature

(◦C)
Injection Time and Cooling Time

(sec)
Injection Pressure

(bar)

PLA

185–190–190 60 5

120

PLA_20_H0210 90

PLA_30_H0210 90

PLA_40_H0210 95

PLA_20_HM200 70

PLA_30_HM200 70

PLA_40_HM200 70

PLA * 120

PLA_30_H0210 * 95

PLA_30_HM200 * 95

* Blends extruded with a semi-industrial COMAC twin-screw extruder (up-scaled).

2.4. Melt Flow Rate (MFR)

In order to evaluate the melt fluidity variation caused by the addition of HSP, the
melt flow rate (MFR) were measured on the biocomposites pellets by a CEAST Melt Flow
Tester M20 (Instron, Canton, MA, USA) equipped with an encoder. The standard ISO1133D
method was used: the sample was preheated without any weight for 30 s at 190 ◦C and
then a weight of 2.16 kg was applied. The molten material quantity that flows for 30 s was
then weighted and the MFR calculated. At least three measurements for each composition
were carried out and the mean MFR value reported. Before the test, the materials were
kept in a ventilated oven at 60 ◦C to avoid the pellets water uptake.

2.5. Mechanical and Thermal Characterization

Tensile tests were carried out on the ISO 527-1A extrusion molded specimen using an
MTS Criterion model 43 (MTS Systems Corporation, Eden Prairie, MN, USA) universal
testing machine. The MTS was equipped with a 10 kN load cell and the crosshead speed
was set at 10 mm/min. Tensile tests were performed, at room temperature, after 3 days
after the sample injection molding and during this time, the sample were stored in a dry
keep at 25 ◦C and 50% of relative humidity. At least six specimens for each composition
were tested.

Charpy impact tests were carried on the injection molded specimen pre-notched with
a V-notch of 2 mm. A CEAST 9050 machine (INSTRON, Canton, MA, USA) was used
and at least six specimens, at room temperature, were tested. The impact tests, also in
this case, were carried out after 3 days of the injection molding keeping the samples in a
controlled atmosphere.

The main biocomposites; thermal properties were calculated by differential scanning
calorimetry (DSC) using a Q200-TA DSC (TA Instruments, New Castle, DE, USA) equipped
with an RSC 90 cooling system. Nitrogen was used as purge gas set at 50 mL/min. Few mil-
ligrams (about 12 mg) were cut from the injection molded samples and the heating program
was set in order to consider the thermal history of the samples and thus considering the
injection molding history. In this way it was possible to calculate the crystallinity reached
by the samples after the injection molding process. The thermal program was: heating at
10 ◦C/min from room temperature up to 200 ◦C, the final temperature was kept for 1 min.
The melting and crystallization temperatures were calculated in correspondence of the
maximum and minimum of the melting peak and cold crystallization peak, respectively.
As far as the melting and cold crystallization enthalpies were concerned, they were calcu-
lated integrating the peak areas of the melting and crystallization peaks, respectively. The
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PLA crystallinity percentage of PLA was calculated according to the following equation
(Equation (1)) [27]:

Xcc =
ΔHm − ΔHcc

ΔH◦
m·wt.%PLA

(1)

where, ΔHm and ΔHcc are the melting and cold crystallization PLA enthalpies of PLA,
ΔH◦

m is the theoretical melting heat of 100% crystalline PLA (taken equal to 93 J/g [35]).

2.6. Composite Morphology Investigation

The composites morphology was investigated on the fractured cross-sections of the
Charpy samples prior the sputtering with platinum. A FEI Quanta 450 FEG scanning
electron microscope (SEM) equipped with a Large Field Detector for low kV imaging
simultaneous secondary electron (SE) was used.

3. Theoretical Analysis

During the lab scale investigation, different analytical models were applied on the
HSP/PLA based composites to estimate the fiber/matrix adhesion and to predict the
tensile strength trend as a function of the HSPs volumetric content. The addition of rigid
particles into a polymeric matrix can affect the strength in two ways. The tensile strength
prediction of particulate filled composites is not easy because it is affected by different
parameters, such as interface adhesion, stress concentration, and defect size/spatial fillers
distribution [36].

For particulate fillers and for fibers with low aspect ratio, the prediction of the ten-
sile strength can be expressed quantitatively by the following equation, proposed by
Pukánszky [37]:

σc = σm

[
1 − Vf

1 + 2.5Vf

]
exp

(
BVf

)
(2)

where, σc and σm are the stress at break of the composite and matrix, respectively, while Vf
is the volume fiber fraction. The term in square bracket is correlated to a decrement of the
tensile strength of the composite caused by the fillers addition that reduce the load-bearing
cross-section of the composite. The parameter B is an interaction parameter that takes into
account the efficiency of the stress transmission between the matrix and the filler and can
be indirectly correlated to the filler/matrix adhesion [38]. Simplifying Equation (2), a linear
correlation can be obtained (Equation (3)) in which the B parameter is found as the slope of
the natural logarithm of reduced strength (σred) against the volume filler fraction.

lnσred = ln
σc

(
1 − Vf

)
σm

(
1 + 2.5Vf

) = BVf (3)

For particulate fillers, in the case that the stress cannot be transferred from the matrix to
the filler and the final composite tensile strength is determined from the effective sectional
area of the load-bearing matrix, the tensile strength of the composites lies between an upper
and lower bound [36]. Based on the hypothesis that poor adhesion exists between the filler
and the polymer and the load is sustained completely by the polymer matrix, the following
equation (Equation (4)) formulated by Nicolais and Nicodemo [39] gives the lower-bound
strength of the composite.

σc = σm

(
1 − 1.21V

2
3
f

)
(4)

The upper bound is immediately obtained as follows (Equation (5)):

σc = σm

(
1 − Vf

)
(5)
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Equation (5) generally has been considered as an ideal unattainable upper bound
since, in addition to a matrix area reduction, critical effects are also induced by the filler
particles in the system, with a further decrease of the composite strength.

4. Results

4.1. HSPs Characterization Results

The results of the HSP drying tests showed that H0210 had a humidity loss of about
9.05%, while for HM200 it was 7.64%. HSPs having lower particle size release less moisture
after the drying.

From the TGA results reported in Figure 2, it can be observed that, for both HSP
typologies, the thermograms are characterized by a first mass drop (completed below
100 ◦C) that is correlated to the humidity loss of the HSPs. The moisture loss is greater for
the H0210 sample, indicating that the HSP having higher particle size dimension releases
easily the up taken water. The second mass drop for H0210 corresponds to the thermal
degradation of the material and presents a similar magnitude for the two HSP typologies.
The final residue is also similar in magnitude for both samples. The residue includes both
inorganic compounds and carbon, normally generated when thermal degradation occurs
in a nitrogen atmosphere. The superimposed derivatives of the curve show the inflection
point (where the mass loss occurs) as a maximum. The main maximum peak is about the
same for the two samples; however, HM200 shows an additive peak at around 198 ◦C
probably indicating a major quantity of water highly linked on the surface or substances
with lower thermal resistance.

(a) 

(b) 

Figure 2. Cont.
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(c) 

Figure 2. TGA curves of (a) H0210 and (b) HM200 hazelnut shell powder. Figure (c) illustrates the
overlay of the TGA curves derivative.

Hazelnut shells are composed of cellulose, hemicellulose, and lignin. However, there is
a significant amount of low molecular weight compounds. In literature [11], it was observed
that hazelnut shell contains about 10.6% of low molecular weight extractable substances,
about 30.1% of lignin and about 49.7% of polysaccharides (cellulose and hemicellulose).
From the ATR spectra reported in Figure 3, for H0210 a wide band at around 3327 cm−1 was
observed, attributed to the surface hydroxyl groups (-OH) mainly related to the presence of
water as well as alcoholic, phenolic groups but also amino acids and carboxylic derivatives.

Figure 3. ATR spectra of H0210 and HM200 hazelnut shell powders.

The peak at 2920 cm−1 is assigned to the asymmetric stretching band C-H; also, that
at 2850 cm−1 is related to the symmetrical stretching of the same bonds. These groups
are also present in the structure of lignin [40]. The peak associated with the stretching of
C=O (carbonyl compounds) is located at 1708 cm−1, but a shoulder is noted at 1743 cm−1.
While the main peak is attributable to carboxylic acids, the second is attributable to the
presence of ester groups. The presence of unsaturations and C=C bonds that occurred in
the widened bands between 1606–1640 cm−1 is attributable to alkenes, aromatic groups,
but also amide groups (C=O stretching); while the peaks at 1400 and 1240 cm−1 may be
due to C−O, C−H or C−C elongation vibrations. The peak observed at 1024 cm−1 is due

110



Polymers 2021, 13, 4080

to C–O, present in the ethereal, alcoholic, and carboxylic groups. The band of the C–O
group is more intense than that of the C=O group, and this shows that the polysaccharide
component is certainly dominated in the sample. The peak at 588 cm−1 is due to the folding
vibration in the aromatic compounds typical of lignin, highlighting their presence.

The spectrum of HM200 was acquired in a similar way to that of H0210, but the signals
are more intense. This is attributable to the lower particle size of the powder, which allows
better adhesion of the sample to the crystal. The observed bands are completely similar to
those of the H0210 sample, suggesting that the only difference between H0210 and HM200
is in the particle size.

The SEM micrographs (Figure 4) show, especially for H0210, the presence of irregularly
shaped particles having a rough surface attributed to the external part of the hazelnut
shell, which has a different morphology, depending on the filler layers. For smaller-sized
samples, the amount of rough surface particles is reduced.

 

Figure 4. SEM images of H0210 (left side) and HM200 (right side).

Also cavities and reliefs are visible that correspond to the cell walls and lumens. In
any case, for both HSPs, a greater variability in the filler shape and size can be observed.
The morphological results are consistent to what can be found in literature and despite
the different surface roughness, both HSPs can be considered as a typical particle-shaped
fillers [41,42]. The “elliptical approach” was adopted to determine the diameter distribution;
according to this model, the major axis of the ellipse corresponds to the length of the filler
while the minor axis corresponds to the width. With this method, the length and aspect
ratio are overestimated by about 10% for the fiber-shaped filler while this overestimation
is practically negligible for the particulate filler [34]. Since from the SEM images the
greater quantity of HSPs tends to be particle, with little presence of elongated fibers, it
was preferred to adopt this elliptical model. In Figure 5 the diameter distribution curves
are shown that confirm the great differences in diameters dimension between H0210 and
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HM200. In particular, an average diameter of 206.7 μm and 25.8 μm was obtained for
H0210 and HM200, respectively.

Figure 5. Diameter distributions for H0210 and HM200 HSP.

4.2. Lab-Scaled Composites Results

The results of mechanical tests and MFR are summarized in Table 3. From the point
of view of tensile tests, the powders’ addition makes the material more brittle with a
decrement of both stress and elongation at break. The HSPs addition, on the other hand,
significantly increases the elastic modulus compared to pure PLA. This is a common
trend [43] and it is due to the introduction of fillers having higher elastic modulus than
pure matrix. In general, a decrement of the mechanical properties increasing the HSPs
amount can be observed; however, for H0210, the tensile decrement is less marked than
HM200 and the impact resistance is not worsened with respect to pure PLA.

Table 3. Mechanical and MFR results of lab-scaled composites with different amounts of H0210 and HM200 HSP.

Blend Name
Elastic Modulus

(GPa)
Stress at Break

(MPa)

Elongation at
Break

(%)

Charpy Impact
Resistance (C.I.S.)

(kJ/m2)

MFR
(g/10 min)

PLA 3.56 ± 0.21 58.94 ± 1.16 2.30 ± 0.33 2.53 ± 0.29 3.80 ± 0.51

PLA_20_H0210 4.03 ± 0.15 40.85 ± 0.76 1.35 ± 0.15 2.60 ± 0.32 22.69 ± 1.76

PLA_30_H0210 4.16 ± 0.03 33.77 ± 3.16 0.95 ± 0.24 2.73 ± 1.22 13.78 ± 1.98

PLA_40_H0210 4.26 ± 0.12 27.38 ± 0.97 0.89 ± 0.10 2.94 ± 0.61 8.49 ± 1.82

PLA_20_HM200 3.88 ± 0.12 30.34 ± 1.85 1.11 ± 0.24 2.45 ± 0.20 32.91 ± 3.17

PLA_30_HM200 4.13 ± 0.30 26.85 ± 2.19 1.10 ± 0.11 1.74 ± 0.24 34.08 ± 3.26

PLA_40_HM200 4.44 ± 0.20 16.80 ± 4.60 0.45 ± 0.17 1.73 ± 0.26 33.41 ± 2.93

The better mechanical response achieved with H0210 can be attributed to several
factors. First of all, H0210 possesses a greater diameter distribution that represents a more
efficient obstacle towards the crack that advances during the Charpy test, compared to
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HM200 with a finer diameter distribution [36]. Furthermore, residual moisture content
must also be considered because it also affects the final mechanical response. H0210,
under the same drying conditions, lost a greater amount of moisture that could potentially
degrade the PLA (it must be considered that in this first lab-scale step, no venting for the
humidity stripping is present in the mini-extruder). Finally, the filler/matrix adhesion
must also be considered. It is well known from the literature that natural fibers have poor
adhesion with PLA [44]. However, comparing HM200 and H0210, the fillers with higher
grain sizes will have greater adhesion (the stress able to cause the fiber detachment is
in fact a function of various parameters, including the aspect ratio) [45]. The different
adhesion is also confirmed by the B parameter obtained as the slope of the Pukanszky’s
plot (Figure 6). A decrement of the B value (from 1.41 for H0210 to 0.56 for HM200) can be
observed, indicating a worsening of the matrix/filler adhesion.

Figure 6. Pukanszky’s plot for PLA-HSPs composites.

Observing in addition the experimental values of composites tensile strength (Figure 7),
a different interaction between H0210 and HM200 with the PLA matrix can be observed.
The experimental data in fact, lies between the upper and lower bound; however, HM200
are much closer to the Nicolais and Nicodemo lower-bound equation indicating a weaker
adhesion respect to H0210 that are closer to the upper bound. The particles with smaller
size have a great tendency to agglomerate, causing greater weakening of the matrix.

Figure 7. Comparison between the experimental composite strength and the values predicted
according to the upper and lower bound equations.

The SEM images reported in Figure 8 confirm the prediction of the analytical models
and of the mechanical results obtained. A better adhesion is registered for H0210, respect
to HM200. In particular, for H0210, it can be observed that at 20 wt.% (Figure 8a), the
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fillers are fairly well distributed, and few agglomerations can be observed with 30 wt.%
of HSP (Figure 8b). At 40 wt.% however, a greater agglomeration tendency, due to the
greater HSPs amount introduced, is registered. The agglomerates are also less adherent to
the PLA matrix and in Figure 8c, holes due to the detachment of these agglomerates are
clearly visible; the presence of agglomerates is also responsible for the marked drop down
of the mechanical properties recorded for the PLA_40_H0210 composite. HM200 show
worse adhesion and already at 20 wt.%, voids can be observed due to HSPs’ detachment
(Figure 8d). However, for all the compositions (Figure 8d–f), a HSPs detachment can be
recorded, which is very marked compared to H0210, confirming the results of mechanical
tests and analytical models adopted.

 

Figure 8. SEM micrographs of the fractured Charpy surface of: (a) PLA_20_H0210,
(b) PLA_30_H0210, (c) PLA_40_H0210, (d) PLA_20_HM200, (e) PLA_30_HM200,
(f) PLA_40_HM200.
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Regarding the MFR values, it can be observed that the viscosity increased (so the
fluidity decreased) on adding the HSPs (Figure 9). However, this occurred only for H0210.
For HM200 the MFR values are higher if compared to those obtained with H0210, but
no trend with the HSPs amount was detected. These results are in agreement with those
reported by Song et al. [28] and with the injection pressure, reported in Table 2, where
the injection pressure was increased with the H0210 content while it was decreased by
increasing the HM200 content. These MFR trends can be attributable to the probable
partial PLA hydrolysis caused by the filler moisture that is greater for HM200 due to its
larger surface area and thus humidity content. However, as reported in literature, the
general decrement of stress at break is mainly correlated to the poor interfacial adhesion of
lignocellulosic fiber with the biopolymeric matrix [45,46].
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Figure 9. Trend of Melt Flow Rate (MFR) as a function of HSP content.

From a thermal point of view, a decrement of both melting temperature and glass
transition temperature caused by the addition of HSPs can be observed (from Table 4); this
decrement seems to be correlated to the HSP content. However, the HSP typologies also
affect the melting temperature and glass transition temperature differently with a decre-
ment that is more marked with HM200. This behavior can be correlated to the different
granulometry between H0210 and HM200. HM200 have a higher surface area than H0210
and it adsorbs more moisture that can lead to decrease in the average molecular weight
(resulting in a decrement of the glass transition and melting temperatures). The HSPs’
addition increases the crystallinity of the PLA, causing a shift of the cold crystallization tem-
perature towards lower temperatures. HSP seems to act as a nucleating agent, providing
heterogeneous nucleation sites similar to other systems filled with natural fibers [27,47,48].
In particular, as the HM200 are finer and more homogeneous with a tighter diameter
distribution curve, they are more effective in crystallizing the PLA, when compared to their
H0210 counterparts.

4.3. Scaled-Up Composites Results

From the lab-scale data, 30 wt.% seems the most promising HSPs amount granting
both a high fiber content and acceptable mechanical properties. The results of the scaled-up
composites are summarized in Table 5.

115



Polymers 2021, 13, 4080

Table 4. DSC first heating results for H0210 and HM200 PLA-based composites.

Blend Name Tg (◦C) Tcc (◦C) Tm (◦C) ΔHcc (J/g) ΔHm (J/g) Xcc (%)

PLA 61.8 105.7 172.2 32.4 44.9 13.5

PLA_20_H0210 58.2 94.3 170.9 21.8 32.4 14.2

PLA_30_H0210 57.2 93.3 169.3 22.4 33.3 16.8

PLA_40_H0210 57.2 94.2 168.8 18.9 27.8 16.0

PLA_20_HM200 55.2 91.0 168.0 26.8 38.2 15.2

PLA_30_HM200 54.3 88.6 167.1 23.1 35.2 18.6

PLA_40_HM200 53.7 87.4 166.8 20.9 33.0 21.7

Table 5. Mechanical and MFR results of the scaled-up HSPs composites.

Blend Name
Elastic Modulus

(GPa)
Stress at Break

(MPa)

Elongation at
Break

(%)

Charpy Impact
Resistance (C.I.S.)

(kJ/m2)
MFR (g/10 min)

PLA * 3.64 ± 0.19 64.60 ± 2.61 2.69 ± 0.14 2.51 ± 0.23 3.21 ± 0.55

PLA_30_H0210 * 4.30 ± 0.16 36.45 ± 1.00 1.09 ± 0.10 2.63 ± 0.35 6.23 ± 0.26

PLA_30_HM200 * 4.45 ± 0.11 38.42 ± 0.68 1.39 ± 0.18 2.29 ± 0.29 4.00 ± 0.59

* Blends extruded with a semi-industrial COMAC twin-screw extruder (up-scaled).

All scaled-up formulations show a lower MFR, respect to their corresponding lab-scale
formulations. This MFR decrement is also reflected in the injection pressure increment
during the injection molding process (Table 2). The marked viscosity decrement observed
during the lab-scale step is limited, thanks to the coupling of the low extruder residence
time and the presence of the venting system connected to a vacuum pump that guarantees
the humidity stripping during the melt extrusion, avoiding or limiting any eventual PLA
degradation [49,50]. The mechanical results are noteworthy. In fact, it can be observed that
the scaled-up composites show an increment of elastic modulus and tensile strength. In
particular, the reached tensile stress is very similar, confirming the efficiency of the venting
system in removing the fillers humidity.

The thermal properties (Table 6) of the scaled-up composite remains almost unchanged,
confirming the nucleation effect of HSPs.

Table 6. DSC first heating results of scaled-up HSPs composites.

Blend Name Tg (◦C) Tcc (◦C) Tm (◦C) ΔHcc (J/g) ΔHm (J/g) Xcc (%)

PLA * 63.4 101.7 174.6 29.2 38.8 10.3

PLA_30_H0210 * 57.5 94.5 172.5 17.1 29.0 18.2

PLA_30_HM200 * 55.7 93.8 169.9 18.8 27.6 13.5

* Blends extruded with a semi-industrial COMAC twin-screw extruder (up-scaled).

5. Discussion

In attempt to better correlate the obtained results with the mechanical properties, it
was noticed that in general the tensile strength of the prepared biocomposites decreased by
increasing the melt fluidity, as shown in Figure 10, where the data related to composites
containing 20, 30, and 40% of HSP are reported. Interestingly, for the 30% HSP biocompos-
ites, the data obtained for the scaled-up samples follow a similar trend, but as yet observed,
the tensile strength is higher and the MFR is lower. Moreover, finer HSP (HM200) results
in the highest value of tensile strength and lowest value of MFR. Hence, by avoiding
the chain scission of PLA thanks to the optimized processing conditions, the fluidity is
greatly decreased.
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Figure 10. Tensile strength as a function of MFR for biocomposites containing 20, 30, and 40% of HSP.

The production of the biocomposites including PLA and HSP resulted in strong inter-
actions or reactions (Figure 11, reaction 1) between the polymer matrix and the functional
groups on the HSP surface. Hydroxyl groups, belonging to cellulose and hemicellulose,
that represent the major component of HSP, were mainly considered.

Figure 11. Main reactions occurring during the preparation of PLA/HSP biocomposites; reaction 1 involves an HSP
solid particle.

Reaction 1’s occurrence depends on the surficial area of HSP and can induce an
increase in tensile strength, thanks to the improved matrix-filler adhesion. On the other
hand, reaction 2 (Figure 11, reaction 2) is PLA hydrolysis due to humidity, occurring more
in the composites containing the finer HSP. In a lab-scale extruder configuration, reaction 2
affects properties more than reaction 1 because of the higher residence time and absence
of devolatilization. Thus, as demonstrated by the study of B parameter obtained as the
slope of the Pukanszky’s plot (Figure 6), the dispersion in the matrix of the HSP with the
lowest dimension was less efficient. On the contrary, when the preparation is scaled-up,
reaction 1 as well as the fibre-matrix interaction are more significant. In good agreement,
the finer HSP, with the highest surface area, resulted in the highest tensile strength and
highest melt viscosity.

6. Conclusions

In this study the possibility to process successfully, at the semi-industrial scale, PLA-
based composites containing hazelnut shell powder (HSP) was investigated. A first lab-
scale production was carried out in order to individuate the best HSPs amount for the
subsequent scaling-up step. Two different HSPs typologies of different sizes were added
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from 20 up to 40 wt.%. The thermal, mechanical, and melt fluidity analysis showed poor
stress transfer, which led to a decrement in tensile strength. The fillers seem to act as
nucleating sites for PLA that increased its crystallinity; however, a marked decrement of
the melt viscosity was recorded, especially for fillers small in size due to their major water
uptake. The composition including 30 wt.% of HSP was selected for the successive scale-up
in a semi-industrial extruder. Interesting results were obtained considering the scaled-up
composites, as their melt fluidity was decreased thanks to the presence of the venting
system in the extruder that efficiently removed the residual humidity. The scaled-up
composites showed improved mechanical properties, respect to the lab-scaled composites,
demonstrating that these composites are effectively processable and can be easily scaled-up
The prepared biocomposites showed the possibility of achieving an optimized balance
between improvement of mechanical properties and the valorization of a significantly high
HSP content.

In future work, a further step towards more efficient exploitation of HSPs should
concern their functionalization. The HSPs’ superficial modification, coupled with the
optimization of the extrusion process parameters, would allow to obtain biocomposites
with further improved mechanical properties.
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Abstract: Bio-based hydrogels that adsorb contaminant dyes, such as methyl orange (MO), were
synthesized and characterized in this study. The synthesis of poly([2-(acryloyloxy)ethyl] trimethy-
lammonium chloride) and poly(ClAETA) hydrogels containing cellulose nanofibrillated (CNF) was
carried out by free-radical polymerization based on a factorial experimental design. The hydrogels
were characterized by Fourier transformed infrared spectroscopy, scanning electron microscopy, and
thermogravimetry. Adsorption studies of MO were performed, varying time, pH, CNF concentration,
initial dye concentration and reuse cycles, determining that when the hydrogels were reinforced
with CNF, the dye removal values reached approximately 96%, and that the material was stable
when the maximum swelling capacity was attained. The maximum amount of MO retained per
gram of hydrogel (q = mg MO g−1) was 1379.0 mg g−1 for the hydrogel containing 1% (w w−1)
CNF. Furthermore, it was found that the absorption capacity of MO dye can be improved when
the medium pH tends to be neutral (pH = 7.64). The obtained hydrogels can be applicable for the
treatment of water containing anionic dyes.

Keywords: adsorption; fibrillated nanocellulose; hydrogel; methyl orange; polymer

1. Introduction

Pollutants released by industrial liquid waste affect the quality of water in water bod-
ies. They can engender serious health effects in plants, animals, and humans. Wastewater
pollutants include dyes, surfactants, oils, lubricants, organic solvents, petroleum deriva-
tives, and pharmaceuticals such as antibiotics, anti-allergy, and hormones [1,2]. Artificial
dyes, which are largely used in various industries such as textiles, food, cosmetics, leather,
paper, and pharmaceuticals, are highly dangerous organic pollutants [3,4]. Dyes are muta-
genic agents even at low concentrations and render an undesirable color to water bodies [5].
The presence of dyes in wastewater that drains into water bodies makes it difficult for light
to penetrate natural water bodies and negatively impacts photosynthetic activity [6]. A
representative artificial dye is methyl orange (MO, dimethylaminoazobenzenesulfonate),
which is non-biodegradable in nature; besides, it is a water-soluble carcinogen, azo dye
that is widely used in textile industries, printing paper manufacturing, textile laboratories,
chemical research, pharmaceuticals and research laboratories [7]. It pollutes water at low
concentrations; large volumes of MO are produced as waste.

The MO molecule has a bright orange color when dissolved in water, stable chemical
structure due to the presence of azo (–N=N–) and aromatic groups (which are highly toxic,
carcinogenic and teratogenic), and is harmful to the environment and organisms since it
shows low biodegradability [8]. MO can lead to critical health issues, like cyanosis, vom-
iting, tachycardia, tissue necrosis, and jaundice, and has been declared carcinogenic and
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tumorigenic by the International Agency for Research on Cancer (IARC) and the National
Institute for Occupational Safety and Health [9]. Additionally, it is an allergenic substance
that can cause eczema upon contact with the skin. Its presence in living organisms is consid-
ered harmful and can lead to a significant increase in the activity of the azo-nitro-reductase
enzymes, producing aromatic amines that may cause intestinal cancer [10,11].

It is difficult to eliminate and control the dye concentration efficiently through tra-
ditional treatment methods such as coagulation, sedimentation, chemical oxidation, and
biological digestion [12]. In general, conventional water treatment methods generate large
volumes of residual sludge, use excessive process times, and consume large amounts
of energy [13]. Adsorption technology is considered one of the most effective methods
because of its simplicity, low energy consumption, short treatment times, low generation of
sludge, high efficiency, flexibility, and insensitivity to toxic substances.

Various materials have been used to adsorb MO, for example, activated carbon from
natural sources [14], algae [15], hybrid materials with metal oxides [16], chitosan and hydro-
gen peroxide–treated anthracite sheets [17], and hypercrosslinked cyclodextrin networks
in the form of nanofibrous membranes [18]. For example, Borsagli et al. designed and de-
veloped novel three-dimensional porous scaffolds made of N-acyl thiolated chitosan using
11-mercaptoundecanoic acid, with high adsorption capacities for the anionic MO dye in an
aqueous medium [19]. Liu et al. prepared hydrogel particles of methacrylateethyltrimethy-
lammonium chloride and acrylamide copolymer, with the ability to eliminate anionic dyes
such as amaranth red, orange G, and MO reaching 94% efficiency [20]. Onder et al. prepared
copolymer hydrogels of poly([2-(acryloyloxy)ethyl] trimethylammonium chloride-co-1-
vinyl-2-pyrrolidinone) (p(AETAC-co-NVP)) which showed the ability to retain the MO and
alizarin red S dyes through electrostatic interactions when the test pH values were 7.0 and
5.0, respectively [21], and Dalalibera et al. prepared hydrogels based on polyacrylic acid
with the ability to absorb and selectively separate cationic and anionic dyes at a pH of 8.0
to 10.0 [22].

Recently, nanocomposites based on cationic polymers and nanocellulose have been
prepared for application in water treatment. These materials have shown remarkable
capabilities to remove oxyanions such as chromates and have improved mechanical proper-
ties [23], for example, Szekely et al. prepared nanocomposite hydrogels based on cellulose
acetate, modified with the addition of small amounts of polymers of intrinsic microporos-
ity and graphene oxide (GO), which demonstrated the ability to absorb neonicotinoid
insecticidal pollutants in an aqueous medium [24]. Khan et al. prepared nanocompos-
ite hydrogels with a porous 3D network structure based on cellulose-aluminum oxide
nanoparticles-graphene oxide (GO) (Al2O3/GO), with application in the removal of fluo-
ride ions from drinking water [25]. Hameed et al. prepared carboxymethyl cellulose/potato
starch/amylum starch hydrogels where aluminum sulfate octahydrate was used as a cross-
linking agent, which reached high capacity in the retention of heavy metals (cadmium,
lead, and iron) from municipal drinking water [26].

In addition, nanocellulose has been used for the synthesis of hydrogels with appli-
cations in biomedicine, as in the case of the research work by Chen et al. They prepared
fluorescent compound hydrogels of nitrogen-doped carbon points/cellulose nanofibrils
(NCD/CNF-gel), where the mechanical properties were highlighted [27].

Several synthetic resins have been studied (such as Amberlite [28]), and the challenge
now is to manufacture biomass-derived materials for removal of anionic dyes such as MO.
There are not many papers on biomass-derived hydrogels that remove this dye, and that is
why in this study hydrogels with ammonium groups reinforced with CNF were developed.

The aim of this study was to synthesize poly([2-(acryloyloxy)ethyl] trimethylammo-
nium chloride) and poly(ClAETA) hydrogels containing fibrillated nanocellulose (CNF).
The amount of crosslinkers, CNF, and initiators was optimized by studying the effects on
the percentage yield of synthesis, degree of crosslinking, and water adsorption. Developing
applicable hydrogels for adsorption and treatment of aqueous MO-containing wastes.
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2. Materials and Methods

2.1. Materials

CNF was obtained by oxidation with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) [29].
The synthesis was performed using a cellulose sample from Norweigan spruce wood, ac-
cording to the procedure described by Dax et al. [30]. The suspension used in this study
had a concentration of 10.79 mg g−1. Through conductometric titration analysis, it was
determined that the CNF contained 0.96 mmol COO− per gram of fiber.

[2-(acryloyloxy)ethyl]trimethylammonium chloride (ClAETA) solution (80 wt% in
water; Aldrich, St. Louis, MO, USA), N,N-methylene-bis-acrylamide (MBA) (99%; Aldrich,
St. Louis, MO, USA), ammonium persulfate (APS) (98%; Aldrich, St. Louis, MO, USA),
NaOH (Merck, St. Louis, MO, USA), HNO3 (70%, Merck, St. Louis, MO, USA), HCl (36 v%;
Merck, St. Louis, MO, USA), MO (85 vol% dye content; Sigma-Aldrich, St. Louis, MO,
USA), and demineralized diethyl ether (99%, Merck, Milwaukee, WI, USA) were purchased
and used in this study.

2.2. Synthesis of Hydrogels

The synthesis of the hydrogels containing CNF was performed via free-radical poly-
merization. For all experiments, the mass of ClAETA monomer was fixed at 5.0 g in 30 mL
of deionized water type I. The synthesis was performed in a polymerization tube (Schlenk)
under an inert atmosphere of nitrogen gas, which was immersed in a glycerine bath at
70 ◦C for 2.5 h. At the end of the reaction, the samples were dried in an oven (BIOBASE,
model BOV-T50F, Jinan, Shandong, China) to obtain a constant weight. Subsequently, the
samples were lyophilized (LABCONCO FREEZONE, Kansas City, USA).

Figure 1 shows the chemical structures of MO, poly(ClAETA), and the synthesis scheme.

Figure 1. (a) Chemical structure of MO dye (molecular formula: C14H14N3O3SNa), (b) chemical structure of CNF, (c) chemi-
cal structure of poly(ClAETA), and (d) illustrative representation of the synthesis process of the exchange hydrogels obtained
from this work.
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2.3. Experimental Design

The synthesized materials were evaluated by analysis of variance (ANOVA) using
Minitab 19 Statistical Software. The parameters studied in this experimental design were
as follows: free-radical initiator (APS) (mol%), cross-linking agent (MBA) (mol%), and
amount of CNF (wt%). Each parameter was considered with respect to the amount of
ClAETA monomer. For this study, two test levels were used (minimum and maximum), as
shown in Table 1. For the preparation, all possible combinations of the three factors were
analyzed.

Table 1. Factors to be studied and their respective levels, where −, +, and 0 indicate the minimum,
maximum, and control levels respectively.

Levels − + 0

3 Factors

MBA (mol%) A 4 8

APS (mol%) B 1 2

CNF (% w w−1) C 1 2 0

The combinations of the factors provide a design matrix of the type 2 × 2 × 3→12, thus
assigning 12 treatments to be evaluated, as shown in Table 2. This method of experimental
design is known as “Full Factorial Design (FFD)” [31]. An experiment is defined in which
all possible combinations of factor configurations are tested and all possible interactions
are determined. Full factorial designs are large compared to screening designs. Generally,
a FFD is used when you have a small number of factors and levels, and you search for
information on all possible interactions. In a FFD, an experimental run is performed for
each combination of factor levels. The sample size is the product of the number of factor
levels. FFDs are the most conservative of all design types.

Table 2. Experimental design matrix (2 × 2 × 3→ 12) for the synthesis of ion exchange hydrogels.
Treatment “c” indicates that the lowest level of testing has been completed.

Code Treatment

Factors

A
MBA (mol%)

B
APS (mol%)

C
CNF (% w w−1)

Hy01 1 4 1 1

Hy02 c 4 1 2

Hy03 0 4 1 0

Hy04 4 4 2 1

Hy05 5 4 2 2

Hy06 6 4 2 0

Hy07 7 8 1 1

Hy08 8 8 1 2

Hy09 9 8 1 0

Hy10 10 8 2 1

Hy11 11 8 2 2

Hy12 12 8 2 0

The factorial experimental design for three factors (A, B, and C) facilitated the inves-
tigation of the individual and combined effects of A, B, C, AB, AC, BC, and ABC, based
on two levels for each factor. Hence, seven effects were analyzed using ANOVA. In this
test, it was assumed that the data followed a trend represented by the F statistic (Ronald
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Fisher). To ensure that the uncontrolled factors did not affect the results, the experiments
were performed randomly. In addition, we analyzed whether the values found (yield of
the reaction, cross-linking degree, and water absorption capacity) generated statistically
significant effects, through standardized Pareto charts using the same software.

2.4. Theory Section: Determination of Yield of the Reaction, Cross-Linking Degree, and Water
Absorption Capacity

For each of the synthesized materials, the reaction performance, degree of cross-
linking, and water absorption were calculated according to the following procedure.

2.4.1. Determination of the Reaction Yield

The yield of the polymerization reaction was determined by weighing the resulting
freeze-dried sample (xerogel) and comparing it with the total mass of the reagents using
Equation (1).

%Y =
massxerogel(g)
masstotal(g)

× 100% (1)

where massxerogel (g) is the mass of the xerogel in grams, and masstotal (g) is the total mass of
the reactive compounds.

2.4.2. Determination of Water Absorption Capacity

To determine the maximum water absorption capacity of each of the synthesized
hydrogels, 100 mg of xerogel was added to 80 mL of distilled water. The hydrated hy-
drogel was weighed and deposited in water. The water absorption capacity (%WA) was
determined using Equation (2).

%WA =

(
W1 − W0

W0

)
× 100% (2)

where W1 and W0 are the weights in grams of the swollen and initial hydrogels, respectively.

2.4.3. Determination of the Effective Cross-Link Density of a Cross-Linked Structure

To determine the degree of cross-linking, 0.01 g of xerogel was taken in a petri dish, and
1 mL of demineralized ether type I was added. The swollen gels were dried superficially
with filter paper and left to stand for 10 min, and the weight of the petri dish with the
hydrated polymer material was recorded with XB220 Precisa Analytical Balance. The
measurements continued until a constant weight was obtained for each sample. This
weight was used to calculate the volume fraction ν2m according to Equation (3):

w = 1 − %WA
100%

(3)

where w is the weight fraction of polymer in swollen gel [32].

Cd =
massxerogel,wet(g)
masstotal,dry(g)

(4)

where Cd is the equilibrium degree of swelling of the polymer in a gel sample that is
swollen to equilibrium in water, massxerogel,wet (g) is the wet mass of the xerogel in grams,
and masstotal,dry (g) is the total mass of the dry sample. The hydrated material was dried in
an oven (BIOBASE model BOV-T50F) at 50 ◦C for 24 h. The dried mass of the material was
measured again.

υ2m = 1/Cd (5)

125



Polymers 2021, 13, 2265

where ν2m is the polymer volume fraction of the cross-linked polymer in the swollen gel.

1
υ2m

− 1 − ρpolymer

ρwater 25 ◦C
∗
(

1
w

− 1
)

= 0 (6)

where ρpolymer is the polymer density in g cm−3, and ρwater is the water density at 25 ◦C. By
using the Excel solver function, it is possible to determine the value of the density of the
polymeric part of the hydrogel using Equation (6).

MC −
(

1 − 2
φ

)
× V1 × υ

2
3
2m × υ

1
3
2r

υ × (
ln(1 − υ2m) + υ2m + χ × υ2

2m
) = 0 (7)

where MC is the average molecular weight of the network chains (g mol−1), ν2r is the
polymer volume fraction in the relaxed state, V1 (18,07 cm3 mol−1) 1 is the molar volume
of the swelling agent (water, in this study), and υ is the specific volume of the polymer.
In this study, the reference value of cellulose is taken as 0.664 cm3 g−1) [33]. By using the
Excel solver function, it is possible to determine the value of MC using Equation (7).

φ = 3 (8)

where φ is functional at the cross-linking site [34,35].

χ =
1
2
+

υ2m

3
(9)

where χ is the polymer–solvent interaction [35].

υe

(
mol
cm3

)
= ρpolymer/MC (10)

where υe is the effective cross-linking density of a cross-linked structure [36].

2.5. Physicochemical Characterization
2.5.1. Fourier Transform Infrared (FTIR) Spectroscopy

Spectrum Two (UATR Two; Perkin Elmer) spectrophotometer with discs of KBr, in the
spectral range of 4000–400 cm−1, was used for the FTIR measurements to determine the
functional groups of the hydrogels.

2.5.2. Scanning Electron Microscopy (SEM)

The surface morphology of the hydrogels was observed using scanning electron
microscopy (SEM; Zeiss EVO MA 10 model, Oberkochen, Germany). The analyzed samples
were previously hydrated with water until saturation.

2.5.3. Thermogravimetric Analyses (TGA)

Thermobalance (STARe System Mettler Toledo, Greinfensee, Switzerland) equipment
was used for the thermal gravimetric analysis, which was performed under a nitrogen gas
atmosphere with a heating rate of 10 ◦C min−1 and a temperature range between 30 ◦C
and 550 ◦C. A 250 mL min−1 flow rate of nitrogen gas was employed with aluminum as a
reference material.

2.6. Adsorption Capacity of MO

The hydrogels were analyzed according to their ability to adsorb MO dye. An aqueous
solution (water conductivity 3.15 μS/cm) of MO dye (150 mg L−1) was prepared, and
40 mL was used for each test. The hydrogel (50 mg) was placed in contact with 40 mL
of aqueous MO dye, and the duration of the experiment was 300 min. The following
hydrogels were selected for these tests: Hy01, Hy02, Hy03, Hy04, Hy07, Hy10, and Hy12.
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First, the adsorption kinetics were determined using washed and unwashed hydrogel
Hy12 after synthesis. Subsequently, the adsorption was studied as a function of time up to
300 min for Hy01 and Hy03; the adsorption capacity of the hydrogel was calculated every
15 min up to 60 min, then every 30 min up to 240 min, and finally at 300 min. Thereafter,
the adsorption tests were performed simultaneously as mentioned above with Hy01, Hy02,
and Hy03, by varying the amount of CNF in the hydrogel.

The adsorption tests were performed with Hy01 by varying the pH of the colored
solution to acidic (pH 3.0) with HCl (0.1 mol L−1) and alkaline (pH 10.0) with NaOH
(0.1 mol L−1). The MO dye concentration was measured using a UV-visible spectrometer
(model BK-UV1800, BIOBASE) at a wavelength of 466 nm [37].

The amount of MO dye retained by the hydrogel was determined according to
Equation (11):

q =

(
Ci − Cp

)× Vi

mx
(11)

where q is the adsorption capacity or amount in milligrams of MO retained per gram of
sorbent (mg g−1); Cp is the concentration of dye in the supernatant (mg L−1); Ci is the initial
concentration of dye in the supernatant (mg L−1); Vi is the volume of the dye solution
(mL); and mx is the mass of the xerogel (g).

The removal percentage %R of MO by the hydrogels was determined using
Equation (12):

%R =
Ci − Cp

Ci
× 100 (12)

where %R is the removal percentage; Cp is the concentration of dye in the supernatant
(mg L−1); and Ci is the initial concentration of the dye in the supernatant (mg L−1).

The effect of the initial concentration of MO was studied by varying the concentrations
between 50, 100, 200, 350, 500, 750, 1000, 1500, and 2000 mg L−1.

2.7. Adsorption Capacity of MO

To study adsorption and desorption cycles, adsorption was performed under the best
conditions (pH, time, and concentration) and desorption was performed using 40 mL of
HCl (0.1 mol L−1) as eluent during 30 min of constant agitation at 200 rpm. Each adsorption
and desorption was then centrifuged for 10 min at 9000 rpm in a centrifuge, measuring
the concentration of the supernatant by a UV-visible spectrometer (model BK-UV1800,
BIOBASE, Jinan, Shandong, China).

2.8. Kinetic Model

To understand the dynamics of adsorption as a function of time, kinetic models
described in the literature were used [38]. Equations (13) and (14) show the linear expression
for pseudo-first order and pseudo-second order respectively.

ln(qe − qt) = ln(qe)− k1t (13)

t
qt

=
1

k2q2e
+

1
qe

t (14)

where qe (mg g−1) it is the sorption in equilibrium, qt (mg g−1) is the sorption at any time t,
k1 and k2 (min−1) are the sorption constants of the pseudo-first-order and pseudo-second-
order model.

3. Results

3.1. Synthesis of Hydrogels Modifying the Amount of Cross-Linker, Initiator, and CNF

Upon freeze-drying, the hydrogels had a granular texture and were slightly light
brown. The nanocomposites synthesized with CNF had a slightly translucent appearance
and, when freeze-dried, had granular characteristics and were light brown. Table 3 lists
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the reaction yields, water absorption, and effective cross-link density of the cross-linked
structure of the 12 synthesized hydrogels.

Table 3. Characterization results of the synthesized hydrogels: the reaction yields, water absorption,
and effective cross-link density of the cross-linked structure of the 12 synthesized hydrogels.

Code Treatment %Y %WA υe (mol cm−3)

Hy01 1 30.8 3119.0 7.28 × 10−4

Hy02 c 17.3 1818.0 1.47 × 10−4

Hy03 0 96.4 9567.7 5.23 × 10−5

Hy04 4 29.8 4631.0 2.73 × 10−3

Hy05 5 17.8 918.3 1.84 × 10−3

Hy06 6 101.4 826.0 4.79 × 10−4

Hy07 7 28.5 1318.4 5.58 × 10−4

Hy08 8 18.2 889.5 2.05 × 10−5

Hy09 9 101.1 2032.0 7.75 × 10−4

Hy10 10 30.6 5004.0 8.55 × 10−4

Hy11 11 19.0 882.2 4.06 × 10−4

Hy12 12 97.8 890.9 4.73 × 10−4

The responses to the variations in the factors in the experimental design are ex-
plained below.

3.1.1. Yield of the Reaction

Table 3 lists the reaction yields, water absorption, and effective cross-link density of
the cross-linked structure of the 12 synthesized hydrogels.

The reaction yields of only four synthesized materials exceeded 90%: Hy06 > Hy09 >
Hy12 > Hy03. All four hydrogels were prepared without the addition of CNF. Likewise,
it can be observed that when the CNF concentration increased in the reactive mixture,
the efficiency of the reaction decreased from approximately 30%, when 1% w w−1 CNF
was added to the mixture, to approximately 17%, when 2% w w−1 CNF was added to
the mixture. This indicated that CNF had an inhibitory effect on the growth of polymers
through free-radical reactions (see Table 3).

3.1.2. Water Absorption Capacity

The water absorption capacity of these hydrogels was high, indicating that they could
effectively facilitate the removal of contaminants. From the results obtained for the %WA
capacity, the following decreasing order can be observed: Hy03 > Hy10 > Hy04 > Hy01 >
Hy09 (see Table 3). The highest water absorption capacity was achieved for the hydrogel
that did not contain CNF; however, the remaining hydrogels that attained the highest %WA
values contained 1% w w−1 CNF in their structures.

3.1.3. Effective Cross-Link Density of a Cross-Linked Structure

The analysis of the effective cross-link density of a cross-linked structure revealed that
five hydrogels exceeded the value of 6.0 × 10−4 mol cm−3: Hy04 > Hy05 > Hy10 > Hy09
> Hy01 (see Table 3). Except Hy12 and Hy06 all hydrogels contained CNF. The νe values
were higher when 2% w w−1 CNF was added to the mixture.

3.2. Statistical Analysis

The results of the ANOVA on the yield of the reaction response (see Table S1a) indi-
cated that the factors (A, B, and C) individually did not meet the criteria that represented a
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linear model of the data for the response of interest. Meanwhile, the value of the p statistic
(significance value of 0.05) was found to be 0.037, which was less than 0.05. This result
confirmed the prior result obtained through the F statistic. Therefore, the performance of
the polymerization reaction for hydrogel synthesis was independent of factors A, B, and C.
Furthermore, when analyzing factor B (CNF w w−1 %), it was observed that the value of
the F statistic was greater than that of Fcritical and the p statistic (0.008 < 0.05), considering
the results obtained from the double and triple interactions of the factors. The values of
the F statistic were less than the Fcritical values, and the values of the p statistic were less
than 0.05.

The ANOVA results for the response of the water absorption capacity (see Table S1b),
including all the factors (individually as well as in their binary and ternary combinations),
generated an F statistic value that was less than the Fcritical statistic value, and the p values
were greater than the significance value of 0.05. All parameters significantly influenced the
water absorption capacity.

The ANOVA results for the response of the effective cross-link density of a cross-linked
structure can be observed in Table S1c, where the F statistic value was greater than the
Fcritical value; similarly, the value of the p-statistic (0.027) was less than the significance value
(0.05). Considering the results of the individual factors and their double combinations when
comparing the values of the F statistic with their Fcritical values, F < Fcritical. Furthermore,
the values of the p statistic for these factors and their double combinations generated values
less than 0.05; therefore, they were significant and influenced the response of the effective
cross-link density of a cross-linked structure.

To establish the relationship between the investigated factors and yield of the reaction,
water absorption capacity, and the effective cross-link density of the cross-linked structure,
the data were graphically displayed using standardized Pareto charts. The changes in the
level of a factor that influenced the different system responses were represented as the
effects of the factor. The standardized Pareto chart compares the absolute values and the
significance of the effects.

Figure 2 shows standardized Pareto charts for the response variables, highlighting
that the critical value obtained from the Student’s t-test statistic is t0.25,8 = 2.776.

From the ANOVA analysis for the three factors, it was found that, for the treatment of
the data obtained for the reaction yield, only the CNF factor w w−1 % generated a value of
the p statistic at 0.008 << 0.05; therefore, this factor significantly influences the performance
results. Furthermore, the error had eight degrees of freedom, and we worked with α = 0.05;
therefore, the critical value obtained from the Student’s t-test was t0.25,8 = 2.776. Figure 2a
shows that the bar of the CNF factor w w−1% exceeds the critical value of 2.776; therefore,
it was concluded that the reaction performance was affected significantly. Other factors did
not significantly affect the yield of the reaction. The ANOVA analysis of the results obtained
for the effective cross-link density of a cross-linked structure and the water absorption
capacity also presented eight degrees of freedom in the error value; therefore, the critical
value of the Student’s t-test statistic was t0.25,8 = 2.776. It can be observed from Figure 2b
that none of the factors or the combination of these factors had a significant effect on the
water absorption capacity, as none of the bars exceeded the critical value of t0.25,8 = 2.776.

The effective cross-link density of the cross-linked structure was not strongly affected
by the interactions of the three factors (MBA mol% × APS mol% × CNF w w−1 %) because
the value shown in Figure 2c does not exceed the critical value of t0.25,8 = 2.776.
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(a) (b)

(c)

Figure 2. Result of the standardized Pareto analysis for the response variables (parameters A: MBA
mol%; B: APS mol%; and C: CNF w w−1%): (a) yield of the reaction, (b) water absorption capacity,
and (c) the effective cross-link density of the cross-linked structure.

The analysis of the effect of APS mol% in these tests revealed a random behavior. APS
affects the length of the polymer chains, making them longer or shorter depending on the
concentration used. Increasing the initiator percentage produces more free radicals that
accelerate the chain termination reaction, resulting in shorter chains and thus increasing the
possibilities for water entry [39]. The incorporation of CNF helps ensure that the hydration
of the polymer does not lead to swelling drastically, since the fibrils become a part of
the interpolymeric network when physically mixed and by electrostatic interactions, and
continue to absorb significant percentages of water. An increase in hydrogel swelling is
observed when the concentration of CNF is increased, which may be explained by the
increased number of carboxyl groups in the hydrogels [40].

3.3. Physicochemical Characterization
3.3.1. Fourier Transformed Infrared Spectroscopy

FTIR spectroscopy was performed to identify the functional groups of the polymers
and the specific interactions between poly(ClAETA) and CNF, as well as to understand
how this reinforcement interferes with the hydrogel base.

Figure 3a shows the characteristic signal of CNF, where the characteristic band of
the -OH stretching (3319 cm−1), band for -CH stretching (2900 cm−1), and the band with
the signal of the -C=O (1610 cm−1) indicate the occurrence of -COOH groups in CNF,
suggesting oxidation in the glucose ring of the hydroxyl group at the C-6 position [41,42].
Figure 3b,c shows the characteristic signals for two synthesized hydrogels, Hy06 and
Hy10, corresponding to NH stretching (3357 cm−1) and disappearance of the vinyl group
(C=C) (1200 cm−1), respectively. The carbon double bond signal disappeared, and the
signals of the functional groups of the 2-(acryloyloxy) ethyl trimethylammonium chloride
monomer (ClAETA) remained, corroborating the formation of the polymer [43,44]. The
signals indicating the stretching of CH in the polymer (2977 cm−1), the carbonyl bond
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(C=O) (1736 cm−1 and 1726 cm−1), and the quaternary ammonium group (-N+ (CH3)3)
(1500 cm−1) were also observed [44].

Figure 3. FTIR analysis of (a) CNF, (b) Hy06 (hydrogel without CNF), and (c) Hy10 (hydrogel
with CNF).

3.3.2. Morphological Analysis by Scanning Electron Microscopy

The microstructural changes in the hydrogels were analyzed using SEM, and the
micrographs are shown in Figure 4.

(a) (b) (c)

Figure 4. SEM images of Hy05 (2 wt% CNF) samples at (a) ×1000, (b) ×2000, and (c) ×5000 magnification. Scale bar: 10 μm.

Figure 4 shows the structure of Hy05, which contained 2 wt% CNF. Separated fibers
were observed on the sample surface; it is known that the surface of poly(ClAETA) (without
CNF) has a smooth morphology, as reported in previous studies [43]. CNF was partially
carboxylated, where the carboxylate groups interacted electrostatically with the quaternary
ammonium groups present in the polymer, according to the SEM images. The CNF fibers
were confirmed to be homogeneously distributed in the hydrogel network. Hy05 presented
uniform roughness across the surface of the material; in addition, this physical mixture of
CNF with the polymer chains helped in the stability and compactness of the structure [45].
In prior research studies, it has been reported that if one of the polymeric components has
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negatively charged functional groups, the formation of porosities is facilitated because of
the repulsion forces between charges [40].

3.3.3. Thermogravimetric Analysis

Thermogravimetric analysis is a technique that allows the evaluation of the ther-
mal stability of synthesized poly(ClAETA) hydrogels and the determination of the effect
generated by the addition of CNF in the hydrogels. Figure 5 shows the thermograms of
hydrogels Hy03, Hy04, Hy07, and Hy11, which show a typical sigmoidal shape, indicat-
ing the weight loss in three stages. The first stage was recorded at temperatures around
100 ◦C, corresponding to the dehydration of water in the polymer and the elimination of
humidity [46]. The second stage occurred at approximately 280–330 ◦C, corresponding to
the thermal decomposition of the groups that protruded from the polymer chain. Similarly,
a peak was observed at 390–410 ◦C, corresponding to exothermic reactions resulting from
the decomposition of the ammonium salt [43].

(a) (b)

Figure 5. Thermogravimetric analysis TGA of the samples: (a) Hy03 and Hy04, (b) Hy07 and Hy11.

Upon analysis of Hy03, which did not contain CNF, a decomposition was observed
from 248.0 ◦C to 330.0 ◦C, resulting in a residual mass percentage of 45.1%; in the second
stage, a residual mass percentage of 18.4% was obtained with respect to the initial mass;
and finally, at 550 ◦C, only 8% of the residual mass of the hydrogel remained. In the case of
Hy04, a rapid decomposition was observed that generated 58% of the residual mass in the
second stage; in the third stage, a residual mass percentage of 26.7% was obtained; and
finally, at 550 ◦C, the resulting value of the residual mass was 21.6%. It can be observed that
there was a difference in stability between the hydrogels Hy03 and Hy04 at 18 ◦C, which
could be due to the presence of CNF [47]. In the thermogram of Hy07, the first stage had a
temperature range of 238–317.3 ◦C, which generated a residual mass percentage of 46.7%;
in the third stage, 317.3 ◦C and 426 ◦C corresponded to a residual mass percentage value of
17.8%; and finally, at 550 ◦C, only 8% of the residual mass of the hydrogel remained.

Finally, the hydrogel Hy11 presented the second range of decomposition between the
temperatures 256 ◦C and 330.2 ◦C, and the residual mass was 57.2%; between 330.2 ◦C
and 434.3 ◦C, the residual mass was 24.8%. For this material, a thermal stability was
achieved at approximately 8 ◦C. Analysis of Hy11 with Hy07 reveals that the main chain
decomposition stage had a wider temperature range, which could be caused by the higher
concentration of APS and CNF. Finally, at 550 ◦C, a residual mass percentage of 20.3% was
obtained. The higher residual mass may be due to the higher amount of initiator, which
can accelerate the cross-linking process during polymerization [48].
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3.4. Adsorption Capacity of Methyl Orange Dye by Hydrogels

The functionality of hydrogel as a water dye adsorbent was evaluated. These tests
were conducted using MO as the study molecule. For all the tests, the concentration was
fixed at 150 mg L−1.

First, we studied the adsorption of dyes when the polymers were washed after synthe-
sis, as well as the effects of this process on the result. For this test, we used Hy12. Figure 6
shows dye retention and capacity of adsorption per gram of resin for the washed (Hy12W)
and unwashed (Hy12NW) hydrogel.

R
(%
)

Figure 6. Dye retention and capacity of adsorption per gram of resin by hydrogel, as a function of
time for Hy12NW and Hy12W at pH 7.64.

In the case of the Hy12W hydrogel, the minimum concentration of MO that remained
in the solution at 90 min was 8.26%, compared to the case of Hy12NW, in which MO
concentration was 28.13% at 60 min. Furthermore, as shown in Figure 6, Hy12W attained
an optimal MO adsorption capacity of 96% at 90 min after the start of the experiment;
however, the MO adsorption capacity was 37.55% at 300 min. In Hy12NW, an optimal
MO adsorption capacity of 84.77% was attained at 60 min; at 300 min, the MO adsorption
capacity was 81.16%. Thus, we concluded that despite washing, the hydrogels without
CNF had a greater instability, which led to the desorption of the previously adsorbed dye.

The removal of MO using two synthesized hydrogels, one with CNF and one without
the reinforcement (Hy01 and Hy03, respectively), at a pH of 7.64 was evaluated with the
same percentages of cross-linker and initiator. The results for the percentage of adsorption
and the retention of the hydrogel are shown in Figure 7.

R
(%
)

Figure 7. Dye retention and capacity of adsorption per gram of resin by hydrogel as a function of
time for Hy01 and Hy03 at pH 7.64.
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It was observed that for Hy03, the removal percentage at 30 min after being immersed
in the MO solution was 80.92%, and adsorption decreased thereafter. Concurrently, it was
observed that the concentration of dissolved dye in the solution increased, which could be
due to the low stability of hydrogel. In general, it is observed that hydrogels absorb the
contaminant until a plateau of stability or equilibrium is attained in the adsorption curve,
which is maintained until the hydrogel reaches its maximum swelling capacity, whereupon
the sample sorption starts decreasing [30]. In the case of the hydrogel with CNF, Hy01, a
slower response to adsorption is observed, but this response is sustained when nearing
300 min with 76.41 mg of MO per gram of resin.

Comparing the amount of MO retained per gram of resin (q = mg MO g−1) and
considering different percentages of CNF (see Figure 8), it can be ascertained that with CNF,
the adsorption was slower but sustained with time, except in the case of Hy03 (control
sample, without CNF), which retained a greater amount of MO in less time but lost the
retained dye and returned it to the solution. In Hy01, containing 1% CNF, and Hy02,
containing 2% CNF, we observed 76.41 mg of MO per gram of resin and 72.42 mg of
MO per gram of resin after 300 min, respectively, which could be caused by the stability
provided by the incorporation of CNF into the matrix.

q
(m
g
g
1 )

Figure 8. Removal of MO as a function of time when containing different concentrations of CNF at
pH 7.64.

3.4.1. Effect of pH on MO Removal

The performance in terms of retention of the MO dye in the acidic and basic environ-
ment of Hy01 was analyzed. Figure 9 shows the results of the q response (concentration
of MO dye absorbed in the hydrogel structure). There was a higher MO load at pH 7.64,
with 76.41 mg of MO for each gram of resin; the MO load at pH 3 and 10 was 59.92 and
65.70 mg for each gram of resin, respectively. MO dye is a weak acid that is widely used as
an indicator of pH change. It has a pKa value of 3.47; therefore, at pH 3.0, the sulfonate
molecules in the dye are neutralized and the amino groups are protonated, generating
a positive charge [28]. The positive charge of the quaternary ammonium group exerts
electrostatic repulsion with the positive charge of the hydrogel. In contrast, in a basic
medium, the molecules of MO have a completely ionized sulfonate group, and the amino
component is uncharged; thus, the molecules in the dyes and the fixed quaternary ammo-
nium groups in poly(ClAETA) can completely interact with each other electrostatically. In
addition, CNF has carboxyl groups on its surface and a pKa of approximately 4.6. In an
alkaline environment, the carboxylic acid groups in CNFs gradually change to carboxylic
anions, leading to the interaction of weakened hydrogen bonds and increased electrostatic
repulsion in the hydrogels [40].
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Figure 9. Removal of MO dye at pH 3, 7.64, and 10. y-axis: right—MO retention (%R); left—
adsorption capacity (q).

3.4.2. Adsorption as a Function of MO Concentration

The initial concentration of the dye affects adsorption because it affects the mass
transfer between the aqueous phase and the solid phase. For this reason studies were
carried out varying the concentration between 50–2000 mg L−1 at pH 7.64 with an initial
hydrogel mass of 50 mg (see Figure 10a). The adsorption capacity increased with increasing
initial concentration; a similar situation was observed in previous investigations with this
dye [49,50]. With respect to the retention percentage, it also increase as the concentration of
MO increases. Equilibrium is achieved between 1500 and 2000 mg L−1, obtaining an maxi-
mum adsorption capacity of 1379 mg g−1 when the initial concentration is 2000 mg L−1.
This high dye concentration was also studied by Onder et al., who using their hydrogel
of [(2-(acryloyloxy)ethyl]trimethylammonium chloride-co-1-vinyl-2-pyrrolidone] hydro-
gel reached 905.6 mg g−1 [21]. Regenerability and reusability of the adsorbent are also
very important, as they make the adsorption process economical. Figure 10b shows the
adsorption–desorption cycles when hydrochloric acid was used as an eluent [51]. As the
number of cycles increases, the adsorption capacity gradually decreases to 5% by the fifth
cycle. In general, in our experimental conditions, the reuse is recommended up to the third
cycle, since after this adsorption capacity decreases significantly. It is also noted that the
hydrogel delivers low concentrations of MO up to the third desorption process.

(a) (b)
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Figure 10. (a) Effect of MO concentration on the adsorption capacity of Hy01 at pH 7.64 with different concentrations of MO
(mg L−1). (b) Effect of adsorption–desorption cycles on adsorption capacity (pH = 7.64; initial concentration: 2000 mg/L;
and 50 mg adsorbent).
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3.4.3. Kinetic Models

A study of adsorption kinetics is desirable because it provides information on the
progress of adsorption and whether physical or chemical interactions predominate the
process. The pseudo-first and pseudo-second-order kinetic parameter values for MO
adsorption are presented in Table 4. The correlation coefficient criterion (highest value of
R2) was used to describe the most suitable kinetic adsorption model [52]. According to the
described criteria, MO adsorption for hydrogel Hy01 conforms to the pseudo-second-order
kinetic model with an R2 value greater than 0.9733 (see Figure 11). Similar kinetic results
were obtained in previously reported MO adsorption studies [7,19,53].

Table 4. The MO sorption data for the pseudo-first and -second-order kinetic model.

Hydrogel K1 (min−1)
R2 Pseudo-First

Order
K2 (g

mg−1 min−1)
R2 Pseudo-Second

Order

Hy01 0.0083 0.9595 0.0004111 0.9733

(a) (b)
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Figure 11. MO sorption kinetics: (a) pseudo-first-order and (b) pseudo-second-order kinetic model.

From a systematic study of the literature, it is clear that the textile industry is the
main industry that generates large volumes of wastewater containing dyes, consuming
about 100 L of water to process approximately 1 kg of textile material [54]. These are highly
recalcitrant and biocompatible synthetic chemical compounds, considered as potential
threats to human and environmental health [4]. About 3500 different types of synthetic dyes
are used in the textile industry. The most commonly used dyes are anthraquinone and azo
dyes and more than 60% of these dyes are reactive [55]. These chemical species are released
through the industrial processes of dyeing and washing, among others [56], resulting in
wastewater with high concentrations fluctuating between 350–1000 mg L−1 of dyes [4,57,58].
Most synthetic dyes are soluble in water, thanks to the ionizable groups that compose them,
such as: -OH, -COOH, and -SO3H in acid dyes, and -NH2, -NHR, and -NR2 in basic dyes. It
is estimated between 50% and 70% of the world production of 10,000 synthetic dyes (dyes
and distinctive dyes used in the textile industry) corresponds to azo dyes, which represent
the class of compounds most used in textile and food processes [10,11]. The pH value of the
aqueous medium favors the ionization of the groups, depending on the pKa value of the
chemical species in the solution. It is known that the average pH value of wastewater is 8.75
± 1.29 [4], where the vast majority of dyes are in an ionic state. Regarding the applicability
of hydrogels, they are materials that possess a number of functional groups suitable for
dyes, and also offer the possibility of reuse/regeneration in sorption–desorption cycles by
washing processes with acidic solutions for the anionic hydrogel and basic brine/NaCl
for the cationic hydrogel. If it is not possible to regenerate the structures, these materials
should be disposed of in the solid waste landfill, following the usual route for hazardous
solid waste [59].
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Table 5 shows a comparison of adsorption capacities of MO by biopolymer composites,
highlighting the possibility of further developing this type of adsorbent materials with nat-
ural polymers, such as CNF, which was corroborated to improve the stability at the time of
adsorption, giving the possibility of reusing the hydrogel in desorption–adsorption cycles.

Table 5. Comparative table of maximum adsorption results.

Adsorbent Qmax (mg g−1) Ref.

Ppy@magnetic chitosan 95 [60]

three-dimensional (3D) porous scaffolds made of N-acyl
thiolated chitosan using 11-mercaptoundecanoic acid 434.89 [19]

particles of methacrylateethyltrimethylammonium
chloride (DMC) and acrylamide (AM) copolymer

hydrogel
992.63 [20]

Chitosan/diatomite composite 35 [61]

Banana peel 21 [62]

Chitosan/organic rectorite-Fe3O4 5.6 [53]

Poly([2-(acryloyloxy)ethyl] trimethylammonium
chloride), poly(ClAETA), hydrogels containing

fibrillated nanocellulose (CNF).
1379.0 This study

Is important to advance in the development of bio-based materials to be tested in
real applications in industry. The adsorption is inexpensive, simple, and easy to adapt.
In addition, its treatment period is short, causes no pollution to the environment, and
has been confirmed as one of the most promising technologies for removing dyes from
wastewaters [50].

4. Conclusions

Nanocomposite hydrogels based on ClAETA were successfully synthesized by varying
the concentrations of CNF, MBA, and APS. From the ANOVA analysis, it was observed that
the concentration of APS significantly affects the performance of the hydrogel synthesis
compared to the other factors. It was determined that the combination of the three factors
significantly affected the degree of cross-linking because the APS affects the length of the
polymeric chains formed, the MBA maintains the solidity and porosity of the hydrogel, and
the APS provides stability and rigidity, and an increase in hydrogel swelling is observed
when the concentration of CNF is increased, which may be explained by the increased
number of carboxyl groups in the hydrogel. In contrast, all individual factors, in double or
triple combination with each other, did not significantly affect the water absorption capacity.

In addition, in the microstructural analysis, the texture of the hydrogels was deter-
mined, and the CNF fibers were individually identified. The functional groups of the
structures of the hydrogels can be determined by FTIR spectroscopic analysis. From TGA
it was verified that the hydrogels containing CNF generated greater thermal stability
compared to hydrogels with only poly(ClAETA). The surface morphology of the obtained
hydrogels was observed by SEM and the incorporated CNF was observed.

In the application of the hydrogels to the absorption of the dye, it was observed that
the hydrogels containing only poly(ClAETA) achieved removal values above 80% and then
decreased, but these were unstable after reaching the maximum swelling capacity and
tended to destabilize. In contrast, hydrogels with CNF, such as Hy01, had lower removal
rates than those without CNF but were chemically and mechanically more stable, capturing
1379 mg of MO per gram of resin after 300 min. The reuse/regenerative hydrogel was
tested and was found to be satisfactory in up to three cycles. Tests with pH variations
indicated that the adsorption of MO was favored under neutral pH. Therefore, it can be
concluded that the incorporation of CNF improves the MO adsorption as a function of time.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13142265/s1, Table S1: ANOVA results, where the significance is 0.05: (a) yield of the
reaction, (b) crosslinking degree, and (c) water absorption capacity. DF (degree of freedom of the
data), SS (the sum of the squares of the data), MS (mean sum of the squares of the data), F (F-statistic),
value-p (p-value) and Fcritical (F-statistic critical value).
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Abstract: Bioretention systems are frequently employed in stormwater treatment to reduce phospho-
rus pollution and prevent eutrophication. To enhance their efficiency, filter additives are required
but the currently used traditional materials cannot meet the primary requirements of excellent hy-
draulic properties as well as outstanding release and adsorption capacities at the same time. In
this research, a polyurethane-biochar crosslinked material was produced by mixing the hardwood
biochar (HB) with polyurethane to improve the performance of traditional filter additives. Through
basic parameter tests, the saturated water content of polyurethane-biochar crosslinked material (PCB)
was doubled and the permeability coefficient of PCB increased by two orders of magnitude. Due
to the polyurethane, the leaching speed of phosphorus slowed down in the batching experiments
and fewer metal cations leached. Moreover, PCB could adsorb 93–206 mg/kg PO4

3− at a typical
PO4

3− concentration in stormwater runoff, 1.32–1.58 times more than HB, during isothermal adsorp-
tion experiments. In the simulating column experiments, weaker hydropower reduced the PO4

3−

leaching quantities of PCB and had a stable removal rate of 93.84% in phosphate treatment. This
study demonstrates the potential use of PCB as a filter additive in a bioretention system to achieve
hydraulic goals and improve phosphate adsorption capacities.

Keywords: polyurethane-biochar crosslinked material; modified filter additive; phosphorus release
and adsorption; bioretention facilities; stormwater treatment

1. Introduction

Phosphorus is the main factor of eutrophication in urban rivers [1] and comes from in-
dustry, agriculture and transportation activities [2], being mainly spread by urban stormwa-
ter runoff, a kind of non-point pollution of surface water. To manage stormwater runoff,
developers typically use bioretention facilities, whose primary goal is to reduce floods
by reducing the volume of overland flow during a storm event and reinstating natural
stormwater infiltration in the developed area to its pre-developmental capacity [3]. The
filtration layer in bioretention facilities takes on the role of purification, which has been
proven to be efficient in removing oil [4], heavy metal [5] and pathogenic bacteria indicator
species [6] from stormwater runoff. However, the performance of traditional filtration layer
is not effective at removing phosphorus [7], mainly due to the leaching of phosphorus from
compost (a typical filter additive in the filtration layer) [8].

Attempts have been made to improve phosphorus removal. In recent studies, many
natural and artificial materials have been investigated to determine their feasibility as filter
additives in the filtration layer of bioretention facilities and they can be generally divided
into three types: biological waste materials, mineral materials and biochar. Biological
waste materials (e.g., coconut [9], peat [10] and livestock manure [11], etc.) still have high
leaching quantities of phosphorus, due to the accumulation of a large number of nitrogen
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and phosphorus nutrients in the growth process, leading to the limitations of phosphorus
removal. Mineral filter additives (e.g., volcanic stone [12], montmorillonite [13] and zeo-
lite [14], etc.) have relatively low removal rates and water retention capacities compared to
biological waste materials, in spite of their reduced nutrient-leaching quantities. Biochar, a
thermal decomposition product of biomass, is suitable as a filter additive in bioretention
facilities due to its cleanness [15] and it can reduce the concentration of both nitrogen
and phosphorus in runoff [16]. As a popular soil amendment, biochar can also sequester
carbon and retain nutrients [17] and this is significant for additive materials to support the
growth of plants in the vegetation layer of bioretention facilities. However, pyrolysis brings
brittleness to the pore structure of the biochar, which is destroyed by the hydropower of
stormwater during long term operation [18], while the saturated hydraulic conductivity of
bioretention facilities is significantly reduced [19]. This does not meet the primary goal of
bioretention facilities. If this shortcoming of biochar can be improved, it would be a big
step forward for bioretention systems.

Polyurethane materials provide a potentially feasible solution to this problem. On the
one hand, the water retention capacity of polyurethane improved under multi-field cou-
pling, due to the broken molecular chain and higher connectivity of the pore structure [20].
When subjected to soil, water and air, the structure of polyurethane showed no significant
changes, indicating the good durability of its mechanical properties in the long term [21].
On the other hand, it has been widely recognized that polyurethane foams can be employed
as highly efficient adsorbents in removing heavy metals [22], ammonium [23], nitrate [24]
and some organic pollutants (e.g., dialkyl phthalates [25], oils and trichloromethane [26],
etc.). All these properties meet the requirements of filter additives in bioretention systems:
a high hydraulic conductivity to reduce overland stormwater, a high retention volume to
minimize peak flow, a good endurance to multi-field coupling effects and a high removal
capacity of many contaminants from stormwater. However, due to the limitation of raw
material composition, the nutrients needed for vegetation growth cannot be provided by
polyurethane alone. Considering the characteristics of biochar, it seems that a combination
of polyurethane and biochar may achieve acceptable results.

Additionally, polyurethane, as a coating material, will prolong the nutrient release
period of inner fertilizers in agriculture and reduce their leaching quantities [27]. Combined
with fertilizers, polyurethane composite material has a high potential to preserve moisture
and fertility for the amelioration of desertification [28]. Moreover, this advantage could be
applied to biochar in the form of a polyurethane–biochar composite material, helping to
release phosphorus more slowly.

Some work has been done regarding polyurethane composites in order to relieve
the eutrophication crisis in urban rivers caused by phosphorus—Sasidharan developed
silver/silver oxide nanoparticles impregnating polyurethane foam with a 61.24% phosphate
and this system was still effective in removing 20.58% of phosphate after 7 cycles of
reuse [29]. Nie also conducted a column experiment to purify the septic tank effluent,
which was mixed with soil and polyurethane and found that the column had a phosphorus
removal rate of 96% [30]. While demonstrating above the positive results in the phosphorus
removal of polyurethane composites, these studies are limited and do not estimate the
phosphorus leaching quantities of polyurethane composites, nor do they try to apply them
to bioretention facilities.

Based on the current research, we assume that, if polyurethane and biochar could be
combined together as a composite material with both of their advantages, this composite
may have an outstanding hydraulic and environmental performance as a filter additive in
bioretention systems. Hence, the present study tried to explore the feasibility of a novel
composite material, polyurethane-biochar crosslinked material (PCB), as a filter additive
in bioretention systems. We estimated the water retention capacity, phosphorus leaching
quantities and adsorption capacity of PCB and aimed to improving the performance of
bioretention facilities and avoiding eutrophication. This composite material is a sponge
structure in which polyurethane interpenetrates and crosslinks the biochar. Hardwood
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biochar (HB) was selected as a raw material for the production of PCB because of its low
nutrient concentrations [31] and high specific surface area [32] and it was also compared
with PCB in this study.

2. Materials and Methods

2.1. Synthesis of Polyurethane–Biochar Crosslinked Material

• Hardwood biochar (HB) production: the raw material for the synthesis of PCB used
in this study is commercially common hardwood biochar, which was produced using
pine at a 600 °C pyrolysis temperature and was purchased from Jinlian Landscape
Engineering Services Co., LTD. (Hangzhou, China).

• Polyurethane-biochar crosslinked material (PCB) preparation: PCB was synthesized
with a simple one-shoot method, where the polyol and HB (for modifying polyurethane)
were mixed with isocyanate. The polyol source used in this research was glycol and
isocyanate was diphenyl-methane-diisocyanate (MDI).

• PCB production: 60 g of glycol, 100 g of deionized water (DW) and 5 g of HB were
mixed continuously at 750 rpm and 60 ◦C for 20 min with a magnetic stirrer (VRera,
Nanjing, China). After that, while keeping the same rotating speed and temperature,
250 g of MDI was added dropwise at a constant speed before air bubbles formed. The
procedure was continued by pouring the mixture into a 30 × 30 × 10 cm3 of mold and
transferring it to a vacuum oven (Xidebao, Shanghai, China) at 60 ◦C for 3 h and then
curing it for 24 h.

• Cutting: The cured PCB was cut into granules with a particle size of 1–2mm, consider-
ing the practical application and consistent research scale of HB.

• The PCB used in this study was produced with the assistance of Jinlian Company.
Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were
conducted on a Hitachi SU3500/S4800 High-Resolution Focused Ion Beam and Scan-
ning Electron Microscope (Hitachi, Tokyo, Japan) working at an accelerating voltage
of 10 kV, helping to illustrate the microstructure of PCB and HB.

2.2. The Hydraulic Properties and Other Physicochemical Characterizations Tests

The hydraulic property tests include a saturated moisture content test (to evaluate
stormwater retention volume) and a permeability coefficient test (to evaluate hydraulic
conductivity).

• Saturated moisture content test: The natural bulk densities of the PCB and HB were
measured by the cutting ring method (ISO 11272:2017). The samples in the cutting ring
were vacuumed by a pump, immersed in deionized water (DW) for 24 h, weighed,
dried in an oven at 60 ◦C for 48 h and weighed again to determine the natural and
saturated moisture content (ISO 17892-1:2014).

• Permeability coefficient test: The permeability coefficient of the materials was de-
termined by the constant head method with a Type 70 permeameter (Nanjing Soil
Instrument Factory Co., LTD., Nanjing, China) (ISO 17892-11:2019).

• Other physicochemical characterizations influencing the leaching and adsorption
capacity of materials were tested:

• The particle size of materials was measured by a sieving method.
• The specific gravity of the materials was measured by the gravity bottle method and

the pore ratio of the materials was obtained after conversion with the saturated water
content.

• The pH of modifier materials was measured at a material/DW ratio of 1:50 by mass.
• BET surface area was determined by N2 (77 K) adsorption on an ASAP 2020 Acceler-

ated Surface Area and Porosimetry System (Micromeritics Instrument, Atlanta, GA,
USA) after degassing for 12 h via VacPrepTM 061 (Micromeritics Instrument, Atlanta,
GA, USA), a Gas Adsorption Sample Preparation Device.

• The cation exchange capacity (CEC) was determined by a hexamminecobalt (III)
chloride solution (ISO 23470:2018).
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• TP (total phosphorus content) of materials was measured after strong acid digestion
and analyzed by ICP-OES (Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Leaching Experiments

The main reason for the unstable efficiency of phosphorus removal in bioretention
facilities is the leaching of phosphorus from filter additives, leading to eutrophication in
urban rivers. To avoid this pollution and evaluate the phosphorus leaching quantities,
polyurethane-biochar crosslinked material (PCB) and hardwood biochar (HB) were con-
tinuously rinsed with deionized water (DW) or artificial stormwater (AS) and the release
characterizations of phosphorus and metal ions were analyzed. AS was a mixture solution
of 120 mg/L CaCl2 and 3 mg/L PO4-P (Na2HPO4) at pH 7.0, referring to the recognized
makeup of synthetic urban runoff [4]. In order to reduce the influence of other factors, oils,
heavy metals and nitrogen were not added to the AS.

Five grams of material, dried at 60 ◦C for 48 h, was added to a conical flask containing
100 mL of DW or AS (ISO 21268:2019). At 20 ± 2 ◦C, the material oscillated at a frequency
of 150 rpm for 24 h. After settlement for 30 min, supernatants were aspirated into a
centrifuge tube and centrifuged at 5000 rpm (Hitachi CR21 III, Tokyo, Japan) for 20 min.
Another 100 mL of DW or AS was added to the conical flask and the leaching-settling-
centrifuging steps were repeated another seven times. The supernatants were filtered
with 0.45 μm filters and analyzed for phosphate (PO4-P), total phosphorus (TP-P), metal
ions (Na+, K+, Mg2+, Ca2+) and water conductivity. The San++ Continuous Flow Analyzer
(Skalar Dutch) was used for the testing of PO4-P and TP-P. The samples were mixed with
H8MoN2O4, C8H4K2O12Sb2 and C6H8O6 and a colorimetric analysis was carried out at an
880 nm wavelength for the detection of PO4-P with a detection limit of 0.001 mg/L (ISO
15681:2018). The method for the detection of TP-P was the same as PO4-P, only needing
a pretreatment (oxidized by K2S2O8 solution and digested by UV) before mixing. Metal
ions were tested by using a NexION300X inductively coupled plasma mass spectrometer
(PerkinElmer, Waltham, MA, USA) with a detection limit of 0.001 mg/L. Conical bottles
containing only DW or AS without other materials were used as the control groups. We
repeated two sets of tests for each material. After leaching experiments, the DW-rinsed
materials were denoted as PCB-DW and HB-DW respectively and then put into a desiccator
for later tests.

2.4. Phosphate Adsorption Experiments

As a filter additive in stormwater runoff treatment, the material needs to have a certain
phosphate adsorption capacity. In order to evaluate the phosphate adsorption capacity
of the materials, adsorption experiments were conducted using PCB-DW and HB-DW
with different concentrations of phosphate. Standard solutions of 100 mg/L Na2HPO4
were diluted to 0, 0.5, 1, 2, 5, 7 and 10 mg/L with DW and AS, respectively and AS only
contained 120 mg/L CaCl2. We placed 0.2 g of PCB-DW and HB-DW into 50 mL conical
flasks, added 10 mL of the above solution and oscillated the flasks for 24 h at 150 rpm at
20 ± 2 °C. The extraction method of the supernatants was the same as the leaching test
and the concentrations of phosphate in the supernatants were measured. The detection
method was the same as above. The experiment was repeated in 2 groups for each material.
Additional conical flasks with phosphate solutions but no PCB-DW or HB-DW were used
as control groups.

In order to explore the adsorption properties and capacity of phosphate, Langmuir
and Freundlich models were used to fit the adsorption equilibrium quantities of phosphate
after 24 h. The calculation formula of the equilibrium adsorption quantity qe (mg/kg) for
phosphate at 24 h is [33]:

qe =
(C0 − Ce)V

W
, (1)

where, C0 and Ce are the concentrations (mg/L) of PO4
3− in the solution before and after

the adsorption test; V is the solution volume (L); W is the material mass (kg).
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The Freundlich model was used to fit the isothermal adsorption results [23]:

qe = KFCe1/n, (2)

where, KF is the volume-affinity parameter (L/mg) of the Freundlich model, which can
be regarded as the adsorption capacity at unit a concentration of Ce; n is the Freundlich
characteristic constant, the value of 1/n is generally between 0 and 1 and its value represents
the influence of the concentration on the adsorption capacity. The smaller l/n is, the better
the adsorption property is. When 1/n is between 0.1 and 0.5, it is easy to absorb; it is
difficult to adsorb when 1/n is more than 2.

The Langmuir model of single molecular layer physical adsorption was also used to
fit the isothermal adsorption results [23]:

qe = qmax
KLCe

1 + KLCe
(3)

where qmax is the maximum adsorption capacity (mg/kg); KL is the affinitive parameter of
the Langmuir model (L/mg), which is the equilibrium constant of adsorption, also known
as the adsorption coefficient. The higher the value of KL is, the stronger the adsorption
capacity is.

The dimensionless coefficient RL is used to determine whether adsorption easily
occurs [34]:

RL =
1

1 + KLC0
, (4)

when 0 < RL < 1, adsorption easily occurs; when RL>1, adsorption does not easily occur;
when RL = 0, the adsorption process is reversible. When RL = 1, adsorption is linear.

2.5. Column Experiments

In order to simulate the performance of the filter additives under an actual working
situation, column experiments were carried out in the laboratory. The river sand (washed
by DW and dried) and filter additives (unwashed) were mixed evenly according to a
mass ratio of 10/1. In 3 PVC columns (30 cm in height, 6 cm in diameter and 3 mm holes
of sieve tray at the bottom), filter papers were placed at the bottom and evenly mixed
geomedia filled the columns, denoted as PCB-Column, HB-Column and Sand-Column.
Sand-Column was filled only with river sand as a control group. For each 2 cm of mixed
filling, a wooden hammer was employed to drop 10 times from 5 cm above the filling until
it was filled to 24 cm. Washed and dried gravels were placed on top of the mixture filling to
prevent current scour. After filling, peristaltic pumps (BT01-100) were used at the top of the
columns to pump DW for 3 h at a speed of 15 mL/min. The inflow velocity was calculated
according to the rainfall intensity formula in China. In this study, rainfall occurred once a
year and lasted for 3 h, the catchment ratio was 15 and the infiltration flow per minute was
calculated as 15 mL. In total, 50 mL of effluent was collected every 20 min by the effluent
tubing at the bottom in order to detect the contents of PO4-P. The detection methods were
the same as above. AS was pumped at the same rate for 3 h after the DW was pumped in
for 3 h. AS included 3 mg/L PO4-P. Effluent was collected and measured as above.

3. Results and Discussion

3.1. Polymerization Process and Microstructure

The Polyurethane-biochar crosslinked material (PCB) was obtained via a one-shoot
method. The reaction of PCB and the interaction with the addition of HB are shown in
Figure 1. Glycol contained a hydroxyl group that could reacted with an isocyanate group
from MDI to obtain a urethane linkage and a monomeric unit was formed by the two
constitutional units. Furthermore, the polymer chain was linked through urethane linkages
between monomeric units. HB was crosslinked between two monomeric units [22].
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Figure 1. The reaction of polyurethane-biochar crosslinked material (PCB) via the one–shoot method with the addition
of HB.

The properties of PCB depend on various factors (chain rigidity, cross-linking degree,
intermolecular bonds, etc.) and can be changed in a wide range by the proper selection of
raw materials [35]. Considering the application of PCB in bioretention facilities, durability,
resilience, porousness and hydrophilia were demanded by the multi-field (water-soil-air)
coupling effects. Glycol was chosen as the main polyol source that would reduce the
length of carbon chain and improve the hard segment content. The hard segment can
improve the initial modulus and tensile strengths of polyurethane materials [36] and
crosslinked polymerization would make up for the brittleness of HB to make it resilient
against weathering. HB, as an inner material, was blocked in the network of polyurethane
by the interaction between carbonyl groups and HB. The blocking way was referred
from the FTIR analysis (Figure 2): The interaction between the HB and polyurethane
was observed by the shifted wavenumber of carbonyl groups at around 1600 cm−1. As a
carbon-rich material, HB possessed abundant hydroxyl groups [37] and was more likely to
have this interaction [38].

 
Figure 2. Fourier transform infrared (FTIR) spectra of PCB and hardwood biochar (HB).

The polyol source also influenced the microstructure of polyurethane composites [39].
Small molecular weight polyol has a better smoothness and porousness. As shown in
Figure 3, the concave-convex surfaces and throats of PCB can be clearly seen, yet HB has
a flat shape and few holes and bumps. This difference in structure may account for the
improvements in the hydraulic properties of PCB and HB.
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(a) 

 

(b) 

Figure 3. The scanning electron microscopy (SEM) images of (a) PCB and (b) HB.

3.2. Hydraulic Properties of Modifiers

Excellent hydraulic performance, including high water retention capacity and perme-
ability, are fundamental criteria for choosing filter additives in bioretention systems, which
are also shortcomings of biochar at present [19], when compared to biological waste and
mineral materials. Basic experiments were conducted to inspect the improvement of PCB
and the results are illustrated in Table 1. After being modified by polyurethane, the material
became lighter, with a bulk density of 0.165 g/cm3, compared to its former bulk density
of 0.378 g/cm3. Such lightweight polyurethane gave PCB a sizable performance boost in
water retention capacity [40], whose saturated water content was improved from 195.65%
to 383.5%. If added to the filter layer with the same mass ratio (4% of additive materials in
traditional bioretention facilities [41]), PCB can reduce 42–63 mm of stormwater within the
unit area according to the following water absorption formula:

Wwater = ρ f ilterlayer × h × n × ωsat, (5)

where Wwater is the stormwater retention volume of the filter additive within unit area;
ρfilterlayer is the density of the filter layer in bioretention facilities, ranging from 0.8 to
1.2 g/cm3; h is the filling height, usually calculated as 70 cm; n is the mass ratio of the filter
additive; ωsat is the saturated moisture content of the filter additive.

Table 1. Physicochemical properties of PCB and HB.

Media
Material

ρ 1

(g/cm3)
Particle Size

(mm)
e 2 ωsat

3

(%)
K 4

(cm/s)
pH

BET
(m2/g)

CEC
(cmol/kg)

TP 5

(g/kg)

PCB 0.165 1–2 3.20 383.50% 8.56 × 10−2 6.62 83.14 37.5 1.19
HB 0.378 <0.5 3.88 195.65% 6.57 × 10−4 8.80 118.45 7.4 3.80
1 ρ is natural bulk density. 2 e is pore ratio. 3 ωsat is saturated moisture content. 4 K is permeability coefficient. 5 TP is total phosphorus content.

This improvement is of great significance and will achieve a high storage volume in
order to reduce peak flow and enhance the removal of many contaminants from stormwa-
ter [42]. The Permeability of HB was also improved by the polyurethane polymerization,
the infiltration coefficient of which changed from 6.57 × 10−4 to 8.56 × 10−2, with an im-
provement of more than two orders of magnitude. Apart from the bigger particle size, as an
influencing factor on permeability, the internal throats formed in the foaming process also
took effect, where stormwater flowed inside the network through the throats, increasing
the number of available flowing paths [43].
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3.3. Phosphorus Leaching

Before application in bioretention facilities, the quantities of phosphorus that could
leach from additive materials should be estimated to prevent potential eutrophication.
PO4-P and TP-P were detected in the successive leaching solution and the results are shown
in Table 2 and Figure 4.

Table 2. Phosphorus leaching quantities of PCB and HB in deionized water (DW) or artificial stormwater (AS).

Media Material

PO4-P TP-P

8 rounds
(μmol/g)

1 round
(μmol/g)

1 round/
8-rounds

8 rounds
(μmol/g)

8 rounds/
Total

1 round
(μmol/g)

1 round/
8 rounds

PCB-DW 2.68 1.47 54.85% 9.16 23.86% 4.09 44.65%
HB-DW 7.11 0.19 2.67% 8.55 6.98% 0.27 3.16%
PCB-AS −4.82 1 −0.82 1 - 0.38 - 1.81 -
HB-AS −13.67 1 −1.79 1 - −11.51 1 - −1.53 1 -

1 The negative value came from the original concentration of AS solution (3 mg/L PO4-P), which was subtracted in a calculation and
indicated a decrease in AS.

 

(a) (b) 

Figure 4. Cumulative phosphorus compounds leached from PCB and HB in DW or AS. (a) PO4-P; (b) TP-P.

In general, PCB released more than HB in the first DW batching round: 1.47 μmol/g
of PO4-P and 4.09 μmol/g of TP-P for PCB, while 0.19 μmol/g of PO4-P and 0.27 μmol/g
were released for HB. After the first batch, the leaching quantities of phosphorus were
in decline in each round and PCB released 2.68 μmol/g of PO4-P and 9.16 μmol/g of
TP-P in total, while these values were 7.11 and 8.55 for HB, respectively. Compared to the
compost (around 82 μmol/g of PO4-P in 6 rounds of leaching) [11] and poultry litter biochar
(82.6–146.1 μmol/g of PO4-P in 10-days leaching) [15] in other studies, the phosphorus
leaching quantities of PCB and HB were relatively low.

The inhibition effects of crosslinked polyurethane on the phosphorus leaching of HB
can be observed from the different leaching tendencies of the two materials: The leaching
quantities of HB increased as the number of rounds increased and it continued to release
more and more PO4-P and TP-P at a nearly constant rate. The leaching tendency of HB
was in agreement with former research on biochar leaching properties [44] and it can be
predicted that additional phosphorus would be released with further batching. However,
after being crosslinked and interpenetrated by the polyurethane, the release of phosphorus
from the internal biochar was prevented, as previously reported [27]. PCB’s first round
of phosphorus leaching accounted for 44.65–54.85% of the total released quantities and
the released quantities were only in the range of 2.67–3.16% for HB. The resilient and
smooth network of polyurethane could resist scour caused by water and prevent itself
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from weathering. Polymerization made the HB and polyurethane blend seamlessly, which
avoided phosphorus on the surface of HB being washed away by waterpower. The reason
for PCB releasing more TP-P than HB could be that the surface of PCB was brushed with
organophosphorus flame retardants to meet the storage and transportation conditions [45].

Since the AS contained 3 mg/L of PO4-P, it was subtracted when calculating the
cumulative phosphorus compounds leached from PCB and HB in AS, so the data present
negative values. Our assumption from the negative values was that PCB and HB had
a certain adsorption capacity to the 3 mg/L of PO4-P in AS. HB had a better treatment
effect on phosphorus, whose adsorption capacity was unimpeded by batching rounds. It
is likely that the alkalinity of HB (Table 1) brought this benefit, which could provide an
alkaline condition to form hydroxyapatite precipitation with Ca2+ and PO4

3- in stormwater
runoff [46]. Meanwhile, PCB had a relatively poor treatment performance on phosphorus
due to its acidity in the water. It is believed that PCB also had a slight effect on phosphorus
adsorption, reducing the leaching quantities of PO4-P and TP-P in AS. The mechanism
of PCB phosphorus adsorption could be ion exchange or physical adsorption but this is
inconclusive.

3.4. Leaching of Other Ions

The main commercial processes for removing phosphorus from wastewater effluents
are still chemical precipitation with metal ions [46]. The leaching pattern of metal ions
could help to elucidate the mechanisms of the removal of phosphorus by PCB and HB.
The leaching of low-valence metal ions (Na+, K+, Mg2+, Ca2+) as a function of batching
rounds is shown in Figure 5 and summarized in Table 3. Generally, PCB leached fewer or
nearly equal numbers of metal ions than HB in DW. AS prompted the metal ion-leaching
quantities of HB but had no obvious impact on PCB.

Table 3. Cations leaching quantities of PCB and HB in DW or AS.

Media
Material

Na+ K+ Mg2+ Ca2+

8 rounds
(μmol/g)

1 round
(μmol/g)

1 round/
8 rounds

8 rounds
(μmol/g)

1 round
(μmol/g)

1 round/
8 rounds

8 rounds
(μmol/g)

1 round
(μmol/g)

1 round/
8-rounds

8 rounds
(μmol/g)

1 round
(μmol/g)

1 round/
8 rounds

PCB-DW 4.28 3.13 73.05% 16.78 8.67 51.69% 25.48 5.92 23.23% 23.27 4.71 20.22%
HB-DW 3.91 1.10 28.04% 90.18 39.16 43.42% 20.55 4.29 20.90% 83.56 12.39 14.83%
PCB-AS −1.53 −0.72 - 12.07 5.39 44.66% 42.59 4.33 10.17% −50.65 −12.45 -
HB-AS 28.04 19.87 - 254.03 190.68 75.06% 48.45 18.15 37.46% 83.16 55.63 -

Na+ was leached at a very low level in DW. From the energy dispersive spectroscopy
results (Table 4) of PCB and HB, there was no Na+ on the analyzed surface of PCB but
a small quantity on the surface of HB (0.62%). Hence, the low quantities of Na+ in DW
were reasonable. PCB and HB had similar cumulative release amounts but their release
rates and patterns were not consistent: PCB released 3.13 μmol/g Na+ in the first round,
accounting for 73.05% of total release quantities and released less during batching rounds.
While HB only released 1.10 μmol/g Na+ in the first round, after that it leached at an
almost constant rate. Because of the valence being the same, the pattern of K+ leaching
was similar to Na+: the cumulative Na+/K+ leaching quantities increased logarithmically,
which was consistent with previous research on biochar leaching [47]. AS motivates more
metal ions to leach out from HB in the first round but keeps an approximate leaching rate
afterwards, as in DW. The leaching quantities of PCB were significantly lower than HB,
probably because the K+ on the surface of HB had been released in the glycol–DW mixing
process, most of which was cured in the inner structure of PCB during polymerization
process.
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Figure 5. Cumulative low valence metal cations leached from PCB and HB in DW or AS. (a) Na+; (b) K+; (c) Mg2+; (d) Ca2+

Table 4. Energy dispersive spectroscopy (EDS) contents of original and DW-leached materials.

Elements
PCB PCB-DW HB HB-DW

Wt%

C 58.74 55.89 38.16 31.93
O 35.18 37.64 32.04 38.17

Na - - 0.62 0.27
Mg 0.83 0.73 0.74 -
Al 0.83 0.31 1.56 0.37
Si 1.26 0.24 17.61 25.96
K 0.64 - 3.16 0.86
Ca 2.52 5.19 6.11 2.44

Total 100

The Mg2+ was released from PCB and HB linearly and a nearly equal amount of
Mg2+ was released in each batching round. EDS results (Table 4) showed that there were
0.74% Mg elements on the surface of HB before leaching which could not be detected after
leaching. This indicated that Mg2+ adhered to the surface of HB in the form of mineral
ions and was washed away. The Mg2+ content on the surface of PCB dropped slightly after
8 rounds batching and this suggested that it mostly existed as compounds or was blocked
in the polyurethane network. In AS, total Mg2+-releasing quantities and speed increased
compared with those of DW: the first-round leaching quantity of PCB in AS was close to
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that of DW and the release rate of Mg2+ in AS increased to 1.22–1.67 times that of in DW in
the later leaching process. This increase indicated that the removal of phosphorus was not
due to the magnesium–phosphorus precipitation.

The Ca2+ leaching rates of PCB and HB seems to be constants whether in DW or AS
and are unaffected by the batching rounds. HB leached significantly more Ca2+ than PCB,
since EDS results showed that HB had a higher Ca2+ content than PCB on the surface.
Interestingly, HB leached the same Ca2+ quantities in AS as in DW, yet with a higher
concentration in the first round. The equality of the leaching quantities proved the previ-
ous assumption that the reduction of PO4-P was caused by formation of hydroxyapatite
precipitation with Ca2+ and PO4-P in stormwater runoff. On the contrary, the cumulative
Ca2+-releasing quantities of PCB were negative and underwent a steady decline, consistent
with the tendency of phosphorus leaching but unbalanced in their quantities. This made
the mechanism of PCB adsorption to decrease phosphorus concentration uncertain. This
could be partly attributed to the calcium–phosphorus precipitation when considering the
negative value of Ca2+ releasing quantities but other phosphorus-removing approaches
coexisted.

Overall, the metal cations of HB, existing as salts on its surface, were easy to washed
away, especially for K+ and Ca2+ and this was proved by the SEM and EDS results. After
the modification of crosslinked polyurethane, the leaching quantities of metal cations were
significantly reduced. Through the correspondence of the leaching quantities between
phosphorus and metal ions, it is clear that the mechanism of phosphorus removal by HB
is calcium–phosphorus precipitation. PCB has several phosphorus removing approaches,
including metal salts precipitation, which requires further research.

3.5. Phosphate Adsorption

Isothermal adsorption experiments can help to estimate the adsorption capacity and
properties of additive materials in a bioretention system. The phosphate adsorption
results of PCB-DW and HB-DW in DW and AS are shown in Figure 6. PCB-DW had a
compelling advantage in phosphate adsorption to contrast to HB-DW: PCB-DW had a
stronger equilibrium adsorption capacity, which was 1.32–1.58 times of that of HB-DW. The
adsorption rates of PCB-DW were 70–98% under at different concentrations, while HB-DW
could adsorb 44–74% of phosphate. PCB-DW and HB-DW adsorbed more in DW than in
AS over the tested concentration range but with minimal growth. At a typical phosphate
concentration range of 2–5 mg/L in stormwater runoff, the equilibrium adsorption was
93–206 mg/kg for PCB and 60–142 mg/kg for HB.

Figure 6. Adsorption isotherms of PCB-DW and HB-DW in DW or AS.
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As confirmed by previous research, phosphate was bound to the biochar not only
by electrostatic adsorption but also by covalent bonds, forming highly valent cationic-
phosphate crystals, including magnesium [48], iron, alum or calcium [46]. There are
many factors and complex evolvement courses for PO4-P adsorption by polyurethane:
the main mechanism of phosphate removal is adsorption, which occurs as a result of
electrostatic attraction between two oppositely charged ions, where pH plays an important
role, preferring to remain around 7 [29]. This explained why PCB (pH = 6.62) showed a
poorer adsorption capacity in the leaching experiments but PCB-DW (pH = 6.98) did better
in the isothermal adsorption experiments. Adsorption in AS was inferior to that in DW,
which indicated that additional Ca2+ in AS could not promote the progress of precipitation,
instead weakening it and the bivalent and multivalent cations leaching from themselves
were adequate for removing phosphorus. In this study, the superiority of PCB-DW was the
multiple factors, including the weak acidic conditions with a pH around 7, an abundant
supply of bivalent and multivalent cations and a relatively high BET (Table 1). A thorough,
quantitative analysis of the factors of phosphate adsorption is still required, however.

The results of the isothermal adsorption of PCB-DW and HB-DW were also fitted
to two adsorption models, as shown in Table 5. The Freundlich model fitted the PO4-
P adsorption data of the PCB-DW better, with R2 > 0.99, while the Langmuir model
was better for HB-DW. Ahmed also found that the Freundlich model had the best fit for
the adsorption of nutrients onto polyurethane materials [23]. With the inverse of the
characteristic constants (1/n) < 1 in Freundlich models and the Langmuir model coefficient
RL being between 0 and 1, we can draw the conclusion that the adsorption of PO4-P
occurred easily for both PCB-DW and HB-DW. The adsorption of PO4-P by PCB-DW
and HB-DW was nonlinear. With the increase in the PO4-P concentration in the solution,
its adsorption capacity gradually becomes saturated, which was also confirmed by the
bending of the fitting curves in Figure 6. KF (the Freundlich model’s volumetric-affinity
parameter), to some extent, proved that, compared to HB-DW, PCB-DW had a better
adsorption affinity for phosphate. The qmax in the Langmuir model reflected the potential
maximum adsorption capacity of the materials and PCB-DW had higher qmax than HB-
DW no matter in DW or AS. Therefore, PCB-DW can be used as an additive with high
adsorption performance in stormwater treatment.

Table 5. Parameters for Freundlich and Langmuir isotherms of phosphate adsorption on PCB-DW
and HB-DW.

Material

Freundlich Langmuir

KF
(L/mg)

1/n R2 qmax
(mg/kg)

KL
(L/mg)

R2 RL

PCB-DW-DW 214.978 0.460 0.998 417.833 1.3156 0.959 0.071–0.603
HB-DW-DW 80.500 0.623 0.983 374.176 0.274 0.994 0.267–0.880
PCB-DW-AS 186.782 0.467 0.990 379.160 0.510 0.960 0.164–0.797
HB-DW-AS 69.599 0.606 0.977 319.12 0.276 0.990 0.266–0.879

3.6. Stormwater Infiltration Experiments

In order to explore the actual operation effects after PCB and HB are added into
bioretention facilities as additives, column tests were conducted, simulating the rainwater
infiltration process and evaluating the suitability and feasibility of the materials. Two
simulated rainfall events were carried out, each of which lasted for 3 h. DW was pumped
into three columns at a rate of 15 mL/min in the first event. The PO4-P concentrations of
outflows were detected every 20 min and the variations in the outflow concentrations are
shown in Figure 7. The outflows from the PCB-Column had higher PO4-P concentrations
compared with the HB-Column. With the increase in DW inflow volume, the effluent
concentration decreases linearly, nearly to 0. Traces of PO4-P were detected in the outflow
of the HB-Column, while the content rose slightly during the infiltration process. The
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tendency of the concentration to grow in the HB-Column outflow was in accordance with
the leaching patterns in the batching experiments.

Figure 7. Concentration of PO4
3− in outflows from the three columns in the first simulated rainfall

event.

The estimated and detected values of the PO4-P concentration and total release quanti-
ties from PCB-Column and HB-Column are listed in Table 6. The estimate was based on the
assumption that the PCB (626.73 g) and HB (834.94 g) in the soil columns would release the
same quantities of phosphorus as in the leaching tests. Comparisons in Table 6 illustrated
the wide gaps between the estimated and the detected values. These gaps were caused by
the differences in the contact ways and the hydrophilicity of materials, which could also
be predictable. In column infiltration experiments, the DW inflow had a shorter contact
time and a smaller contact surface with the additive PCB and HB and reduced the leaching
quantities. Gupta drew a similar conclusion through the observation of heavy metal batch
leaching experiments and column experiments [49]. HB was pyrolyzed at 600 °C and
oxygenated functional groups on HB’s surface made it possess a lower hydrophilicity [50].
The percentage of polyol used as a raw material in polyurethanes is positively associated
with hydrophilicity [51] and the molar ratio of urethane linkage:polyol in PCB was 1:1.
Combined with the water retention capacity of PCB, we could infer that PCB had a higher
hydrophilicity. Additionally, the volume of PCB was double that of HB under same ratio in
column experiments and PCB had more contact time and space in the stormwater. Hence,
it made sense that there were more PO4-P leaching quantities in the PCB-Column than in
the HB-Column.

Table 6. Comparison of predicted and detected concentrations and total release of PO4
3- in column

experiments.

Columns

Concentration of the First 50 mL
Effluent (mg/L)

Total Leaching Quantities
(mg)

Predicted Detected Predicted Detected

PCB-Column 47.60 0.80 52.07 1.22
HB-Column 8.20 0.03 184.03 0.13

DW was replaced by AS in the second simulated rainfall event, while the other
conditions remained. Considering the influence of the first rainfall event, the PO4-P
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concentration of the outflow was detected after the infiltration for 1 h and the results
are shown in Figure 8. The PO4-P concentration of the outflow from the PCB-Column
and HB-Column remained stable at lower levels, while it increased sharply from the
Sand-Column during the AS infiltration process. MeanPO4-P removal rates for the three
columns during the AS flushing are also shown in Figure 8. Compared with the control
group (Sand-Column), the experimental groups (PCB-Column and HB-Column) had a
significantly higher PO4-P filtration capacity, with removal rates of 93.84% and 90.00%,
respectively. This confirmed the feasibility and superiority of PCB as a filter additive in
bioretention systems for removing PO4-P in stormwater treatments.

 

(a) (b) 

Figure 8. Concentration and mean removal rates of PO4
3− in outflows from the three columns in the second simulated

rainfall event. (a) The outflow concentrations of PO4
3− from the three columns; (b) the mean removal rates of PO4-P from

the three columns.

In addition, it should be noted that, in the effluent concentration detection, the con-
centration of PO4-P was kept at a low and stable state with a downward trend, which
confirmed the influence of hydrophilicity on the adsorption effect of filter additives. With
the infiltration and scouring of water inflow, oxygenated functional groups carried on the
surface of HB were gradually washed away, so its hydrophilicity was improved to some
extent. For polyurethane, its surface roughness changed during the infiltration process,
which affected its adsorption capacity [52]. After the increase in hydrophilicity and surface
roughness, the contact paths and time between stormwater inflow and filter materials
increased, leading to the enhancement of adsorption. Although the improvement of hy-
drophilicity and surface roughness led to the enhancement of the adsorption capacity, the
adsorption capacity tended to be saturated as the adsorption process continued. Therefore,
the concentration of the outflow did not decrease significantly and it maintained a relatively
stable trend in later stages.

4. Conclusions

Polyurethane-biochar crosslinked material (PCB) has been successfully manufactured
using polyurethane and hardwood biochar (HB) in order to improve the hydraulic perfor-
mance of bioretention facilities. This improvement was confirmed through a characteristic
analysis of PCB using FTIR spectra, SEM images and hydraulic parameter tests. Biochar
was crosslinked through urethane linkages in the polyurethane network. Saturated water
content was doubled due to the hydrophilia and porousness of polyurethane. The internal
throats, confirmed by the SEM images, increased the permeability coefficient of the filter
additive by two orders of magnitude.

From the perspective of phosphorus release and adsorption, PCB is a feasible filter
additive in bioretention facilities for stormwater treatment. The network of polyurethane
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restrained the release of phosphorus from interpenetrated HB with a decreasing cumulative
rate of phosphorus leaching and reduced the metal cation leaching quantities compared
with HB. The superiority of the adsorption capacity of PCB should be emphasized: for
the typical phosphate concentration of stormwater runoff, the equilibrium adsorption
quantity of PCB is 93–206 mg/kg for phosphate, which is a result of various factors,
including its suitable pH, cation supply and porousness. PCB has a high (93.84%) and
stable phosphate removal rate in column experiments, owing to the hydrophilia and
porousness of polyurethane.

Overall, the present study offers a feasible filter additive with modified hydraulic
properties and environmentally friendly advantages for bioretention facilities to use in
stormwater treatment. Changes in the properties via the adjustment of the formula and
ratio in PCB preparation lead to a variation in pore size and the functional group should
be examined in further research. Meanwhile, the effect of PCB on the removal of other
pollutants in stormwater should be investigated in the future.
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Abstract: Here, a nanofiber-exfoliated bacteria cellulose aerogel with improved water affinity and
high mass transfer was synthesized. Consequently, poly Schiff base can be uniformly coated within the
body of bacteria cellulose aerogel without the traditional dispersion treatment. The composite aerogel
has adequate mechanical and thermal stability and high mass transfer efficiency. Such an aerogel can
serve as a superior adsorbent for flow through adsorption of pollution. Typically, the adsorption
capacity towards Cr(VI), Cu(II), Re(VII), Conga red, and Orange G reaches as high as 321.5, 256.4,
153.8, 333.3, and 370.3 mg g−1, respectively. Moreover, the adsorption by this composite aerogel is
very fast, such that, for example, at just 2 s, the adsorption is almost finished with Cr(VI) adsorption.
Moreover, the composite aerogel exhibits a good adsorption-desorption capability. This research will
hopefully shed light on the preparation of bacteria cellulose-derived macroscopic materials powerful
in not only environmental areas, but also other related applications.

Keywords: bacteria cellulose; poly Schiff base; chromium; adsorption

1. Introduction

Hexavalent chromium (Cr(VI)), a typical toxic contaminant, is normally discharged by industrial
plants, which has strong teratogenicity and carcinogenicity [1–3]. Various technologies have been
developed and, among them, adsorption is a popular choice for Cr(VI) owing to its feasibility of
operation and cost effectiveness [4–11]. The adsorbent is very important in the adsorption technique, but
the current adsorbent mainly suffers from the trade-off between mass transfer and recoverability [12–15].
Typically, high mass transfer requires a good dispersion of adsorbent, but this would decline the
recovery efficiency. While high recoverability needs relatively strong noncovalent interaction between
adsorbent building blocks, which in turn brings down mass transfer.

Bacteria cellulose (BC), a naturally nanofiber-arranged hydrogel, is a promising candidate
adsorbent, exhibiting high mechanical strength and chemical stability [16–23]. Moreover, the highly
porous network is of high advantage in boosting the mass transfer within bacteria cellulose. Most
recently, a polymer with rich functional groups was adopted to modify the bacteria cellulose to improve
the adsorption performance. For example, Jin, X et al. and Wang, J et al. used polyethyleneimine to
graft on the bacteria cellulose skeleton for the adsorption of cations (e.g., Cu(II), Pb(II), Hg(II)) [24,25].
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Jahan, K et al. and Yang, Z et al. reported the in-situ fabrication of poly(aromatic amine) on bacteria
cellulose for effectively separating Cr(VI) from the aqueous solution via reduction and chelation [26,27].
Unfortunately, bacteria cellulose must be dispersed firstly to allow the ultimate interaction between
cellulose and polymers [24,27]. This complicates the procedures and moreover weakens the mechanical
strength of the final macroscopic product [28]. Moreover, though the batch adsorption performance of
these adsorbents were proven to be fine, the dynamic adsorption using macroscopic adsorbent was
satisfied to practically purify continuous-flow industrial wastewater, which was scarcely reported.

Here, we report a facile fabrication of bacteria cellulose uniformly coated with poly Schiff base.
The pretreatment by sodium silicate was applied first to modify the bacteria cellulose to increase the
mass transfer efficiency without breaking the macroscopic structure. As a result, the polymerization of
Schiff base proceeded effectively within the body of bacteria cellulose to achieve a uniform coating of
polymer. The macroscopic composite monolith exhibits attracting performance in adsorption of Cr(VI)
and other typical pollutants in batch and dynamic adsorption tests.

2. Experimental Section

2.1. Materials

The bacterial strain, Gluconacetobacter hansenii (ATCC 53582), was provided by China Center of
Industrial Culture Collection. The m-phenylenediamine was purchased from Aladdin Industrial Co.,
Ltd. (Hangzhou, China). Glutaraldehyde was obtained from Macklin Biochemical Technology Co.,
Ltd. (Shanghai, China) and other chemical regents were provided from Sinopharm chemical reagent
(Shanghai, China).

2.2. Preparation of Porous Bacteria Cellulose/Poly Schiff Base

• Pretreatment

The bacteria cellulose was treated with the solution of alkaline sodium silicate. Then, HCl was
added and sodium silicate transformed to NaCl and SiO2. After the removal of SiO2 by NaOH,
the pretreated bacteria cellulose was freeze-dried and used for polymer coating.

• Polymer Coating

The HCl-protonated m-phenylenediamine was mixed with glutaraldehyde, which formed the
oligomer solution due to protonation. The pretreated bacteria cellulose (pBC) was immersed in
precursor mixture to absorb the oligomers into matrix of pBC. The poly Schiff base was deposited on
cellulose nanofibers by tuning the pH to base. The detail of procedure was given in Supplementary
Sections S1.1 and S1.2.

The relative content of poly Schiff base in pBC was estimated according to the following equation:

D% =
Wproduct −WBC

Wproduct
× 100% (1)

where the D% is the content percentage of poly Schiff base in the composites, Wproduct is the total mass
of composites, WBC is the mass of bacteria cellulose or porous bacteria cellulose.

2.3. Characterization

The attenuated total reflection infrared (ATR) spectrum was recorded on a Nicolet IS50 Fourier
transform infrared (FTIR) spectrometer (Thermo Fisher scientific instruments, Waltham, MA, USA) at
resolution of 4 cm−1 in the range of 400~4000 cm−1. A field emission scanning electron microscopy
(SEM, JSM-6360LV, JEOL, Tokyo, Japan) and transmission electron microscopy (TEM, JEOL-2011,
Tokyo, Japan) was employed to inspect the morphology. The surface area and porosity of samples were
calculated by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) method, respectively
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(analysis gas: nitrogen; analysis time: 670 min; thermal delay: 30 s; outgas time: 12 h; bath temperature:
50 ◦C and outgas temperature: 150 ◦C) (Autosorb iQ, Quantachrome, Ashland, Virginia, USA) [29].
The crystallographic analysis of aerogels was performed on X-ray diffractometer (XRD) with Cu-Ka
radiation (D/Max-RB diffractometer, Rigaku, Tokyo, Japan) from 5~50◦ by using the dried film of
samples. The chemical composition was characterized on a K-Alpha 1063 X-ray photoelectron
spectroscope (XPS) with Al Kα X-ray as the excitation source (Thermo Fisher scientific instruments,
Waltham, MA, USA).

2.4. Batch Adsorption

A series of adsorption experiments were conducted in the polyethylene vials at 30 ◦C under
150 rpm rotary shaking. 15 mg adsorbent was accurately weighed and added into the 50 mL Cr(VI)
containing solution. The blank assay was carried out under the same condition without any adsorbent
simultaneously. The adsorbents were filtrated from the solution by filter paper (pore size ~0.45 μm)
after completion of adsorption. The analysis method of Cr(VI) concentration (and other pollutants)
was given in Supplementary Section S1.3. Considering the chemical state of Cr, the concentration
of Cr(III) can be calculated as Cr(III) = Crtotal − Cr(VI). To survey the effect of pH on adsorption
capacity, the initial pH of solution was adjusted from 0~6 by 2 M HCl or 2 M NaOH. The adsorption
isotherm experiment was implemented at pH 2 for 6 h with the initial Cr(VI) concentration varied
from 100~500 mg L−1. For kinetics experiment, Cr(VI) solution with concentration of 400 mg L−1

was experienced 1~240 min adsorption at pH 2. The concentration of Cu(II), Re(VII), Conga red,
and Orange G solution varied from 50~500 mg L−1 for 6 h adsorption to achieve their adsorption
isotherm. The Cu(II), Re(VII) and Orange G was adjusted to pH 2 while the Conga red was adjusted to
pH 5.5. The adsorption capacity for batch adsorption experiment was calculated as follows:

qt =
C0 −Ct

m
V (2)

qe =
C0 −Ce

m
V (3)

where qt is the adsorption capacity at time t (mg g−1), C0 is the initial Cr(VI) concentration in solution
(mg L−1), Ct is the Cr(VI) concentration in solution at time t (mg L−1), qe is the equilibrium adsorption
capacity (mg g−1), Ce is the equilibrium concentration (mg L−1), m is the weight of adsorbent (g), and V
is the volume of solution (L).

2.5. Dynamic Adsorption

For the dynamic adsorption, 0.3 g adsorbent was compressed and squeezed in a glass column
with length of 500 mm and ID of 8 mm. 25 mL Cr(VI) solution with concentration of 5~100 mg L−1

was adjusted to pH 2 and fed into the top of column using the peristaltic pump with controlling the
flow velocity from 28.42~85.26 μL min−1 at ambient temperature. The concentration of Cr(VI) (and
other pollutant) in effluent was measured by the same method as batch adsorption experiment. For
other pollutant, the influent concentration of Cu(II), Re(VII), Conga red and Orange G were 50, 20, 20,
and 50 mg L−1, respectively. The Cu(II), Re(VII), and Orange G was adjusted to pH 2 while the Conga
red was adjusted to pH 5.5. The removal rate was calculated as follows:

R% =
C0 −Ca

C0
× 100% (4)

where R% is the removal rate of effluent, C0 is the influent concentration of pollutant (mg L−1), Ca is
the concentration of pollutant in effluent (mg L−1).
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2.6. Desorption and Reusability

The recycle adsorption experiment was tested with 7 successive cycles of dynamic adsorption of
Cr(VI). After each cycle, 100 mL 1 M NaOH served as the desorption solution and flowed through
the column with 0.3 g adsorbent at flow velocity of 56.84 μL min−1. After being washed by deionized
water to neutrality, the adsorbent was freeze-dried for the next cycle.

3. Result and Discussion

3.1. Pretreatment of Bacteria Cellulose

The overview of pathway to fabricate the porous bacteria cellulose/poly Schiff base was described
in Scheme 1. Bacteria cellulose was saturated with the sodium silicate solution (alkaline). Then, HCl
acid reacted with sodium silicate to produce SiO2 aggregation. The formation of SiO2 could enlarge the
inner space of bacteria cellulose and disassemble the large bacteria cellulose fiber bundles into much
thinner fibers. The SiO2 was removed by NaOH solution and the pure modified bacteria cellulose
was obtained by water rinse and subsequent freeze-drying. After the pretreatment, the bacteria
cellulose was still macro-scale monolith. As shown in Figure 1a,b, the smooth surface of pristine
bacteria cellulose consisted of compact fibers. In contrast, the pretreated bacteria cellulose had many
macroscopic holes (Figure 1e), which should be generated by the SiO2 formation. The photograph
and high-magnification images of bacteria cellulose/SiO2 composites can verify this (Figure 1c,d).
More interestingly, the original bacteria cellulose fibers with diameter 400 nm was decreased to 30 nm
(Figure 1f). The small nanofibers were most possibly free from the aggregated cellulose fibers by
alkaline treatment. Moreover, the SiO2 formation within the gap or pores in the aggregated fiber
bundles would also produce small nanofibers.

Scheme 1. The pathway of porous bacteria cellulose/poly Schiff base fabrication.
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Figure 1. The photograph and of SEM images of bacteria cellulose (a,b), bacteria cellulose/SiO2 (c,d)
and pBC (e,f); the photograph of adsorbent with ultra-low density (g) and the content of poly Schiff
base in pBC-Polym-0.08 and BC-Polym-0.08 with various reaction time (h).

XRD was used to validate the variation of bacteria cellulose before and after pretreatment. As
seen in Figure 2a, the raw bacteria cellulose exhibited characteristic of typical cellulose I by diffraction
peaks at 14.3◦ and 22.6◦ [30–32]. Noticeably, after the pretreatment, the peak intensity at 14.3◦ and 22.6◦
attenuated obviously, which indicated the decrease of crystallinity. On the other hand, the relative
intensity of 16.4◦ increases. Moreover, a small peak located at 20.0◦ appeared, indexed as the (110) of
cellulose II. It inferred that the structure of semi-crystalline region and amorphous region was altered
via pretreatment. This can be explained by the separation of small cellulose nanofibers from original
fiber bundles, which inevitably exposed new facet. It must be mentioned that in the raw cellulose
the H bonding (by –OH) pushed the formation of cellulose crystal. The decrease of crystallinity of
bacteria cellulose demonstrated the breaking of H bonding, which signified that the –OH is free from
the crystal. This is conducive to increasing its affinity toward aqueous solution, which can promote the
mass transfer within the body of bacteria cellulose.
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Figure 2. (a) XRD patterns of raw bacteria cellulose and pretreated bacteria cellulose. (b) FTIR spectra
of pBC, pBC-Polym-0.02, pBC-Polym-0.04 and pBC-Polym-0.08 and (c) magnified graph in the range of
1750 to 1450 cm−1.

3.2. Schiff Base Loading in Bacteria Cellulose

To allow the precursor coat onto the nanofibers, the bacteria cellulose firstly interacted with
acidic aqueous mixture of m-phenylenediamine and glutaraldehyde. The pretreated bacteria cellulose
immersed into precursor solution as soon as their contact. In contrast, the raw bacteria cellulose
took ~30 min to be absolutely wetted by the solution. That should be caused by the pretreatment of
bacteria cellulose, which alters its surface properties. After the saturation of precursor, the cellulose
was put into the alkaline solution to speed up the polymerization process. Due to the strong interaction
between –NH2 and –OH, the poly Schiff base would stably coat onto the nanofibers of bacteria cellulose.
The white cellulose became brown after the polymer coating (Figure 1g), which had ultra-low density.
The final product was named as pBC-Polym-x, where pBC is the pretreated bacteria cellulose and x is
the concentration of m-phenylenediamine in precursor solution. For comparison, the product without
pretreatment was denoted as BC-Polym-x.

More importantly, the difference on the wettability of raw and pretreated bacteria cellulose
changed the loading mass of poly Schiff base. As shown in Figure 1h, the polymer loading on
pretreated bacteria cellulose increased very fast and it took 30 min for saturation. However, for the raw
bacteria cellulose, it spent ~120 min for the complete loading. Typically, the content of poly Schiff base
on pBC was at least 20% higher than that on raw materials, which can be vividly distinguished by the
color of the product (Supplementary Section S2). This should be related to the improvement of the
wettability of bacteria cellulose by the pretreatment.

3.3. Characterization

The ATR-FTIR technique was applied to study the structural variation of pBC before and after
polymer coating. As seen in Figure 2b and c, functional groups including –OH (3343 cm−1), C–H
(2902 cm−1), and –C–O–C– (1109 and 1164 cm−1) can be found in the bare pBC [33–35]. After the polymer
coating, two absorption bands at 1609 and 1493 cm−1 emerged. These corresponded to the stretching
vibration of C=N and N–H shearing vibration in benzenoid amine structure [36,37]. Moreover, these
two signals became obvious with the increase of polymer amount coating on the nanofibers.

The morphology of the final product was examined by the SEM technique, taking pBC-Polym-0.04
as an example. The morphology of the surface section was shown in Figure 3a that the gap between
the nanofibers was filled with polymer. The result was identical for the cross-section of the product
(Figure 3b). That is to say, the poly Schiff base uniformly coated on the nanofibers within the
body of bacteria cellulose. The TEM images are given in Figure 3c (agglomeration) and 3d (single
fiber). As shown, the incorporated thick polymer evolved to sheath-like structure to encapsulate
the cellulose nanofibers, which was consistent with the SEM results. For pBC-Polym-0.02, only
nanoparticles can be found on the nanofibers (Supplementary Figure S2). On the other hand,
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pBC-Polym-0.08 showed a similar morphology but a higher density of coating (Supplementary Figure
S3). The N2 adsorption-desorption isotherm and porosity are shown in Supplementary Section S4,
which indicated that the products were mainly composed of mesopores and macropores. In addition,
the product exhibited good thermal stability (Supplementary Section S5), and this was beneficial for its
practical applications.

 
Figure 3. The SEM images of pBC-Polym-0.04: surface (a) and cross-section (b), and the TEM images
of pBC-Polym-0.04: agglomerated fibers (c) and single fiber (d).

3.4. Adsorption Performance

The effect of pH on the adsorption was investigated and the results were given in Supplementary
Section S6. As shown, the optimum pH for adsorption was ~2, which was related to the balance between
protonation of the polymer and speciation of Cr ions at different pH. In the following experiments, pH
will be used without special caution.

3.4.1. Adsorption Isotherm

Effect of initial concentration of Cr(VI) (100~500 mg L−1) on the adsorption was investigated. As
shown in Figure 4a, the adsorption capacity of the series of pBC-Polym-x rapidly increased with the
rise of Cr(VI) concentration. Then, the adsorption process tended to be saturated. Similar trend was
found for the samples without pretreatment (Figure 4b). However, the adsorption performance is
much better for pBC-Polym-x. This can be ascribed to the high polymer loading and the high affinity to
aqueous solution of pBC. On the other hand, the saturated capacity of pBC-Polym-0.04 was very close
to that of pBC-Polym-0.08. The possible reason was that the thicker polymer coating on the nanofibers
(pBC-Polym-0.08) decreased the utilization efficiency of the active materials.
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Figure 4. (a) Cr(VI) adsorption isotherms of pBC-Polym-0.02, pBC-Polym-0.04 and pBC-Polym-0.08,
and (b) BC-Polym-0.02, BC-Polym-0.04 and BC-Polym-0.08. Their corresponding fitted Langmuir
(c,d) and Freundlich isotherms (e,f). Effect of contact time on Cr(VI) adsorption (g) and kinetics
modeling: (h) pseudo-first-order kinetic plots, (i) pseudo-second-order kinetic plots and (j) plots of
intra particle model.

166



Polymers 2020, 12, 714

Furthermore, the experimental data (Figure 4c~f) were simulated by Langmuir and Freundlich
models. The Langmuir and Freundlich equations are shown below:

Ce

qe
=

Ce

qm
+

1
bqm

(5)

log qe = log K f +
1
n

log Ce (6)

where Ce is the Cr(VI) concentration at equilibrium, qe is the adsorption capacity at equilibrium, qm is
the maximum adsorption capacity at saturation, b is the isotherm constant for Langmuir model, Kf and
n are the constants of isotherm equation. The parameters were listed in Table 1.

Table 1. Isotherms parameter of Cr(VI) adsorption on pBC-Polym-x and BC-Polym-x samples.

Samples
Langmuir Isotherm Freundlich Isotherm

qmax

(mg g−1)
b (L mg−1) RL

2 Kf (mg g−1

(L mg−1)1/n)
1/n Rf

2

pBC-Polym-0.08 312.5 0.0467 0.995 152.848 0.1093 0.7374
pBC-Polym-0.04 321.5 0.0227 0.986 104.993 0.1674 0.7321
pBC-Polym-0.02 210.1 0.0094 0.991 21.901 0.3388 0.8990
BC-Polym-0.08 197.2 0.0218 0.991 67.590 0.1589 0.9083
BC-Polym-0.04 161.8 0.0303 0.999 61.018 0.1503 0.9830
BC-Polym-0.02 104.6 0.0151 0.995 22.716 0.2288 0.9795

Based on the calculation, adsorption behavior can be better described by the Langmuir model. This
demonstrated a homogenous monolayer adsorption on poly Schiff base-coated cellulose nanofibers.
The maximum adsorption capacity of pBC-Polym-0.04 was 321.5 mg g−1. Remarkably, the adsorption
capacity in this research was higher than most of the macroscopic adsorbents in previous studies
(Table 2).

Table 2. Comparison pBC-Polym-0.04 with other macroscopic adsorbents.

Materials
Optimum

pH
Kinetics

Adsorption Capacity
(mg g−1)

Ref

Mesoporous carbon sponge 2~4 Pseudo-second-model 93.9 [38]
Polydopamine and Chitosan cross-linked

graphene oxide 3 Pseudo-second-model 312.0 [39]

Magnetic graphene oxide foam 2 Pseudo-second-model 258.6 [40]
3D porous graphene oxide-maize

amylopectin composites 5 Pseudo-second-model 13.6 [41]

3D porous cellulose 3 Pseudo second model 220.6 [42]
3D graphene oxide-NiFe LDH composite 3 Pseudo second model 53.6 [43]
Cyclodextrin functionalized 3D-graphene 2 Pseudo second model 107 [44]

Tetraethylenepentamine crosslinked
chitosan oligosaccharide hydrogel 3 Pseudo second model 148.1 [45]

Polyaniline-coated bacterial cellulose mat 2 Pseudo second model 128 [26]

pBC-Polym-0.04 2 Pseudo second model 321.5 This
study

3.4.2. Adsorption Kinetics

As shown in Figure 4g~i, the adsorption process of pBC-Polym-0.04 was very fast in the initial
stage (≤30 min), involving 76% of the total capacity. This was presumably due to the physical
adsorption. In this step, the negative charged Cr(VI) was adhered to positive charged adsorbent by
electrostatic attraction. Additionally, the fast adsorption process was related to the high affinity to
aqueous solution of the pBC-Polym-x, which promised effective mass transfer. The subsequently
accumulative adsorption of Cr(VI) ultimately reached the equilibrium within 3 h. The pseudo-first
and pseudo-second order models were adopted to analyze the adsorption process. As seen in Table 3,
the pseudo-second-order model with the correlation coefficient (R2) > 0.99 indicated that the Cr(VI)
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adsorption was mainly controlled by chemical sorption. The adsorption process was deduced as
the electrostatic attraction and redox-chelation. The Cr(VI) adsorption was initiated by electrostatic
interaction. The Cr(VI) binding on surface of adsorbent was reduced to Cr(III) and chelated by quinoid
imine group - the oxidation product of benzenoid amine structure [37,46]. The elaborate verification of
adsorption mechanism was stated in Supplementary Section S7.

Table 3. The kinetics parameter of Cr(VI) adsorption on pBC-Polym-0.04 and BC-Polym-0.08.

Samples qexp
Pseudo-First-Order Model

log(qe−qt)=logqe− k1
2.303 t

Pseudo-Second-Order Model
t
qt
= 1

k2q2
e
+ 1

qe
t

Intra Particles Diffusion
qt=kit0.5+C

qe k1 R2 qe k2 R2 kid1 C1 kid2 C2 kid3 C3

pBC-Polym-0.04 285.2 132.3 0.010 0.9903 289.8 0.11 0.9971 141.2 0 15.8 121.8 7.2 177.2
BC-Polym-0.08 170.9 115.1 0.012 0.8993 183.8 0.056 0.9915 58.3 0 10.8 39.7 0.052 170.2

Furthermore, the Weber–Morris intraparticle diffusion model was used to describe the adsorption
process (Figure 4j). The whole adsorption can be divided into three regions: (1) Cr(VI) diffusion in
aqueous solution onto the exterior surface of adsorbent; (2) Cr(VI) permeation into the inner section
of adsorbent and Cr(VI) diffusion into the internal polymers; (3) chemical sorption and reaching
equilibrium. Clearly, the surface diffusion of pBC-Polym-0.04 completed within 1 minute. From
0~1 min, Cr(VI) was instantly captured by the poly Schiff base deposited on the surface of aerogel.
In the second procedure, faster permeation and mass transfer of pBC-Polym-0.04 was observed. For
BC-Polym-0.04, ascribed to the weaker affinity toward solution, the permeation and adsorption of
inner polymers lasted from 5~120 min. The kid listed in Table 3 manifested the high adsorption rate of
pBC-Polym-0.04.

3.4.3. Dynamic Adsorption

The fast adsorption process is vividly illustrated in Figure 5a. A piece of pBC-Polym-0.04 was
directly immersed into the Cr(VI) solution and it was taken out after 2 s. The liquid was squeezed out
that the clean water was obtained. Considering this superior property, the pBC-Polym was filled in
a column to achieve flow-through adsorption. The practical image is shown in Figure 5b. Here, 25 mL
of Cr(VI) solution was pumped to the column by peristaltic pump to flow through the macroscopic
adsorbent with a constant velocity.

In the flow-through adsorption, effect of concentration was examined firstly. The flow velocity
was set as 28.4 μL min−1. As shown in Figure 6a, the removal rate was persistently remained at
above 96% when Cr(VI) concentration < 100 mg L−1. This indicated the excellent performance of
pBC-Polym in dynamic process. Figure 6b revealed the relationship between influent velocity and
removal efficiency in dynamic adsorption (C0 = 50 mg L−1). The removal rate hardly decreases with
the increased flow rate. This sufficiently demonstrated the high mass transfer efficiency of the ions
within the body of adsorbent and strongly verified the high prospect of pBC-Polym in wastewater
purification. Moreover, the adsorbent exhibited excellent ability in the treatment of diverse metal ions
and organic dyes (Supplementary Section S8).
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Figure 5. (a) Illustration on the fast and convenient adsorption by pBC-Polym-0.04, and (b) experimental
apparatus for dynamic adsorption.

 
Figure 6. Effect of initial Cr(VI) concentration (a) and effect of velocity (b) on dynamic adsorption by
pBC-Polym-0.02, pBC-Polym-0.04 and pBC-Polym-0.08; recycling behavior of the pBC-Polym-0.04 in
Cr(VI) adsorption (c).

3.4.4. Recyclability

The repeated adsorption was tested by dynamic adsorption using 25 mL of 20 mg L−1 Cr(VI)
solution as simulated effluent. 100 mL of 2M NaOH was applied as desorption solution and flow
through the adsorbent in the column. The adsorbent was rinsed and freeze-dried after desorption for
next cycle. The Cr(VI) removal rate of each cycle was shown in Figure 6c. For seven cycles, no obvious
performance attenuation was observed. Typically, the Cr(VI) removal rate of adsorbent remained
96.5%, implying its distinguished reusability.

4. Conclusion

We have successfully fabricated the poly Schiff base-coated bacteria cellulose without the
conventional dispersion treatment of the cellulose aerogel. The key is to pretreat the bacteria
cellulose with sodium silicate to exfoliate the nanofibers from the big bundles of raw cellulose fibers.
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Due to the intact texture of the pretreated bacteria cellulose, the composite aerogel is of good properties
(e.g., mechanical and thermal) and high mass transfer efficiency. The adsorption capacity of the
aerogel is 321.5 (Cr(VI)), 256.4 (Cu(II)), 153.8 (Re(VII)), 333.3 (Conga red), and 370.3 (Orange G) mg
g−1. The adsorption process obeys the pseudo-second order kinetic. The adsorbent can be regenerated
easily and used to remove the pollutants without obvious performance attenuation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/3/714/s1, 1.
Detail of Fabrication, 2. Photograph of pBC-Polym-0.04 and BC-Polym-0.04, 3. The morphology of pBC-Polym-0.02
and pBC-Polym-0.08, 4. Specific surface area and porosity, 5. Thermal stability, 7. Adsorption mechanism,
8. Other pollutants
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Abstract: In order to elucidate the aging performance and aging mechanism of a rubber waterstop
in low-temperature environments, the rubber waterstops were placed in the freezing test chamber
to accelerate aging, and then we tested its tensile strength, elongation, tear strength, compression
permanent deformation and hardness at different times. Additionally, the damaged specimens
were tested by scanning electron microscope, Fourier transform infrared spectroscopy and energy
dispersive spectrometry. The results showed that with the growth of aging time, the mechanical
properties of the rubber waterstop are reduced. At the same time, many protrusions appeared on the
surface of the rubber waterstop, the C element gradually decreased, and the O element gradually
increased. During the period of 72–90 days, the content of the C element in the low-temperature air
environment significantly decreased compared with that in low-temperature water, while the content
of O element increased significantly.

Keywords: rubber waterstop; low temperature; aging performance; microscopic examination; mech-
anism analysis

1. Introduction

In water conservancy and hydro-power projects, considering that concrete cannot
be continuously poured, construction joints, settlement joints and deformation joints are
needed in order to adapt to the deformation of foundation and the deformation caused by
the change in temperature. The rubber waterstop, as the most commonly used waterstop
material, can effectively prevent the leakage and seepage of building joints, and play the
role of shock absorption and buffer, so it is widely used in projects [1–4]. In applications,
rubber waterstop is often exposed to various environments, such as oxygen, ozone, light
and temperature, so it often changes in composition and structure [5,6].

At the same time, natural rubber has a huge advantage over fossil-based polymers in
terms of environmental friendliness. First of all, natural rubber is derived from rubber trees,
while fossil-based polymers are derived from petroleum by-products, which means that
natural rubber is inexhaustible and fossil-based polymers are limited. Meanwhile, fossil-
based polymers easily burn and release gases that are harmful to the environment, such as
toluene. Secondly, the performance of fossil-based polymers in degradability and recycling
is worse than that of natural rubber. As fossil-based polymers are difficult to degrade [7],
many fossil-based polymers products are discarded and flow into the sea [8]. This causes
serious pollution to the marine environment and kills a large number of marine organisms,
but natural rubber products can be recycled, and many countries have established the
corresponding regulations [9].

Deng Jun et al. [10] studied the effects of different aging temperatures and aging times
on the properties of different types of rubber. The results showed that with the increase in
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aging temperature and aging time, the rubber hardness increased and its tensile strength
decreased. Li Bo et al. [11] accelerated the aging of rubber in a hot oxygen environment
and investigated the changes in the mechanical properties of rubber before and after aging
and the degree of aging with aging temperature and time. The results showed that the
elongation and fracture stress of rubber gradually decreased with increasing aging time
and aging temperature, and a small increase in temperature would lead to a significant
decrease in mechanical properties. J.R. Beatty et al. [12] studied the influence of time
and pressure on rubber in a low-temperature environment. The results showed that the
hardness of rubber material at low-temperature increased with the gradual increase in
time and pressure and proposed that one of the reasons for the increase in rubber hardness
was crystallization.

In the above studies, the environment of rubber aging was mostly set to high tempera-
ture and high oxygen or lack of microscopic testing and mechanism analysis. However, the
temperature in Xigaze is low all year round, with an average temperature of 6.5 ◦C [13].
The average temperature in the coldest month (January) is −3.2 ◦C while the average
temperature in the hottest month (July) is 14.6 ◦C [14]. Additionally, the rubber waterstop
used in water conservancy projects is generally poured inside the concrete, which greatly
reduces the contact with oxygen and ozone, and also shelters from light [15]. Therefore, we
put the rubber waterstop in the freezing test chamber for accelerated aging, and tested its
tensile strength, elongation, tear strength, compression set and hardness under different
aging times, and carried out microscopic detection on the damaged specimen, trying to
find the aging mechanism of rubber in the freezing environment.

2. Experiment Flow Chart

Figure 1 shows the flow chart of our experiments.

Figure 1. Experiment flow chart.
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3. Experimental Program

Materials

The BW5 rubber waterstop with the specification of 300 mm × 8 mm used in the
construction joint of the real project was employed in this study. The vulcanized rubber
used in this study mainly consisted of polyisoprene (92–95% of cis1,4-polyisoprene) which
was produced by Hebei Jingjia Rubber products Co., Ltd. (China). The main components of
the rubber waterstop are natural rubber, insoluble sulfur(S), accelerator, zinc oxide (ZnO),
stearic acid (SA) and carbon black.

4. Sample Preparation and Aging Environment

Five groups of specimens were prepared in two environments, and each group con-
sisted of three tensile specimens, five tear specimens, three permanent compression defor-
mation specimens and one hardness specimen. Tensile specimens were I type dumbbell
shaped with a thickness of 2.0 mm ± 0.2 mm as shown in Figure 2. The tear specimen
was of right-angle type with a thickness of 2.0 mm ± 0.2 mm as shown in Figure 3. The
compression permanent deformation specimen was a B-type cylinder with a diameter of
13.0 mm ± 0.5 mm.

Figure 2. Dumbbell type specimen.

Figure 3. Right-angle specimen.

Considering the constant change of the dam water level in this project [14], the rubber
waterstop buried in the dam may be above or below the water surface in different seasons,
so the low-temperature environment is divided into low-temperature air environment and
low-temperature water environment. Since the lowest annual temperature in Xigaze is
−25 ◦C [16], the low-temperature environment in this paper was set at −25 ◦C.
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5. Equipment

The DW40 refrigerating test chamber was produced by Nanjing Sibenke Experi-
ment Co (China). The KSL-10KN electronic universal testing machine was produced by
YangZhou KaiDe Experiment Co (China). The YF-8426 compression permanent deforma-
tion machine was produced by YangZhou YuanFeng Experiment Co (China). The Quanta
250F SEM was produced by FEI (Hillsboro, OR, USA). The Nexus 470 Fourier infrared
spectrometer was produced by Nicolet (Waltham, MA, USA).

6. Testing Methods

6.1. Mechanical Properties Test

The temperature of the freezer test chamber was set to −25 ◦C, and then the 5 groups
of specimens were aged in the freezing test chamber for 18 days, 36 days, 54 days, 72 days
and 90 days, respectively. After reaching the aging time, the specimens were taken out
and placed indoors for 24 h. The tensile strength, elongation and tear strength were
tested by an electronic universal tensile testing machine. The loading speed of the testing
machine was set to 500 mm/min [17,18]. The shore hardness tester was used to test the
hardness of the specimen [19]. The compression specimen was put into the compression
permanent deformer to make its compression rate reach 23–28%. After 168 h of compression,
the specimen was immediately released and allowed to recover at room temperature for
27–33 min, and then measured the height of the specimen [20]. The compression permanent
deformation was calculated according to Equation (1):

C =
h0 − h1

h0 − hs
× 100% (1)

where C—compression set (%); h0—initial height (mm); h1—height after recovery (mm);
and hs—limiter height (mm).

6.2. Scanning Electron Microscopy with X-Ray Microanalysis (SEM-EDS) Test

The microstructure and elemental analysis of the rubber waterstop after accelerated
aging treatment were investigated using SEM (FEI quanta 250F) equipped with an EDS
at an accelerating voltage of 30 kV. The test pieces were then observed at 500, 1000 and
6000 magnifications, and the C and O element contents were analyzed by EDS at a magni-
fication of 1000.

6.3. Fourier Infrared Spectroscopy-Attenuated Total Reflection Total Reflection (FTIR-ATR) Test

The FTIR spectra were recorded using a Nicolet Nexus 470 spectrometer equipped
with an ATR attachment. The FTIR was operated within the scan angle range of 5◦–90◦and
a scan speed of 5◦/min.

7. Results and Discussion

Mechanical Properties

After aging for different times in the low-temperature air environment and low-
temperature water environment, the mechanical properties of the rubber waterstop are
shown in Tables 1 and 2.

It can be seen from Tables 1 and 2, Figures 4 and 5 that the tensile strength, elongation,
tear strength and compression permanent deformation of the rubber waterstop decreased
in the low-temperature environment. Tensile strength and tear strength decreased by 34.9%
and 24.7% in the low-temperature air environment. Tensile strength and tear strength
decreased by 19.1% and 23.3% in the low-temperature water environment. This shows
that the brittleness of rubber increases with the aging time, and the adverse effect is
more obvious in the low-temperature air environment. The hardness increases slowly,
the material becomes hard and gradually loses its elasticity. The decrease in compression
permanent deformation indicates that the deformation capacity of vulcanized rubber
gradually decreases with the increase in aging time at low temperature, that is, the plasticity
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weakens. The reason for this is that the rubber main chain and side chain of the molecular
chain and crosslinking chain fracture happens, simultaneously creating new crosslinking,
whereas in the low-temperature environment, the rubber molecular chain is in a new
crosslinking reaction, thus showing surface hardening after aging and brittle crack, namely
due to its decreasing tensile strength, elongation, tear strength and compression permanent
deformation.

Table 1. Mechanical properties of aging rubber waterstop in low-temperature air environment.

Time(d)
Tensile

Strength (MPa)
Elongation (%) Tear Strength (kN/m)

Hardness
(HA)

Compression
Set (%)

0 15.2 494.9 55.9 56 20
18 12.8 482.1 52.2 60 19
36 11.8 391.8 51.0 60 17
54 11.3 342.0 48.6 60 15
72 10.6 339.4 46.9 61 13
90 9.9 335.2 42.1 61 13

Table 2. Mechanical properties of aging rubber waterstop in low-temperature water environment.

Time(d)
Tensile Strength

(MPa)
Elongation (%) Tear Strength (kN/m) Hardness (HA)

Compression Set
(%)

0 15.2 494.9 55.9 56 20
18 12.9 466.7 47.8 59 17
36 12.5 414.7 46.9 59 15
54 12.1 398.0 45.4 59 12
72 11.7 360.1 44.6 59 14
90 12.3 359.4 42.9 60 13

Figure 4. Compression set of waterstop in three different environments.
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Figure 5. Tensile strength of waterstop in three different environments.

8. Failure Modes

Surface Damage

After aging at low temperature, the surface of the specimen significantly changed.
The surface of the specimens without aging was relatively flat, and the micro-pits visible to
the naked eye appeared on the surface of the specimens after 36 days of low-temperature
treatment, and the number increased with time. At 90 days, pits and tiny holes appeared on
the surface of the specimen in the water. At low temperature, the surface of the specimen
became rough while the specimen became hard. The apparent morphology of the rubber is
shown in Figure 6.

(a) At room temperature (b) After aging in low temperture 
air environment for 36 days 

(c) After aging in low temperture air 
environment for 90 days 

(d) After aging in low temperture 
water environment for 36 days 

(e) After aging in low temperture 
water environment for 72 days 

(f) After aging in low temperture 
water environment for 90 days 

Figure 6. Apparent morphology of the specimen after aging at low temperature.
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The surface morphology of the rubber waterstop before and after aging is further
examined by SEM and is shown in Figure 7.

(c) After aging in low temperture 

air environment for 90 days 

(e) After aging in low temperture 

water environment for 54 days 

(d) After aging in low temperture 

water environment for 18 days 
(f) After aging in low temperture 

water environment for 90 days 

(a) At room temperture (b) After aging in low temperture 

air environment for 36 days 

Figure 7. Surface micromorphology.

As shown in Figure 7a, the virgin surface of the rubber waterstop was flat, with
white and black additive particles uniformly distributed. As shown in Figure 7b, after
36 days aging under low-temperature air environment, the additive particles on the surface
completely disappeared, but many protrusions appeared, and the surface of the specimen
became abnormally uneven. With the increase in aging time, the protrusions increased.
After 90 days, tiny holes appeared on the surface of the specimen, as shown in Figure 7c. As
shown in Figure 7d–f, in the low-temperature water environment, the surface morphology
of the specimens protruded, and after 54 days, the rubber surface appeared stepped
stratification. After 90 days, the surface became rougher as the protrusion on the surface
increased, and the stepped stratification phenomenon became more obvious.

9. Cross-Sectional Damage of Specimens after Tensile Test

Figure 8 shows the cross-sectional morphologies of the tensile test pieces in the low-
temperature air environment and low-temperature water environment. The cross-sectional
morphologies after 18 days and 90 days in low-temperature air environment are shown in
Figure 8b,c, as there were more step-by-step undulations on the surface, and no additive
particles. The cross-sectional morphologies changed little in the aging cycle, indicating
that the environment has little effect on the adhesion of the rubber matrix. The cross-
sectional morphologies after 18 days, 54 days and 90 days in the low-temperature water
environment are shown in Figure 8d–f, where a small number of additive particles appeared
after 90 days, indicating that this environment can reduce the adhesion of the rubber matrix.
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Thus, this environment has an effect on the strength of the rubber waterstop, but the effect
is far less than that in the low-temperature air environment.

Figure 8. Micromorphology of section.

10. Chemical Analysis

10.1. Energy-Dispersive Spectrometer Analysis

The changes in the content of C and O elements (wt %) in the rubber waterstop
samples are shown in Table 3.

Table 3. Changes in C and O element content of different samples.

Element

Time (d)
0 18 36 54 72 90

C(Air) 88.0 87.3 86.0 85.6 83.8 75.7
O(Air) 8.0 8.5 9.8 9.8 11.6 20.0

C(Water) 88.9 88.2 85.3 85.9 85.7 85.2
O(Water) 6.7 7.1 10.9 14.6 10.2 10.8

It can be seen that increasing the aging time led to a decrease in the C element and
a concurrent increase in the O element in the rubber waterstop. In the low-temperature
air environment, the content of the C element decreased by 4.77% while the content of O
element increased by 45.0% after 72 days; the oxidation reaction suddenly became faster
from 72 days to 90 days, the content of C element decreased by 13.98% and the content of the
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O element increased by 105.0% after 90 days. In the low-temperature water environment,
the content of C element decreased by 4.16% while the content of the O element increased
by 61.19% after 90 days. Intramolecular reactions can occur in vulcanized rubber polymers
due to the polyunsaturated property and the short distance between the double bonds. In
the aging process of these polymers, the C–C double bond breaks and forms hyperoxide-
hydroperoxides, which leads to the decrease in the C element and the increase in the O
element on the rubber surface.

Figure 9 shows the change curve of the C and O element content with aging time
under three different environments. The x axis represents the aging time, and the y axis
represents the content of the elements. Compared with the natural environment, the
oxidation reaction of the rubber waterstop in the low-temperature environment was slower.
This indicates that low temperature is helpful to alleviate the aging of rubber and the
weakening of the adhesion of the rubber matrix.

 

(a) Change curve of C element (b) Change curve of O element 

Figure 9. Change curve of element content.

10.2. Fourier Infrared Spectroscopy-Attenuated Total Refection Analysis

The infrared spectra of the rubber waterstop in low-temperature air environment and
low-temperature water environment after 18 days, 36 days, 54 days, 72 days and 90 days
are shown in Figures 10 and 11.

Figure 10. Infrared spectra of low-temperature air environment.
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Figure 11. Infrared spectra of low-temperature water environment.

Figure 10 presents the infrared spectra of the rubber waterstop under a low-temperature
air environment. In the ATR-FTIR spectra, the peak at 2900–2800 cm−1, 1430 cm−1 and
1372 cm−1 was assigned to C–H stretching vibrations of –CH2–, –CH3–. The peaks at
1640 cm−1 and 878 cm−1 were defined as =C–H stretching vibration of the cis-1,4 structure,
while the peak at 1443 cm−1 was assigned to deformation vibration absorption of –C–O–.
It shows that the C–H bond and =CH slowly weaken, and –CO– appears on the molecular
chain. The most obvious change was the stretching vibration peak of hydroxyl (O–H) at
3500–3200 cm−1. After 54 days, the peak intensity sharply increased, and then slowly
increased. According to the changes of the above spectral peaks, it can be concluded that
the double bond of the rubber waterstop slowly decreases and the product of the vicinal
diol obviously increases after aging in the low-temperature air environment, which is
consistent with the aging law in the natural environment.

In the low-temperature water environment, the infrared spectrum of rubber after
aging is similar to that in the low-temperature air environment. With the increase in aging
time, the peak intensities of –CH3– at 2915 cm−1 and 2841 cm−1 and C=C at 1640 cm−1 and
878 cm−1 decreased slightly, while the peak intensities of –CH2– at 1430 cm−1 and CH3
at 1372 cm−1 increased slightly. The peak value of –C–O– group at 1002 cm−1 obviously
decreased, and the change in peak value at 3237 cm−1 was the same as that in the dry
environment.

From the analysis of Figures 10 and 11, it can be found that during the low-temperature
aging test, the basic structure of the rubber and the position of the characteristic peak do
not significantly change before and after aging, which indicates that during the low-
temperature treatment process of 0–90 days, the basic chemical structure of the rubber
waterstop was not obviously damaged or the damage is relatively small.

11. Conclusions

Based on the findings from this study, the following conclusions can be drawn:

1. Increase in low-temperature aging time leads to a decrease in the tensile strength,
elongation, tear strength and compression permanent deformation and an increase in
the hardness of the rubber waterstop.

2. SEM observation reveals that with the increase in aging time, the surface additive
particles disappear, many protrusions appear and gradually increase in the low-
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temperature air environment. In the low-temperature water environment, the surface
protrusions become rough, and there are only a small number of additive particles
in the cross-section at 90 days, which reduces the adhesion of the rubber matrix and
affects the strength of the rubber waterstop.

3. FTIR-ATR analysis shows that the infrared spectra of the low-temperature air envi-
ronment and low-temperature water environment are almost the same, the decrease
in functional groups used to characterize the basic structure of polyisoprene is not
obvious during the aging process, and the peak amplitude produced by the hydroxyl
carboxyl group and other functional groups during the oxidation process is small,
and the oxidation is slow.

4. EDS results show that with the increase in aging time, there is an increase in O
element and a decrease in C element in the low-temperature air environment. In the
low-temperature water environment, the rubber matrix still maintains good adhesion.

Author Contributions: Conceptualization, L.Y. and S.L.; methodology, S.L.; software, S.L.; valida-
tion, S.L., W.Y. and M.L.; formal analysis, S.L.; investigation, W.Y.; resources, L.Y.; data curation,
S.L.; writing—original draft preparation, S.L.; writing—review and editing, L.Y.; visualization,
W.Y.; project administration, L.Y.; funding acquisition, Project of Jiangsu Provincial Construction
Engineering Administration. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huang, L.Q. Application of waterstop in water conservancy engineering. Hebei Water Resour. 2018, 5, 41.
2. Zhang, L.B. Talking about the application of rubber waterstop in hydraulic engineering. Technol. Enterp. 2012, 9, 241.
3. Shen, H.Q. Application of rubber waterstop in water conservancy project construction. Technol. Enterp. Henan Water Resour. South

North Water Diversion 2018, 8, 91–92.
4. Tan, L.Y. Talking about the application of rubber waterstop in water conservancy projects. ChengShi Jianshe LiLun Yan Jiu 2011, 24, 1–2.
5. Thorsten, P.; Ines, J.; Werner, M. Hydrolytic degradation and functional stability of a segmented shape memory poly (ester

urethane). Polym. Degrad. Stab. 2008, 1, 61–73.
6. Liu, S.M.; Yu, L.; Gao, J.X.; Zhang, X.D. Durability of rubber waterstop in extreme environment: Effect and mechanisms of

ultraviolet aging. Polym. Bull. 2020, 1, 14. [CrossRef]
7. Xue, Z.H.; Liu, P. Research on the recycling and reuse of waste plastics. Plast. Sci. Technol. 2021, 49, 107–110.
8. Liu, C.W. How to Reduce Marine Plastic Waste and Reduce Economic and Social Costs; China Finance Press: Beijing, China, 2021.
9. Zeng, X.; Huang, H.S. Development status and Prospect of natural rubber technology in China. Trop. Agric. China 2021, 1, 25–30.
10. Deng, J.; Zheng, Y.; Pan, Z.C. Study on thermal oxygen aging properties of different rubber materials. Spec. Rubber Prod. 2019, 40,

17–20.
11. Li, B.; Li, S.X.; Zhang, Z.N. Effect of thermal oxygen aging on mechanical properties and tribological behavior of nitrile butadiene

rubber. J. Mater. Eng. 2021, 49, 114–121.
12. Beatty, J.R.; Davies, J.M. Time and Stress Effects in the Behavior of Rubber at Low Temperature. J. Rubber Chem. Technol. 1950, 23,

54–66. [CrossRef]
13. GeSang, Z.M.; NiMa, L.Z. Analysis on climate characteristics of Shigatse in 2014. Tibet Sci. Technol. 2017, 12, 66–70.
14. YangJin, Z.M.; JiaYong, C.C. Study on cloud and precipitation probability in flood season in Xigaze, Xizang. J. Beijing Agric. 2015,

15, 153–156.
15. Li, S.J.; Liu, L.H.; Gao, Y.F. Architecture Material; Chongqing University Press: Chongqing, China, 2014.
16. Yan, Y.Y. Reflection on the present situation and development of highland barley production in Xigaze area. Tibet J. Agric. Sci.

2011, 33, 10–13.
17. GB/T 528–2009 Petroleum and Chemical Industry Association of China, Rubber, Vulcanizedor Thermoplastic-Determination of Tensile

Stress-Strain Properties; Chinese Code Press: Beijing, China, 2009.

183



Polymers 2021, 13, 2119

18. GB/T 529–2008 Petroleum and Chemical Industry Association of China, Rubber, Vulcanizedor Thermoplastic-Determination of Tear Strength
(Trouser, Angle and Crescent Test Pieces); ChineseCode Press: Beijing, China, 2008.

19. GB/T 531.1-2008 Petroleum and Chemical Industry Association of China, Rubber, Vulcanizedor Thermoplastic-Determination of Indentation
Hardness-Part 1: Duromerer Method (Shore Hardness); Chinese Code Press: Beijing, China, 2008.

20. GB/T 7759.1-2015 Petroleum and Chemical Industry Association of China, Rubber, Vulcanized or Thermoplastic-Determination of Compres-
sion Set-Part 1: At Ambient or Elevated Temperatures; Chinese Code Press: Beijing, China, 2015.

184



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Polymers Editorial Office
E-mail: polymers@mdpi.com

www.mdpi.com/journal/polymers





Academic Open 

Access Publishing

www.mdpi.com ISBN 978-3-0365-7668-8


