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Preface

The shift towards a sustainable and circular economy is one of today’s most pressing challenges.
Growing global demand for materials, along with concerns about environmental impact and
resource depletion, has fuelled interest in innovative polymeric materials that support sustainability,
recyclability, and advanced functionality.

Given the increasing interest in this field, this reprint brings together a selection of 19 innovative
research articles originally published in the Special Issue “Development of Bio-Based Materials:
Synthesis, Characterization, and Applications II”. These studies highlight recent advances in polymer
science, with a strong focus on sustainability, recycling, bio-based materials, biomedical applications,
and advanced functional materials.

The first set of articles in this volume presents groundbreaking advancements in polymer
recycling and sustainability, showcasing innovative strategies aimed at enhancing the circular
economy. These contributions explore the chemical and structural modifications of natural products,
industrial waste, and natural proteins to develop enhanced biopolymers for diverse industrial
applications. Furthermore, these articles propose cutting-edge approaches for the reutilization of both
synthetic polymers and biopolymers, offering sustainable and environmentally friendly alternatives
to conventional methods.

Subsequent studies examine the role of polymeric materials in drug delivery, immune
response modulation, and biocompatible coatings, as well as the induction of biopolymer gelation,
highlighting innovative approaches to biodegradable and bioactive medical materials. The reprint
also covers advancements in sustainable electronics, including biocompatible electroactive materials
and 3D-printable bioadditives, demonstrating the potential of renewable materials to replace
conventional synthetic polymers.

Designed as a valuable resource for researchers, engineers, and professionals in polymer
science, materials engineering, and sustainability, this collection aims to inspire further innovation

in bio-based materials and their applications.

Antonio M. Borrero-Lépez, Concepcién Valencia-Barragan, Esperanza Cortés Trivifio,
Adrian Tenorio-Alfonso, and Clara Delgado-Sanchez
Guest Editors
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Abstract: This research focuses on the mechanical properties of polypropylene (PP) blended with
recycled PP (rPP) at various concentrations. The rPP can be added at up to 40 wt% into the PP
matrix without significantly affecting the mechanical properties. MFI of blended PP increased with
increasing rPP content. Modulus and tensile strength of PP slightly decreased with increased rPP
content, while the elongation at break increased to up to 30.68% with a 40 wt% increase in rPP
content. This is probably caused by the interfacial adhesion of PP and rPP during the blending
process. The electrical conductivity of materials was improved by adding carbon black into the rPP
matrices. It has a significant effect on the mechanical and electrical properties of the composites.
Stress-strain curves of composites changed from ductile to brittle behaviors. This could be caused
by the poor interfacial interaction between rPP and carbon black. FTIR spectra indicate that carbon
black did not have any chemical reactions with the PP chains. The obtained composites exhibited
good performance in the electrical properties tested. Finally, DSC results showed that rPP and carbon
black could act as nucleating agents and thus increase the degree of crystallinity of PP.

Keywords: polypropylene; plastic waste; mechanical properties; carbon black; sustainability

1. Introduction

In recent times, the production of petroleum-based plastic materials has rapidly
increased because they exhibit several advantages for various uses over other materials
such as a light weight, high flexibility, resilience, resistance to corrosion, excellent chemical
resistance, transparency, and ease of processing [1-4]. It is forecasted that the global
annual production of plastic will grow further due to the continued expansion of world
population, and therefore the demand for consumables will also increase. Thus, waste
management of plastic post-consumption is very important [5,6]. It is well-known that
plastic waste has numerous damaging environmental effects, including increased energy
consumption and greenhouse gas exhaustion [7-9]. Particularly, fossil-based plastics such
as polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate
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(PET), and many others are used for daily purposes which increases the amounts being
disposed of in landfills day by day [10-16]. In consequence, it has been a challenge to
establish a cost-effective method to solve these problems. One effective approach could be
the use of natural resources, called biomaterials, to replace their corresponding functional
products [17]. Upcycling or recycling plastic waste based on the circular economy (CE)
concept is an effective alternative to manage and reduce the effects of plastic waste on the
environment [18,19]. This concept could be managed waste from the plastic production
and consumption system by imported and consumed as raw materials for recycling, reuse,
reduction and repairing or refurbishing in the process of product production. Recently, the
concept of CE has received great attention from several scientists across the world because
it has directly responded to one of the seventeen targets of the Sustainable Development
Goals (SDGs). CE is a manufacturing method for waste management that allows the
remanufacturing, reprocessing, and recycling of materials in the production process [20,21].
Therefore, the recycling method not only reduces poisonous materials and waste pollution
on the environment compared to landfilling and incineration [22-24], but can also create
new products with good mechanical and physical properties. However, it is not easy to
recycle these materials because they have been combined with different types of plastics and
additives during processing [25]. In general, the mechanical properties of recycled plastics
do not remain the same because of several parameters such as degradation from heat,
mechanical stress, and oxidation during reprocessing. Recently, several research groups
have studied and focused on the influence of multiple recycling cycles on the quality of
the reprocessed plastics. For example, Canevarolo [26] reported the thermo-mechanical
properties of PP when subjected to multi-extrusion with different processing conditions
and screw profiles. They found that the material was reprocessed five times and found that
the PP chain scission process occurred during multiple processes, particularly at higher
molecular weights of PP. Jin et al. [27] have investigated and reported the effects of the
recycling process of low-density polyethylene (LDPE) on its mechanical properties. They
found that LDPE could be extruded for up to 40 times without significantly changing its
processability and long-time mechanical properties. Tominaga and his colleagues worked
on the mechanical properties of recycled PP and found that they are closely related to the
inner structure of materials [28]. They also mentioned that the molecular weight of recycled
PP did not change significantly during the recycling process, and they were able to improve
its mechanical properties and durability by adopting an appropriate molding condition
of the mechanical recycling process. In Thailand, it was also found that the demand and
production of PP have increased tremendously due to its applications in various areas,
which has caused an increase in PP waste in landfills. PP is a semicrystalline thermoplastic
that can be remelted and used again, and also has a low cost, processability, and excellent
chemical stability [29]. Over last decade, it has been attempted to solve the problem of
recycled plastics through several methods, both physical (i.e., blending, reprecipitation,
composite, etc. [30-35]) and chemical (such as reaction processes and catalytic cracking
methods [36-39]), leading to products ready to be used in specific applications. The easiest
way is to recycle the material directly by a physical process such as blending it with the
virgin material. As we have mentioned earlier, it is still difficult to keep consistency of
mechanical properties and performance of raw materials during the recycling of post-
consumer materials. In addition, the idea of recycling as any technology that converts
post-use plastics into specialty polymers or new materials has been increasingly recognized
as a potential solution to the recycling of plastic waste. Therefore, the performance of
value-added specialty polymers should be paramount concerns. The electrical conductivity
of a polymer is one of the important properties that have recently attracted attention from
researchers because of its relevance to various practical fields, such as electronic devices
and sensors [40—42]. Carbon black has attracted attention due to its numerous desirable
properties, such as good electrical conductivity, low cost, and good thermal and chemical
stability [43,44]. Accordingly, we have chosen to use carbon black as a conductive filler
within rPP matrices. Our aim is to study the reprocessing of problematic industrial PP
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scrap or rPP by using the melt-extrusion process. The effects of the concentrations of rPP
on their mechanical properties were investigated. In addition, the chemical, mechanical,
thermal, and surface resistivity properties of the prepared rPP/carbon black composites
were also examined. This research will advance the knowledge and help to promote the
use of rPP in some material engineering applications.

2. Materials and Methods
2.1. Materials

Commercial-grade virgin polypropylene (vPP), 1100NK grade, was purchased from
IRPC Co., Ltd., Rayong, Thailand. Recycled PP (rPP) was obtained from Panich Parts and
Mold Co., Ltd., Chonburi, Thailand. Distilled glycerol monostearate (DMG) and carbon
black were received from Suntor Chemical Co., Ltd., Samutprakarn, Thailand. Other
chemical agents were of analytical-grade purity and used as received.

2.2. Preparation of vPP/rPP Blends

At the first stage, rPP was sorted and crushed into 0.5 cm of granular form by using
a pulverizer milling machine (Siamlab, Nonthaburi, Thailand) for enhancing the surface
area of the material. After that, it was dried at a temperature of 80 °C for 24 h in a hot air
oven to remove the moisture content. Different ratios of vPP/rPP blends were prepared by
the extrusion method as follows. rPP and vPP pellets were first dried at 80 °C for 24 h and
then the different ratios of rPP/vPP were fed into a lab-scale, twin-screw extruder (Thermo
PRISM, Bangkok, Thailand), with a screw diameter of 28 mm and a length/diameter ratio
of 25:1, to mix the compounds. During the extrusion process, the fed temperature in the
first zone of the extruder and the die temperature were set to 160 and 180 °C, respectively.
The extruder temperature profile was set at 170 °C with a screw speed of 40-50 rpm.
The extrudate was cooled down in a water bath at a temperature of 30-35 °C. Then, the
extrudate was cut into pellets nominally 3 mm long by using a pelletizer. After extrusion,
the vPP/rPP compounds were dried and indirectly heated for dehumidifying in the oven
at a temperature of 80 °C for 4 h, and then stored in moisture-barrier bags before injection
molding. An injection molding machine (Model SG50M, Sumitomo, Tokyo, Japan) was
used to fabricate the specimens for the mechanical test. This machine had a single screw of
40 mm in diameter with a length/diameter ratio of 18:1. The temperature of the feeding,
compression, and metering sections were maintained at 160, 170, and 175 °C, respectively.
During the injection process, the holding step was set to be three steps with pressure and
time as follows: (i) 90.0 bar for 3 s, (ii) 95.0 bar for 5 s, and (iii) 90.0 bar for 3 s. Mold
temperature was maintained at 40 °C, which was controlled by water cooling. In this paper,
the recycling PP samples are referred to as vPP, rPP20, rPP30, and rPP40, corresponding
to the virgin PP and the PP blended with rPP at the concentrations of 20, 30, and 40 wt%,
respectively. The melt flow index (MFI) of all blended samples was determined with the
melt flow index instrument (Kayeness, Model 7053, Morgantown, PA, USA) in accordance
with the ASTM D1238 standard. The same sample was tested at least five times at 230 °C
with a load of 2.10 kg. The MFI was calculated by using the following equation:

MFI (g/10 min) = 600 m/t

where m and t refer to the average weight of extrudates and the time of extrudate in
seconds, respectively.

In addition, rPP30 was chosen as a representative of recycled PP composited with
carbon black at the concentration of 40 wt%. This composite was prepared through the
same procedure for vPP/rPP blends preparation, as follows: rPP30 was milled and mixed
with carbon black and DMG at the concentration of 40 wt% and 0.5 wt%, respectively, by
using a high-speed mixer machine. Then, the mixture powder was transferred to the twin
screw extruder. During the extrusion process, the temperature in the mixing chamber was
set to a range of 160-180 °C and the screw rotation rate was maintained at 210 rpm. In this
process, polyethylene (PE) wax was used as a plasticizer to improve the processibility
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of composites for comparison. After obtaining the composite pellets, the specimens for
mechanical testing were fabricated using an injection molding machine following ASTM
D638 [45]. In this study, the samples are referred to with codes rPP30CBW and rPP30CBNW,
corresponding to the rPP30 composited with 40 wt% of carbon black with and without PE
wax, respectively.

2.3. Tensile Test

Tensile tests of all the samples were performed on the universal testing machine
(Model 5560, Instron, MA, USA). A load cell of 25 kN was employed for testing all the
samples. All the specimens were fabricated to a rectangular shape (30 x 10 x 0.4 mm?),
according to the ASTM D638 [45], by using an injection molding machine. Crosshead speed
and gauge length were set at 5 mm/min and 25 mm, respectively. At least five samples
were tested in each sample and the average of results were reported.

2.4. FTIR-ATR Analysis

FTIR was performed to examine the presence of chemical reactions within the structure
of compounding molecules. An FTIR spectrometer (Invenio, Bruker, MA, USA) in ATR
mode equipped with a diamond crystal was used for the tests. All the spectra were recorded
in transmittance mode with 4 cm ™! resolutions in the wavenumber range of 4000-400 cm !
under ambient conditions.

2.5. Surface Resistivity Test

Electrostatic discharge is one of the key issues that cause losses in the properties of
products containing sensitive electronics during production, storage, and transportation.
Therefore, the surface resistivity of rPP30 composited with carbon black was measured at
room temperature using a probe digital multimeter (Model KS-385B, Kingsom, Shenzhen,
China), according to ASTM D257 [46]. The specimen of vPP was also investigated for
comparison. The experimental procedure was as follows: two copper electrodes were
pressed on the surface of the composites at a distance of 1.5 cm from each other.

2.6. Differential Scanning Calorimetry Test

The crystallization behavior and melting characteristics of vPP, rPP30, and its compos-
ites were analyzed by using a differential scanning calorimetry (DSC) technique (Model
DSC 200 F3, Netzsch, Selb, Wunsiedel, Germany). All the samples were in a sealed alu-
minum crucible and each sample used was approximately 5 mg. DSC analysis was run
at a temperature range from 25 to 200 °C, with heating and cooling rates of 10 °C/min.
All runs were carried out under inert atmosphere with a nitrogen flow of 50 mL/min to
prevent the thermal degradation of samples. After that, the degree of crystallinity (xc, %)
was determined from the melting enthalpy values using the following equation:

AH,,
Yo =—--—"=x1
Xel% = A, <100

m

where AH,,;, w, and AH,, are the melting enthalpy of the specimens, the weight fraction
of filler in PP composites, and the enthalpy value for a theoretically 100% crystalline PP
(207 J/g) [47], respectively.

3. Results and Discussion
3.1. Feasibility of the Obtained vPP/rPP Blends

Figure 1 shows optical images of the compound pellets of vPP and vPP blended
with rPP at different concentrations. The images show that the extrusion process can
produce homogeneous pellets composed of vPP and its blends, with roughly the same
external surface in the four samples. Furthermore, the images suggest that the color of the
vPP /rPP compounds became gray in the case of the vPP containing rPP when compared to
those without rPP. Additionally, the shade of gray color of vPP/rPP compounds is directly
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proportional to the rPP content within the compounds, as can be seen in Figure 1. This
result could indicate that the rPP content will affect mechanical properties. Therefore,
it is worthwhile to further examine the effects of rPP content on mechanical properties.
We begin our examination of the effect of rPP concentration on the melt flow behavior
(results shown in Figure 2). The MFI of PP blends is proportional to the amount of rPP
concentration. The MFI of blended vPP increased with increasing rPP content. It was found
that vPP and its blend with 20, 30, and 40 wt% of rPP content could be extruded evidently
and their MFI values were 11.72, 11.98, 12.98, and 16.74 g/10 min, respectively. Obviously,
rPP has extremely affected the melt flow property of PP. This suggested that the high MFI
of PP-blended compounds led to poor interfacial adhesion between the filler particles and
matrices, which is in agreement with the research results of Xu et al. [48].

Figure 1. Feasibility images of different compounds. (A) vPP, (B) rPP20, (C) rPP30, and (D) rPP40.
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Figure 2. Melt flow index of all prepared samples.
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3.2. Tensile Test

The fracture profile of tensile stress-strain curves and optical feasibility fracture for all
specimens were obtained and are illustrated in Figures 3 and 4, respectively. We found that
all samples exhibited the fracture ductility behavior.

40
A B
(A) . (B)
30 4
g § >
E ~
i i
7 LA T —
— 2
10 —3
— 4
5 5
T T T 0 T T T
0 5 10 15 20 0 5 10 15 20
Strain (%) Strain (%)
40 40
(o D
o (©) " (D)
30 4 30
©
o 254 a 254
[+Y
g <
= 204 é 20 4
£ 3 |
» 154 154 — 0
— 8
10 4 10 4 —
5
54 54
0 T T T 0 T T T T
0 5 10 15 20 0 5 10 15 20 25
Strain (%) Strain (%)

Figure 3. Tensile stress-strain curves of vPP/rPP blended with different rPP concentrations. (A) vPP,
(B) rPP20, (C) rPP30, and (D) rPP40. The number of each curve indicates the testing numbers.

Figure 4. Optical images of all specimens after tensile test at room temperature.

The tensile strength, modulus, and elongation at the break of all samples were obtained
and presented in Figure 5 and Table 1. In general, the interfacial adhesion between the fillers
and the matrices has directly affected the mechanical properties of blends and composite
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materials [49,50]. We found that the modulus and tensile strength of the vPP/rPP blends
slightly decreased with increasing rPP concentration. In addition, the elongation at the
breaks of all samples increased with increasing rPP concentration, as enumerated in Table 1.
This phenomenon is probably caused by the interfacial adhesion of vPP and rPP during the
melt extrusion process.
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Figure 5. Effect of varying rPP contents on the mechanical properties of PP blends.

Table 1. Mechanical properties of the vPP specimens blended with rPP at various concentrations.

Sample Code Modulus Tensile Strength Elongation at the Break
(MPa) (MPa) (%)
vPP 1317 £ 55.85 36.47 +£1.83 15.09 + 1.75
rPP20 1252 + 85.63 33.17 £2.65 16.04 + 2.82
rPP30 1243 £ 50.15 33.75£1.48 18.62 + 1.93
rPP40 1232 £ 91.62 32.28 +£3.12 19.72 + 2.99

In Figure 5, we found that vPP exhibited the highest modulus (1317 MPa) and tensile
strength (36.47 MPa), while it has the lowest elongation at the break (15.09%) among the
four specimens. This result has the same tendency of earlier reports [51-53]. In this study,
however, we found that the mechanical properties of the recycled PP samples are not
insignificantly different when compared with the virgin PP. The experimental results seem
to indicate that rPP can be added to a blend with vPP up to a 40 wt% concentration without
significantly affecting the mechanical properties.

To develop innovative materials and increase the value addition of PP waste, we
attempted to improve the electrical conductivity properties of the rPPs by compositing
with carbon black. rPP30 was chosen as a representative of vPP/rPP blends for mixing
with carbon black at the concentration of 40 wt%. We successfully compounded these
composite materials by using the melt-extrusion process. It was found that the color of
the obtained composite compound changed from gray to black, as depicted in Figure 6,
coinciding with the natural color of carbon black. Then, we continued to investigate their
mechanical properties and found that the stress-strain curves of all composite samples
exhibited brittle profile curves, as illustrated in Figure 7.
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Figure 6. Optical images of pellets of compound (A) rPP30 and (B) rPP30 composited with carbon black.
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Figure 7. The stress-strain curves of (A) rPP30CBNW and (B) rPP30CBW composites. The number of
each curve indicates the testing numbers.

Mechanical properties such as modulus, tensile strength, and elongation at the break
of these composite materials were analyzed and calculated from the results in Figure 7. We
found that carbon black significantly affected the modulus, tensile strength, and elongation
at the break of composite materials, as shown in detail in Table 2.

Table 2. Mechanical properties of rPP30, rPP30CBNW, and rPP30CBW composites.

Sample Codes Modulus Tensile Strength Elongation at the Break
P (MPa) (MPa) (%)
rPP30 1243 £ 50.15 33.75£1.48 18.62 + 1.93
rPP30CBNW 1676 £ 87.06 17.16 +1.18 1.27 £ 0.08
rPP30CBW 1038 + 22.80 26.08 £2.11 373 £ 047

Figure 8 shows the mechanical properties of all rPP30/carbon black composite materi-
als compared to rPP30. The rPP30CBNW displayed the highest modulus (1676 MPa) as
well as the lowest tensile strength (17.16 MPa) and elongation at the break (1.27%) among
the three composite materials. The elongation at the break of rPP30CBW was greater than
that of rPP30CBNW. This might be attributed to the addition of a plasticizer that makes
the polymer chain move easily, thereby causing the material to have less stiffness. Thus,
the materials will have lower modulus and higher percentage of elongation at the break
than those composites without the plasticizer [54,55]. Additionally, the interfacial adhesion
between filler particles and matrices is also a key parameter that affects their mechanical
properties [56], as described earlier.
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Figure 8. Mechanical properties of the rPP30 and the obtained rPP30 composited with and without
the plasticizer content.

3.3. FTIR-ATR Analysis

FTIR was employed to analyze the chemical interaction of the vPP/rPP blends and
rPP30/carbon black composites. We began by investigating the IR spectra of rPP in
comparison to vPP and the result was depicted in the Supplementary Material, as shown in
Figure S1. Figure 9 depicts the FTIR spectrum of rPP30 and rPP30 composited with carbon
black samples. IR spectra of the obtained composites and vPP were then compared. We
found that the IR spectra of vPP and rPP30 show almost the same characteristic peaks of
polypropylene, as shown in spectra A and B, respectively. A strong band around 2950 cm ™!
revealed the -CHj asymmetrical stretching vibrations of the surface of PP [57]. Moreover,
two sharp signals at 1375 and 1458 cm~! indicate the presence of C-H bonds in the chemical
structure [58]. In addition, we also found the identified characteristic peaks of the partially
crystalline PP such as the transmittance peaks occurring at around wavelengths 1165, 972,
and 843 cm~!, corresponding to the asymmetrical -C-H stretching vibration, -CH3C-C
rocking, and -CHj- rocking vibration of polypropylene, respectively [57,59].

The IR spectra of rPP30CBW and rPP30CBNW similarly indicated the presence of the
functional group of carbon black within the matrices of polypropylene, as illustrated in
spectra C and D, respectively. The spectra contain information about both the organic and
inorganic parts of the materials. A peak at around 2120 cm ™! reveals the presence of a
triple bond between C-C atoms (alkynes group) with stretching vibration, as reported in a
previous publication [60]. The peak at around 2348-2350 cm ! is ascribed to asymmetrical
stretching vibrations of carbon dioxide molecules. Its presence could be associated with
the porous nature of carbon black samples [61]. In addition, we found that the weak
peaks around 840 cm~! is attributed to out-of-plane deformation vibrations of C-H groups
in aromatic structures [62]. The spectrum displays all the characteristic peaks of both
carbon black and polypropylene. Thus, we deduced that no chemical bonding occurred
between the carbon black and rPP30 molecules. Even though the spectra of the composites
contain all the characteristic absorption bands of the polypropylene molecule (i.e., -CHs,
-CHj, -CH, -C-C- stretching), but they are slightly shifted to lower wavelengths and exhibit
predominantly low intensities. This phenomenon is probably caused by the effect of the
intermolecular interaction between polypropylene chains and carbon black particles.
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Figure 9. FTIR spectra of (A) vPP, (B) rPP30, (C) rPP30CBW, and (D) rPP30CBNW composites.

3.4. Surface Resistivity Test

We expected these obtained composite materials to have electrical conductivity proper-
ties to use as an antistatic material. Thus, the effect of carbon black on the surface resistance
of PP was studied. The surface resistivity of rPP30CB composites as a function of plasticizer
content is shown in Figure 10 and also enumerated in detail in Table 3. We found that vPP
displayed high surface resistivity of approximately 10’2 Ohm/sq, while this value was
reduced to 10* Ohm/sq when carbon black was added into the rPP matrix. Obviously, this
indicates that carbon black can improve the conductivity property of polypropylene. It
is well known that PP is a natural electrical insulator with high surface resistivity. This
property means that the polymer surface can resist the generation of charges [63]. We
added conductive fillers such as carbon black into those materials to effectively improve
this property by reducing the surface resistivity. In general, when the composite material
becomes conductive enough, electrons are able to transfer from one surface to another,
resulting in the electrostatic shielding property of materials [64,65]. Additionally, we found
that the PE wax, used as a plasticizer for processing, is not affected by the surface resis-
tivity of polypropylene. These results indicate that the surface resistivity of the obtained
composites could be suitable for use in engineering materials applications.

Table 3. The surface resistivity of vPP, rPP30CBNW and rPP30CBW composites.

Sample Codes Surface Resistivity (Ohm/sq)
vPP 1012

rPP30CBNW 10%

rPP30CBW 104

10
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Figure 10. Comparison of the surface resistivity of the neat PP and the obtained rPP composites with
and without the plasticizer content.

3.5. Differential Scanning Calorimetry Test

Itis well known that the crystalline structure and the degree of crystallinity of polymers
can affect the physical and mechanical properties of the material. Thus, DSC was performed
in order to detect the crystallization and melting temperatures of all the specimens. The
thermal behaviors of vPP, rPP30 and its composites are presented in Figure 11. The
numerical values of the DSC thermograms were extracted and the results are summarized
in Table 4. No significant difference was observed between the values measured before
and after recycling for the vPP and rPP30 samples. The melting temperature of the rPP30
higher than the of vPP caused by the shorted of rPP30 can be reacted with the surface of
neat PP. However, a small difference was noticed between the values of the vPP and the
waste sample based on this polymer for polypropylene. Besides, it was found that rPP30
showed the small exothermic peak at 125.8 °C. This is probably attributed to admixtures
of additives in the commercial waste products, which was also observed in the melting
thermograms as smaller and broader curves. In addition, we found that the melting
temperature peaks of rPP30 composites, both in rPP30CBNW and rPP30CBW, were higher
than those of rPP30 and vPP, respectively. This result shows that the addition of carbon
black particles acts as a nucleating agent, which increases the melting temperature of
PP [66]. According to our investigation, in the rPP30 composites with and without PE
wax (rPP30CBW and rPP30CBNW) within the rPP matrix, the melting peak temperature
raised from 166.6 °C (for rPPCBW) to 167.4 °C, respectively. This indicated that the PE wax
can act as a plasticizer agent, resulting in the reduction of the melting temperature of the
rPP30 composite. However, the PE wax content did not show a significant influence on the
thermal properties of the composites. Additionally, the small broader exothermic peaks
of rPP30CBNW and rPP30CBW were found to be at 93.1 and 91.2 °C, respectively. This
is probably attributed to admixtures of additives (such as carbon black and carbon black
with PE wax, respectively) into the recycled composites. Interestingly, we found that the
crystalline temperature enormously increased when adding rPP into the vPP matrix, as
can been see in Figure 11a. rPP30 showed the highest values of crystalline temperature
(approximately 121 °C) among the four samples. As we mentioned earlier, this is probably
because rPP30 can be reacted with the surface of polypropylene and thus increases the
crystalline temperature and the degree of crystallinity (57.10%). It was found that the

11
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degree of crystallinity increased up to approximately 26.27% when compared to the degree
of crystallinity of vPP. However, in these cases, carbon black and PE wax slightly affected
the crystalline temperature and the low-intensity and broader endothermic peaks were at
88.7 and 88.0 °C, respectively. The degree of crystallinity of rPP30CBNW and rPP30CBW
did not significantly change and these values were calculated to be 40.36% and 39.03%,
respectively. In addition, we found that the melting enthalpy of vPP was higher than that
of rPP30, rPP30CBNW and rPP30CBW. As presented in Table 4, the melting enthalpy of PP
decreased from 93.60 to 56.59 J /g while the fillers, such as rPP, carbon black, and PE wax,
were added into PP matrices. This could indicate that the thermal stability of PP increases
when adding fillers because these fillers absorb more heat energy in the melting of the
composites. This finding is in agreement with the results of other literatures [67-69].
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Figure 11. Crystallization temperature (a) and melting temperature (b) of vPF, rPP30, and its composites.
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Table 4. Summarized results of DSC analysis of vPP, rPP30 and its composites.

Sample Codes T. (°O) Tm (°C) AH,,(J/g) Xc (%)
vPP 113.6 163.2 93.60 45.22
rPP30 121.0 164.6 82.74 57.10
rPP30CBNW 113.8 167.4 58.48 40.36
rPP30CBW 113.1 166.6 56.59 39.03

Abbreviations: PP, polypropylene; CB, carbon black; NW, non-PE wax; W, PE wax.

4. Conclusions

This study aimed at developing alternative upcycling polypropylene waste and anti-
static composite materials with high performance and acceptable mechanical properties for
various applications. The vPP/rPP blends and rPP/carbon black composites were success-
fully fabricated using a melt-extrusion process. All samples showed good performance of
mechanical properties. However, the modulus and tensile strength of PP slightly decreased
with increased recycled PP concentrations. The modulus and tensile strength of the vPP
were 1317 and 36.47 MPa, respectively. These values were slightly higher than those of
the vPP blended with rPP. On the other hand, the elongation at break of vPP was 15.09%.
Our studies indicated that rPP can be blended with vPP at a concentration of up to 40 wt%
without changing the mechanical properties significantly. In addition, it was found that
MFI of the blended vPP increased with increasing rPP content.

With value-added materials in mind, we improved the electrical conductivity of
recycled PP by using carbon black as a conductive filler. We found that carbon black affected
the mechanical and electrical properties. The stress-strain curves of the PP composites
changed from ductile to brittle behaviors. This might be caused by the poor interfacial
intermolecular interaction between recycled PP and carbon black. FTIR spectra indicates
that carbon black did not have any chemical reactions or bonding with the PP chains.
Finally, as expected, the obtained PP-based composites exhibited good performance on
the electrical properties tested. We found that vPP displayed high surface resistivity of
approximately 10'> Ohm/sq, while this value was reduced to 10* Ohm/sq when adding
carbon black into rPP matrices. DSC results showed that the rPP and carbon black powder
could act as nucleating agents and thus increase the degree of crystallinity of PP. The
obtained rPP30/carbon black composites have potential to serve as a conductive material
for various applications in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14245482 /s1, Figure S1: FTIR spectra of vPP and rPP.
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Abstract: The polyesters poly(lactic acid) (PLA) and poly(3-hydroxybutyrate) (PHB) used in various
applications such as food packaging or 3D printing were depolymerized by biobased aliphatic
alcohols—methanol and ethanol with the presence of para-toluenesulphonic acid (p-TSA) as a catalyst
at a temperature of 151 °C. It was found that the fastest depolymerization is reached using methanol
as anucleophile for the reaction with PLA, resulting in the value of reaction rate constant (k) of
0.0425 min~! and the yield of methyl lactate of 93.8% after 120 min. On the other hand, the value of
constant k for the depolymerization of PHB in the presence of ethanol reached 0.0064 min~—! and the
yield of ethyl 3-hydroxybutyrate was of 76.0% after 240 min. A kinetics study of depolymerization was
performed via LC-MS analysis of alkyl esters of lactic acid and 3-hydroxybutanoic acid. The structure
confirmation of the products was performed via FT-IR, MS, 1H NMR, and 13C NMR. Synthesized
alkyl lactates and 3-hydroxybutyrates were modified into polymerizable molecules using methacrylic
anhydride as a reactant and potassium 2-ethylhexanoate as a catalyst at a temperature of 80 °C. All
alkyl esters were methacrylated for 24 h, guaranteeing the quantitative yield (which in all cases
reached values equal to or of more than 98%). The methacrylation rate constants (k') were calculated
to compare the reaction kinetics of each alkyl ester. It was found that lactates reach afaster rate
of reaction than 3-hydroxybutyrates. The value of k’ for themethacrylated methyl lactate reached
0.0885 dm?/(mol-min). Opposite to this result, methacrylated ethyl 3-hydroxybutyrate’s constant k’
was 0.0075 dm3/(mol-min). The reaction rate study was conducted by the GC-FID method and the
structures were confirmed via FT-IR, MS, 1H NMR, and 13C NMR.

Keywords: poly(lactic acid); poly(3-hydroxybutyrate); depolymerization; alcoholysis; methacrylation;
polymerizable monomers; kinetics

1. Introduction

In recent years, processes producing plastic materials mostly use fossil-based poly-
mers due to the fact that these molecules are cheap to obtain and their properties can
be determined efficiently. However, this type of manufacturing is dependent on non-
renewable resources which might lead to potential supply risks [1-4]. Therefore, various
biopolymers based on bio-source inputs such as PLA or PHB attract a significant amount
of attention [5,6]. Poly(lactic acid) (PLA) is a particular biopolymer used for numerous
applications such as food packaging or 3D filament printing [2,7,8]. The increasing us-
age of this polymer leads to considerable problems—the rate of degradation of PLA in
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moderate environmental conditions is very slow; therefore, the accumulation of waste can
occur [1,9,10]. There are ways to handle PLA waste, such as composting, incinerating, or
mechanical recycling [7,11,12]. The first two processes do not generate any usable material
and the mechanical recycling of PLA results in the production of a polymer with consider-
ably worse properties than the original one. The reason for this outcome is that the thermal
and photochemical degradation takes place during the mechanical processing of the PLA
polymer, which leads to the decrease in molecular weight of the material [2,7,13,14]. Poly(3-
hydroxybutyrate) (PHB) is a biopolymer that is produced by various microorganisms and
can be degraded by living systems as well. The biodegradability of PHB is aconsiderable
benefit of this polyester [2,15,16]. Nevertheless, PHB suffers rapid thermal degradation
during the potential mechanical recycling, similarly to PLA, particularly at temperatures
starting at 170-180 °C [2,17]. These two biopolymers are miscible, which is beneficial for
a potential 3D printing usage, for example [18,19]. However, the fact that mixtures of
numerous polymers and plasticizers are used complicates their potential recycling [20].

The chemical recycling of polyesters such as PLA or PHB is another way of handling
leftover polymers or those with bad quality or properties such as low values of MW. This
type of process results in forming monomers out of the polyester polymer chain. The
produced monomers can either be carboxylic acids or esters depending on the chosen
nucleophile. When water is used as a nucleophile, hydrolysis takes the place of the
depolymerization process. Alcoholysis, on the other hand, requires alcohol to undergo the
reaction, resulting in the formation of an ester via the transesterification mechanism [21-27].
These processes involve either specific reaction conditions (high pressure, high temperature)
or the presence of a particular catalyst and appropriate organic solvents. Extreme conditions
such as high temperature (above 120 °C) and high pressure (depending on the chosen
nucleophile) can be complicated in terms of up-scaling or energy consumption [28-31]. On
the other hand, specific catalysts can be expensive, and particularly organic solvents may
be inappropriate for regeneration in the production process and lower temperatures could
result in a decrease in the reaction rate [30,32]. The hydrolysis of PLA was experimentally
verified using a temperature of 250 °C and high pressure. The molar ratio of 1:20 (PLA:H,0)
and a reaction time of 10-20 min resulted in a 90% conversion to L-lactic acid [33-35].
Adding microwave irradiation to the process of hydrolysis with aratio of 1:3 (PLA:H,O)
provided a 45% conversion to l-lactic acid after 120 min [34,35]. PHB alcoholysis was
observed using ionic liquids as catalysts and methanol as a nucleophile. The highest yield
of methyl 3-hydroxybutyrate (83.75%) was reached with the mixture of the molar ratio 5:1
(MeOH:PHB) and of the mass ratio 1:0.03 (PHB:cat.) with the conditions of a temperature
of 140 °C and a reaction time of 3 h [36-38].

The main aim of this work is to describe a depolymerization process of the polyesters
PLA and PHB in high-pressure and high-temperature conditions. The nucleophiles chosen
for the reactions are methanol and ethanol and the reaction takes place in ahigh-pressure
reactor. Para-toluensulphonic acid serves as an acidic catalyst for all alcoholyses. The
monoester product structures are verified via numerous analyses (MS, FT-IR, 'H NMR,
13C NMR) and their reaction kinetics are studied. All synthesized monoesters (lactates
and 3-hydroxybutyrates) undergo a methacrylation process to produce methacrylated
esters which can be polymerized. The methacrylation reaction uses methacrylic anhydride
as areagent and the chosen catalyst for this reaction is potassium 2-ethylhexanoate. The
polymerizable products’ structures are verified by numerous methods (MS, FT-IR, 'H NMR,
13C NMR) as well.

2. Materials and Methods
2.1. Materials

PLA granulate was supplied from Fillamentum Manufacturing Czech s.r.o., Hulin,
Czech Republic. Measured polymer parameters were as follows: number-average molecu-
lar weight (M), 123,500 g/mol; weight-average molecular weight (MW), 235,300 g/mol;
dispersity, 1.90. PHB powder was acquired from NAFIGATE Corporation a.s., Prague,
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Czech Republic. Measured polymer parameters were as follows: number-average molecu-
lar weight (M), 85,040 g/mol; weight-average molecular weight (MW), 211,400 g/mol;
dispersity, 2.49. All measurements of polymer properties were measured via GPC (Agi-
lent 1100, Santa Clara, CA, USA) in chloroform (CHCI3) and the analysis parameters were
as follows: mobile phase flow 1 mL/min; column temperature 30 °C, used column: PLgel
5 uym MIXED-C (300 x 7.5 mm). Aliphatic alcohols for depolymerization (methanol 99%,
ethanol 99%) were supplied by Honeywell Research Chemicals, Charlotte, NC, USA (used
alcohols were not claimed either synthetic or bio-source by the supplier). The catalyst for al-
coholyses (p-toluensulphonic acid monohydrate), methacrylic anhydride (94%), potassium
hydroxide (p.a.), d-chloroform (CDCl3; 99.8%), and 2-ethylhexanoic acid (for synthesis)
were all acquired from Sigma-Aldrich, Prague, Czech Republic.

2.2. Methods for the Characterization of Products
2.2.1. Fourier-Transform Infrared Spectrometry (FI-IR)

Infrared spectrometry was used as one of the structure verification methods, but
itwas mainly supposed to serve as a confirmation of -OH hydroxyl functional groups in
alkyl esters of either lactic acid or 3-hydroxybutanoic acid. Analyses were performed on
the infrared spectrometer Bruker Tensor 27 (Billerica, MA, USA) by the attenuated total
reflectance (ATR) method using diamond as a dispersion component. The irradiation
source in this type of spectrometer is a diode laser. Due to the fact that instrumentation
uses Fourier transformation, the Michelson interferometer was used for the quantification
of the signal. Spectra were composed out of 32 total scans with a measurement resolution
of 2cm~.

2.2.2. Mass Spectrometry (MS)

MS conditions were as follows: ESI in positive mode; spray voltage: 3500 V; cone
temperature 350 °C; cone gas flow: 35 a.u.; heated probe temperature: 650 °C; probe gas
flow: 40 a.u., nebulizer gas flow: 55 a.u., and exhaust gas: ON. For quantification, MRM
mode was used with the following MRM transitions for MeLa (RT 1.24 min; 105.1 > 84.6
with CE 0.25 eV;105.1 > 93.9 with CE 0.25 eV and 105.1 > 45.0 with CE 2 eV), for EtLa
(RT 2.35 min; 119.1 > 47.3 with CE 2.0 eV and 119.1 > 91.1 with CE 2.0 eV) for M3HB (RT
1.91 min; 119.1 > 59.0 with CE 10 eV; 119.1 > 87.2 with CE 2.5 eV; and 119.1 > 101.2 with
CE 1.0 eV), and for E3HB (RT 3.58 min; 133.1 > 73.3 CE with 5 eV and 133.1 > 87.2 with CE
5 eV). The collision gas Argon was used ata pressure of 1.5 mTorr.

Additionally, by the same MS method, newly synthesized monomers methacry-
lated methyl lactate (MeLaMMA), methacrylated ethyl lactate (EtLaMMA), methacrylated
methyl 3-hydroxybutyrate (M3HBMMA), and methacrylated ethyl 3-hydroxybutyrate
(E3BHBMMA) were qualitatively characterized by product scan; therefore, themass spec-
tra of these compounds were obtained. The precursor of MeLAaMMA (m/z 173.1) was
fragmented (CE 10 eV) and the following product ions were obtained: 57.3 and 74.2. The
precursor of EtLaMMA (m/z 187.0) was fragmented (CE 2.5 eV) and the following product
ions were obtained: 69.2; 113.1 and 141.1. The precursor of M3HBMMA (m/z 187.1) was
fragmented (CE 2.5 eV) and the following product ions were obtained: 59.3; 69.2; 101.1
and 155.1. The precursor of EBHBMMA (m/z 201.0) was fragmented (CE 2.5 eV) and the
following product ions were obtained: 69.0; 73.3; 115.1; and 155.0.

2.2.3. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance was used to obtain 'H and '3C spectra to confirm the
structure of synthesized molecules. The measurements were conducted by instrument
Bruker Avance III 500 MHz (Bruker, Billerica, MA, USA) with the measuring frequency
of 500 MHz for 'H NMR and 126 MHz for '*C NMR at the temperature of 30 °C using
d-chloroform (CDCl3) as a solvent with tetramethylsilane (TMS) as an internal standard.
The chemical shifts (J) are expressed in part per million (ppm) units which are referenced
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by a solvent. Coupling constant | has (Hz) unit with coupling expressed as s—singlet,
d—doublet, t—triplet, g—quartet, p—quintet, m—multiplet.

2.3. Alcoholyses of Polyesters

All depolymerization reactions took place in the high-pressure reactor of a volume
reservoir of 1.8 L. Mixtures consisting of the polyester (PLA or PHB) and the alcohol
(methanol or ethanol) in amolar ratio 1:4 (PLA/PHB:MeOH /EtOH) with the presence of
dissolved catalyst p-toluensulphonic acid in a molar ratio 1:0.01 (PLA /PHB:p-TSA) were
transferred into the reactor (see Scheme 1 for PLA and Scheme 2 for PHB). The reactor was
heated up to 151 °C and the pressure increased regarding the particular type of suspense
according to the vapor-pressure characteristics of the alcohol and forming ester product
(ranging from 7 to 15 bar). The samples for kinetics analysis were taken directly from the
reactor and cooled down immediately. The kinetics of forming monoesters was monitored
via LC-MS analysis. The conversion of the particular polyester was calculated from the
leftover polymer acquired by mixing the reaction solution sample with water. The unreacted
polymer was precipitated and weighed. After the alcoholyses were stopped (depending
on the particular combination of reagents) the leftover alcohol and the formed monoester
were distilled from the solution. Products of the depolymerization were analyzed via MS,
FT-IR, 'H NMR, and'®C NMR for structure verification. Yields of monoester (Yield) and
polymer conversions (X) were calculated as follows:

__ Starting polymer weight — leftover polymer weight

X 100% 1
Starting polymer weight x @
Yield — Measur.ed quantlfcy of ester  100% o)
Theoretical quantity of ester
5 R-OH OH
-_— OR + (1/n)H,0
HO 5 cat.p-TSA N | :
n 1?1\1 €
PLA g Alkyl
(polylactid acid) lactate
R= CH; CH,

Scheme 1. Alcoholysis of polylactic acid (PLA) catalyzed by p-TSA (1 p means pressure’s increase).

g‘HS R-OH OH O
H - - _ + (1/n)H,0
cat. p-TSA
h p n OR
151°C
P3HB ™p Alkyl
(poly(3-hydroxybutyrate)) 3-hydroxybutyrate
R= CH,,C,H,

Scheme 2. Alcoholysis of poly(3-hydroxybutyrate) (PHB) catalyzed by p-TSA (1 p means pres-
sure’s increase).

Methyl lactate (MeLa): 'H NMR (Figure S1) (CDCl3, 500 MHz): 8(ppm) 4.30-4.26
(] = 6.9 Hz; 1H), 3.78 (s; 3H), 2.80 (s; 1H), 1.42-1.41 (d; | = 6.9 Hz; 3H). 13C NMR
(Figure S5) (CDCl3, 126 MHz): é(ppm) 176.26; 66.90; 52.65; 20.50.

Ethyl lactate (EtLa): 'H NMR (Figure S2) (CDCls, 500 MHz): b (ppm) 4.27-4.21 (m;
3H), 2.84 (s; 1H), 1.41-1.40 (d; ] = 6.9 Hz; 3H), 1.31-1.28 (t; ] = 7.16; 7.16 Hz; 3H). 3C NMR
(Figure S6) (CDCl3, 126 MHz): 6 (ppm) 175.72; 66.76; 61.64; 20.38; 14.15.
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Methyl 3-hydroxybutyrate (M3HB): 'H NMR (Figure S3) (CDCl3, 500 MHz): & (ppm)
4.22-4.16 (qd; ] = 8.54; 6.30; 6.27; 6.27 Hz; 1H), 3.70 (s; 3H), 2.93 (s; 1H), 2.51-2.40 (m; 2H),
1.23-1.22 (d; ] = 6.30 Hz 3H). 13C NMR (Figure S7) (CDCl3, 126 MHz): § (ppm) 173.29; 64.28;
51.71; 42.63; 22.49.

Ethyl 3-hydroxybutyrate (E3HB): 'H NMR (Figure S4) (CDCl3, 500 MHz): § 4.22-4.15
(q; ] =7.16;7.12;7.12 Hz; 3H), 2.98 (s; 1H), 2.50-2.46 (dd; | = 16.38; 3.48 Hz; 1H), 2.43-2.38
(dd; J = 16.40; 8.68 Hz; 1H), 1.28-1.25 (t; ] = 6.52; 6.52 Hz; 3H), 1.23-1.22 (d; | = 6.93 Hz; 3H).
I3CNMR (Figure S8) (CDCls, 126 MHz): & (ppm) 172.93; 64.30; 60.67; 42.83; 22.45, 14.19.

2.4. Methacrylation of Alkyl Esters

Synthesized alkyl esters of either lactic acid or 3-hydroxybutanoic acid did undergo a
reaction with methacrylic anhydride (MAA) in order to form a polymerizable monomer.
The reaction mixtures were prepared in a molar ratio 1:1 (esteMAA) (see Scheme 3
for lactates and Scheme 4 for 3-hydroxybutyrates). The reaction mixture was poured
into a three-necked round bottom flask and placed in an oil bath tempered at 80 °C
and stirred via a magnetic stirrer. The reactions were catalyzed by a 50% solution of
potassium 2-ethylhexanoate in 2-ethylhexynoic acid (2-EHA) that was prepared via a
neutralization reaction of 2-ethylhexanoic acid with potassium hydroxide in a mass ratio
1:2 (KOH:acid) while the reaction water was evaporated. The catalyst was added to the
mixture in a molar ratio 1:0.02 (ester:catalyst). The reaction started the moment the catalyst
was added and all reactions took 24 h of reaction time. The conversions of reactants and the
yields of forming products were monitored via GC-FID analysis. The formed methacrylic
acid was neutralized by potassium hydroxide aqueous solution and separated from the
metracrylated product. Methacrylated alkyl ester structures were verified via MS, FI-IR,
'H NMR, and"*C NMR methods.

0]
OH 0] 0O cat. Potassium
+ 2- ethylhexanoate
/J\rOR - -

[ OR

) 80
Alkyl Methacrylic Methacrylated Methacrylic
lactate anhydride R = CH,, C,H; alkyl lactate acid

Scheme 3. Methacrylation of alkyl lactate esters by methacrylic anhydride (MAA).

O
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OH O 0 o 2. ethylhexanoate
+
)\/”\OH \‘)J\OJ\{ 30 )\)]\ ﬁ)\ OH

Alkyl Methacrylic Methacrylated Methacrylic
3-hydroxybutyrate anhydride R= CHa: Csz alkyl 3-hydroxybutyrate acid

Scheme 4. Methacrylation of alkyl 3-hydroxybutyrate esters by methacrylic anhydride (MAA).

Methacrylated methyl lactate (MeLaMMA): 'H NMR (Figure S9) (CDCl3, 500 MHz):
d(ppm) 6.20-6.19 (dd; ] = 1.54; 0.94 Hz; 1H), 5.63-5.62 (p; ] = 1.53; 1.53; 1.52; 1.52 Hz; 1H),
5.17-5.13 (q; ] = 7.08; 7.07; 7.07 Hz; 1H), 3.75 (s; 3H), 1.97-1.96 (dd; ] = 1.6; 1.00 Hz; 3H),
1.53(d; J = 7.00 Hz; 3H). *C NMR (Figure S13) (CDCl3, 126 MHz): 6 (ppm)171.30; 166.68;
135.63; 126.44; 68.77; 52.27; 18.13; 16.96.

Methacrylated ethyl lactate (EtLaMMA): 'H NMR (Figure S10) (CDCl3, 500 MHz):
d(ppm) 6.20-6.19 (p; | = 1.07; 1.07; 1.07; 1.07 Hz; 1H), 5.63-5.61 (p; | = 1.57; 1.57; 1.57; 1.57Hz;
1H), 5.14-5.10 (q; | = 7.07; 7.07; 7.03 Hz; 1H), 4.23-4.18 (q; ] = 7.16; 7.16; 7.15 Hz; 2H),
1.97-1.96 (dd; ] = 1.58; 1.01 Hz; 3H), 1.53-1.52 (d; | = 7.05 Hz; 3H), 1.28-1.26 (t; ] = 7.15;
7.15 Hz; 3H); 1.53-1.52 (d; ] = 7.05 Hz; 3H), 1.28-1.26 (t; ] = 7.15; 7.15 Hz; 3H). 3C NMR
(Figure S14) (CDCls3, 126 MHz): § (ppm) 170.86; 166.76; 135.74; 126.35; 68.93; 61.31; 18.18;
16.97; 14.11.
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Methacrylated methyl 3-hydroxybutyrate (M3HBMMA): 'H NMR (Figure S11) (CDCl3,
500 MHz): 6 (ppm) 6.07-6.06 (dg; | = 1.96; 1.02; 0.98; 0.98 Hz; 1H), 5.56-5.53 (p; | = 1.60; 1.60;
1.58;1.58 Hz; 1H), 5.35-5.29 (dp; ] =7.32; 6.26; 6.26; 6.25; 6.25 Hz; 1H), 3.68 (s; 3H), 2.72-2.67
(dd; J =15.34; 7.29 Hz; 1H), 2.57-2.53 (dd; | = 15.35; 5.79 Hz; 1H), 1.92 (dd; ] = 1.63; 1.01 Hz;
3H), 1.35-1.34 (d; ] = 6.36 Hz; 3H). 1*C NMR (Figure S15) (CDCl3, 126MHz): § (ppm) 170.70;
166.59; 136.47; 125.41; 67.68; 51.73; 40.74; 19.89; 18.23.

Methacrylated ethyl 3-hydroxybutyrate (EBHBMMA): 'HNMR (Figure S12) (CDCl3,
500 MHz): § (ppm) 6.07-6.06 (dd; ] = 1.75; 0.97 Hz; 1H), 5.54-5.53 (q; ] = 1.63; 1.63; 1.63
Hz; 1H), 5.35-5.29 (dp; | = 7.50; 6.24; 6.24; 6.24; 6.24 Hz; 1H), 4.16-4.10 (qd; ] = 7.11; 7.06;
7.06; 0.96Hz; 2H), 2.69-2.65 (dd; | = 15.28; 7.42 Hz; 1H), 2.55-2.51 (dd; | = 15.29; 5.75 Hz;
1H), 1.94-1.91 (m; 3H), 1.34-1.33 (d; ] = 6.28 Hz; 3H), 1.25-1.22 (t; ] = 7.13; 7.13 Hz; 3H). 13C
NMR (Figure S16) (CDCl3, 126 MHz):  (ppm) 170.21; 166.54; 136.46; 125.33; 67.71; 60.57;
41.01; 19.85; 18.19; 14.14.

2.5. Methods for the Reaction Kinetics Study
2.5.1. LC-MS Method for Depolymerization Kinetics

Samples were obtained from the reactor during organic synthesis, followed by quantifica-
tion of products methyl lactate (MeLa), ethyl lactate(EtLa), methyl 3-hydroxybutyrate(M3HB),
and ethyl 3-hydroxybutyrate(E3HB) by ultra-performance liquid chromatography (UHPLC
Agilent 1290 Infinity LC) in tandem with triple quadruple (Bruker EVOQ LC-TQ) (Billerica,
MA, USA) with atmospheric pressure electrospray ionization (ESI). An external generator of
gases was used as the source of nitrogen and air (Peak Scientific—Genius 3045) (Inchinnan,
UK). As a stationary phase column, Luna® Omega Polar C18 Phenomenex (100 x 2.1 mm,
1.6 um) was used. The optimum column temperature was adjusted to 40 °C and the flow
rate was set to 0.5 mL/min. The mobile phases were as follows: (A) 0.1% HCOOH in H,O
and (B) ACN were used with the following gradient program of An eluent (%): t (0 min) = 90,
t (0.5 min) = 85, t (3.5 min) =5, t (4.5 min) = 95. Stop time was set to 6.0 min and re-equilibration
time was set to 2.0 min. The injection volume applied in all analyses was 7 pL.

MS conditions were as follows: ESI in positive mode; spray voltage: 3500 V; cone
temperature 350 °C; cone gas flow: 35 a.u.; heated probe temperature: 650 °C; probe gas
flow: 40 a.u., nebulizer gas flow: 55a.u. and exhaust gas: ON. For quantification, MRM
mode was used with the following MRM transitions for MeLa (RT 1.24 min; 105.1 > 84.6
with CE 0.25 eV; 105.1 > 93.9 with CE 0.25 eV and 105.1 > 45.0 with CE 2 eV), for EtLa
(RT 2.35 min; 119.1 > 47.3 with CE 2.0 eV and 119.1 > 91.1 with CE 2.0 eV), for M3HB (RT
1.91 min; 119.1 > 59.0 with CE 10eV; 119.1 > 87.2 with CE 2.5 eV and 119.1 > 101.2 with
CE 1.0 eV), and for E3HB (RT 3.58 min; 133.1 > 73.3 CE with 5eV and 133.1 > 87.2 with CE
5 eV). The collision gas Argon was used ata pressure of 1.5 mTorr.

2.5.2. GC-FID Method for Methacrylation Kinetics

Samples were obtained from the reactor during organic synthesis, followed by quan-
tification of reactants (alkyl esters, methacrylic anhydride) by gas chromatography (Hewlett
Packard 5890 Series II) (Palo Alto, CA, USA) with a flame ionization detector (FID). Gas
bottles of nitrogen (as auxiliary gas for FID), air (as an oxidizer for FID), and hydrogen (as
carrier gas and fuel for FID) were used. Capillary GC column ZB-624 (60 m x 0.32 mm,
1.8 um) served as a stationary phase. The temperature of the inlet was set to 200 °C and
the temperature of the detector to 260 °C. Substances were separated with atemperature
gradient, with an initial temperature of 60 °C (held for 1 min) followed by atemperature
rate of 20 °C/min with a final temperature of 250 °C (held for 15 min). The column flow
rate set for the analyses was 3 mL/min and the split ratio was 1:40. The injection volume
applied in all analyses was 1 uL. The retention time of peaks: MeLa (RT6.15 min); EtLa (RT
7.05 min); M3HB (RT 7.76 min); E3HB (RT 8.53 min); MAA (RT 9.88 min); MeLaMMA (RT
9.80); EtLaMMA (RT10.45 min); M3BHBMMA (RT 10.85); E3SHBMMA (RT 14.48 min).
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3. Results
3.1. Depolymerization of PLA and PHB via Alcoholysis

The reaction mixtures for the depolymerization were prepared according to the mass
proportion shown in Table 1. The mass of a particular polymer in every mixture was
constant and the amount of reacting nucleophile (alcohol) changed depending on the molar
ratio of the treactants. The amounts of catalyst (p-TSA) for each reaction solution are written
in the table as well. Table 1 also contains information on the boiling points of each alkyl
ester that was synthesized.

Table 1. Depolymerization mixture components and boiling point values of synthesized monoesters.

Methyl Ethyl Methyl Ethyl
Lactate Lactate 3-Hydroxybutyrate 3-Hydroxybutyrate
Rencti Polymer 200 g PLA 200 g PLA 200 g PHB 200 g PHB
eaction Alcohol 356 g MeOH 511 g EtOH 298 g MeOH 428 g EtOH
mixture Catalyst 5.28 g p-TSA 5.28 g p-TSA 4.42 g p-TSA 4.42 g p-TSA
Boiling point 145 °C [39] 154 °C [40] 159 °C [41] 185 °C [42]

The results of the LC-MS analysis in Figure la show that methyl esters of each
lactic or 3-hydroxybutanoic acid reach their reaction equilibria after about 90 min of
depolymerization (MeLawas slightly faster than M3HB), resulting in yields of 93.8% for
MeLa and 91.6% for M3HB. On the other hand, the ethyl esters of both carboxylic acids
did not reach their total yield value after 4 h of reaction. The reaction rate of ethyl 3-
hydroxybutyrate seems to be the slowest, reaching a yield of 76.0% after 240 min. The ethyl
lactate’s yield after the same reaction time reached 85.1%. The differences between the
product yields could be caused by the steric effects of the particular molecules involved in
the reaction.
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Figure 1. (a) The increase in particular yields of monoesters during the depolymerization reaction
of PLA or PHB; (b) the increase in particular conversions of polymers during the depolymerization
reaction of PLA or PHB.

The conversion signs of progress of either PLA or PHB during the depolymerization
reactions are displayed in Figure 1b. They have been acquired by weighing the residual
polymer from the taken sample. The precipitated content of the unreacted polymer was
measured and the percentage of conversion was calculated. The results have very similar
data curves as the values of the products’ yields due to the fact that these values are
connected. The conversion of PLA is 94.8% for methanolysis (after 120 min) and the
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conversion of PLA is 89.1% for ethanolysis (after 240 min). PHB reached conversions values
of 92.8% (MeOH, 120 min) and 80.0% (EtOH, 240 min).

The pressure of the reacting mixture was monitored during every alcoholysis. The
results shown in Figure 2 confirm the progressing depolymerization for each mixture. Due
to the incorporation of alcohol into the structure of the alkyl ester, the pressure in the
system should decrease as a result of decreasing the presence of evaporating alcohol. These
expectations are fulfilled except for the methyl lactate. The pressure of the system for the
methanolysis of PLA increases after 45 min of reaction. This elevation is caused by the
forming MeLa since the reaction temperature was 151 °C and the boiling point value of
MelLa is below this temperature (shown in Table 1). Therefore, the occurring monoester
participates in the pressure increase.
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Figure 2. Pressure values dependence on time during depolymerization.

3.2. Kinetics of the Depolymerization of PLA and PHB via Alcoholysis

The first-order reaction order is mostly used to describe the alcoholysis depolymeriza-
tion due to the fact that if the excess of alcohol is added to the mixture, the concentration
of polymer molecules affects the reaction kinetics directly due to its lesser molar amount
of mixture [43,44]. If the first-order reaction is used for the calculation, the equations are
the following:

- dcpolymer

r= i = 7kcpolymerr ®3)

where r is the reaction rate (mol/(dm?-min)), k represents the reaction constant (min—1),
and ¢yopymer stands for the molar concentration of the polymer (mol/ dm?) at time ¢ (min).
The molar concentration of the polymer as a reagent can be substituted by the following
conversion values:

Cpolymer = (1 - X)/ 4)

where the molar concentration (cpoiymer) is expressed by conversion (X). This equation
is applied for the values of conversion from the number interval of <0,1>. If the molar
concentration is replaced with the conversion, the first-order equation has to be rewritten:

ax
e k(1-X) (5)
If Equation (5) is calculated generally, the steps are as follows:

dX
X kdt 6)

24



Polymers 2022, 14, 5236

X ax t
/O 7(1_X):k/0dt @)
“[In(1 — X) — In(1)] = kt 8)
1n¥ — _kt )
I =kt (10)

Equation (10) was applied to the kinetics values measured by LC-MS analysis. The
conversion was transferred into a modified form using the logarithm of a fraction and the
dependence on time, as shown in Figure 3. There is evidence that the highest reaction rate
constant comprises the depolymerization of PLA in methanol (producing MeLa) with the
value of approximately 0.0425 min~!. On the other hand, the depolymerization of PHB in
ethanol provided the lowest value of reaction rate constant, reaching approx. 0.0064 min 1.

The rest of the reaction rate constants (k) are shown in Table 2.
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Figure 3. Kinetics of depolymerization of PLA and PHB polymers providing reaction rate constants (k).

Table 2. The values of reaction rate constants (k) for depolymerization of PLA and PHB via alcoholysis.

Methyl Ethyl Methyl Ethyl
Lactate Lactate 3-Hydroxybutyrate 3-Hydroxybutyrate
Reaction rate constant k (min—1) 0.0425 0.0327 0.0103 0.0064

3.3. Structural Characterization of Synthesized Alkyl Esters
3.3.1. FT-IR Analyses of Alkyl Esters

Infrared spectrometry using Fourier transformation was used as the first method to
confirm the distilled synthesized product. The main peaks shown in Figure 4 lay in the
intervals of wave numbers of either 3700-3200 cm ! (-OH stretching) or the values of
1210-1163 cm~! (C=0 stretching) and 1750-1735 cm~! (C-O stretching). In particular, the
ester bond stretching signals are important since the initial suspension mixture would
contain aliphatic alcohol, which provides the signal for the hydroxyl functional groups
as well.
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Figure 4. FI-IR spectra of the synthesized alkyl esters as products of the depolymerization reaction
of PLA and PHB.

3.3.2. MS Analyses of Alkyl Esters

The analytic procedure to obtain all MS spectra of synthesized alkyl esters of lactic and
3-hydroxybutyric acid is described above (see Section 2.2.2). All molecular precursor ions
have been measured as products of the ESI ionization process. Other signals are particular
product ions occurring due to the fragmentation of the molecules apart during the MS/MS
analysis. All spectra are shown in Figure 5.

3.4. Methacrylation of the Alkyl Esters of Lactic and 3-Hydroxybutanoic Acid

The reaction mixtures for the syntheses of methacrylated alkyl esters of carboxylic acids
were prepared according to the mass proportion shown in Table 3. The mass of a particular
alkyl ester in every mixture was constant and the amount of reacting methacrylic anhydride
changed depending on the molar ratio of the reactants. The amount of catalyst (50% solution
of potassium 2-ethylhexanoate in 2-ethylhexanoic acid) was calculated according to the
particular reacting alkyl ester.

Table 3. Methacrylation mixture components for the synthesis of methacrylated alkyl monoesters.

Methacrylated Methacrylated Methacrylated Methacrylated
Methyl Ethyl Methyl Ethyl
Lactate Lactate 3-Hydroxybutyrate 3-Hydroxybutyrate
Reacti Ester 30 g MeLa 30 g EtLa 30 g M3HB 30 g E3HB
caction Anhydride 44.4 g MAA 39.2 g MAA 39.2 g MAA 35.0 g MAA
mixture Catalyst 2.1 g solution 1.85 g solution 1.85 g solution 1.66 g solution
Mixture volume 70.42 cm® 66.92 cm® 66.26 cm? 63.31 cm®

The results of the methacrylation reaction that forms methacryled alkyl esters of lactic
or 3-hydroxybutanoic acid are shown in Figure 6. Both reactants which were monitored
(alkyl ester and methacrylic anhydride) via GC-FID analysis have similar time progressions
of their conversion values due to the fact that their molar ratio in the reacting mixtures was
1:1 mol in all cases. The conversion values of methacrylic anhydride are slightly higher,
likely due to the fact that the anhydride participated in secondary reactions in the reaction
mixture (water hydrolysis, etc.). It is evident that the esters of lactic acid (MeLa and EtLa),
formed into the products MeLaMMA and EtLaMMA, respectively, progressed faster in time
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than the alkyl esters of 3-hydroxybutanoic acid. These results may have been determined
by the steric effects of each ester and due to their varying polarity which could have affected
the effectiveness of the catalyst.
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Figure 5. MS spectra of the synthesized alkyl monoesters based on PLA and PHB. (a) Methyl lactate
(MeLa); (b) Ethyl lactate (EtLa); (c) Methyl 3-hydroxybutyrate (M3HB); (d) Ethyl 3-hydroxybutyrate

(E3HB).
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Figure 6. (a) The increase in particular conversions of alkyl esters of lactic and 3-hydroxybutanoic acid
in time during the methacrylation reactions; (b) The increase in conversion of methacrylic anhydride
in time during the methacrylation reactions.

The methacrylation reactions were performed for 24 h to obtain the highest yields of
the methacrylated product. The graphs below are presented in order to compare the rates
of each particular reaction which served for the calculation of reaction rate constants. The
yields of methacrylated alkyl esters products increasing in time are shown in Table 4. The
yield quantified after 5 h of reaction is shown for comparison.

Table 4. Methacrylated alkyl ester yields compared after 5 h and 24 h of methacrylation reaction.

Methacrylated Methacrylated Methacrylated Methacrylated
Methyl Ethyl Methyl Ethyl
Lactate Lactate 3-Hydroxybutyrate 3-Hydroxybutyrate

Yield of product

5h
24 h

86.2% 80.2% 59.5% 45.6%
99.5% 99.4% 98.3% 98.0%

3.5. Kinetics of the Methacrylation Reactions

It is assumed that when equimolar amounts of both reactants (alkyl ester and methacrylic
anhydride) are used, the rate of methacrylation is dependent on the concentration of both
reactants. The acylation of hydroxyl functional groups using homogeneous catalysis was con-
sidered as potential reaction kinetics (methacrylation reaction is a type of the acylation) [45].
The Equations defining the dependence of the concentration of both reactants (alkyl ester and
methacrylic anhydride) on time leading to acquiring the reaction rate constant are as follows:

depaa

dc
’ _ ester T — _k/CEStEVCMAA’ (11)

dt

Equation (11) defines the conventional second-order rate where 7’ is the reaction rate
(mol/ (dm3~min)), K represents the reaction constant (dm3/ (mol-min)), cester stands for
the molar concentration of a particular alkyl ester (mol/ dm?), and cpga4 stands for the
molar concentration of methacrylic anhydride (mol/dm?) at time ¢ (min). To solve the
second-order rate of reaction, several mathematical adjustments need to be made:

Coester =a (12)

Avan=b (13)
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Cester = a4 — X (14)
CMAA:b—x, (15)

where x stands for the concentration of each reactant in particular time ¢ (min), A ostor
(mol/dm?) is the initial concentration of alkyl ester, and 3144 (mol/dm?) is the initial
concentration of methacrylic anhydride. Considering these additional defined quantities,
Equation (11) can be rearranged and solved:

dx

~ 5 = K (Cester = x) ("man — %) (16)

X dx t
=K / dt 17
/0 (Coester - x) (COMAA - x) 0 17

1 1 1
i —1 =K't 1
b—a(na—x nb—x) (18)
0 0
. 1 S In OC ester 1 OC MAA =K't (19)
C"MAA — Cester Clester — X C"MAA — X

The left side of Equation (19) can be simplified by applying the rule of logarithm,
and when the simplified equation has been rearranged, the dependence of the actual
concentration during the reaction on time can be formed:

1 CoestercMAA /
o In AL ey (20)
MAA ester MAAUCester
CoesterCMAA {0 0
In o .~ k (C MAA — € ester)t (21)

C"MAACester

Equation (21) can be used to obtain the reaction rate constant k. If the graphic solution
is applied, the slope of the linear curve acquired from the graph contains the constant
k'. All data gathered during the reaction progress in time recalculated for mathematical
purposes are shown in Figure 7. All reaction rate constants are written in Table 5. It is
evident from the results that, in general, the methacrylation reactions of alkyl esters of lactic
acid have higher reaction rate constants than the alkyl esters of 3-hydroxybutanoic acid. It
is assumed that the availability of the hydroxyl functional group of lactates is better than
for 3-hydroxybutyrates.
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Figure 7. The graphic solution of second-order reaction rate of methacrylation reaction of alkyl esters.
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Table 5. The calculated values of reaction rate constants (k') for methacrylation of alkyl esters of lactic
and 3-hydroxybutyric acid from the slope of the graphic solutions.

Methacrylated Methacrylated Methacrylated Methacrylated
Methyl Ethyl Methyl Ethyl
Lactate Lactate 3-Hydroxybutyrate 3-Hydroxybutyrate
Reaction rate constant 0.0885 0.0554 0.0092 0.0079

K (dm3/(mol-min))

3.6. Structural Characterization of Synthesized Methycrylated Alkyl Esters
3.6.1. FI-IR Analyses of Methacrylated Alkyl Esters

Infrared spectrometry using Fourier transformation’s results for the confirmation of the
structures of the synthesized methacrylated alkyl esters are displayed in Figure 8. Peaks
showing the presence of signals, which belong to ester bonds, lay in the intervals of wave
numbers of either 1210-1163 cm ™! (C=0 stretching) or the values of 1750-1735 cm~ ! (C-O
stretching). The signals referring to C-O stretching are split in every spectrum. The reason for
the splitting of the peak is the presence of two different types of ester bonding in molecules.
One bond belongs to the ester of lactic or 3-hydroxybutanoic acid and aliphatic alcohol. The
other signal refers to the ester bond between the formed alkyl ester of carboxylic acid and
the methacrylic acid. The second type of signal that can be found in FI-IR spectra reaches
the values of wave numbers of either 1670-1600 cm ™! (C=C stretching) or 1000-650 cm !
(C=C bending). These peaks uncover the presence of unsaturated double bonds within the
structures of synthesized products that belong to methacrylates. Another confirmation of
the successful methacrylation is the absence of signal in the area of 3700-3200 cm~! (-OH
stretching). These functional groups were supposed to react with methacrylic anhydride.
Therefore, their peaks are missing in comparison with FI-IR spectra in Figure 4.

MelaMMA EtLaMMA —RCOOR' Alkene
—RCOOR' Alkene [ ]

—— M3HBMMA E3HBMMA

- JJ\&M I

o NI L NN

Relative absorbace [-]

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [em™1]

Figure 8. FT-IR spectra of the synthesized methacryled alkyl esters as products of the methacrylation
reaction of alkyl esters of lactic acid or 3-hydroxybutanoic acid and methacrylic anhydride.

3.6.2. MS Analyses of Methacrylated Alkyl Esters

The analytic procedure to obtain all MS spectra of synthesized methacrylated alkyl
esters is described above (see Section 2.2.2). All molecular precursor ions have been
measured as products of the ESI ionization process. Other signals are particular product
ions occurring due to the fragmentation of the molecules during the MS/MS analysis. All
spectra are shown in Figure 9.
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Figure 9. MS spectra of the synthesized methacrylated alkyl esters of lactic acid or 3-hydroxybutanoic acid.
(a) Methacrylated methyl lactate (MeLaMMA); (b) methacrylated ethyl lactate (EtLaMMA); (c) methacry-
lated methyl 3-hydroxybutyrate (M3HB); (d) methacrylated ethyl 3-hydroxybutyrate (E3HB).

4. Discussion

This work was focused on the experimental confirmation of the depolymerization of
poly(lactic acid) (PLA) and poly(3-hydroxybutyrate) (PHB) via alcoholysis. All reactions
were performed in identical conditions, which were a temperature of 151 °C, the presence
of the constant amount of molar alcohol access (4:1) and the catalyst para-toluenesulphonic
acid, particularly 1% mol. of the particular polyester. The pressure of the reaction solution
differed regarding the used alcohol and the particular reaction combination. In all cases,
the pressure in the reactor decreased over time except for the mixture containing methanol
and poly(lactic acid). This mixture’s pressure elevated from 12.54 bar to 13.40 due to the
boiling point value of methyl lactate being 145 °C, which means this ester evaporated in
the reactor as well. Generally, lower pressure values were measured for theethanolyses of
both PLA and PHB, which decreased from an approximate value of 8.63 bar to 7.54 (E3HB)
and 7.39 (M3HB). The decrease is the consequence of lowering the volatility of the reacting
solution due to the forming of alkyl esters. It was also found that the rates of methanolyses
are faster than the rates of ethanolyses. Depolymerization reaction rate constants (k) were
calculated for all experimental reactions, resulting in the highest one of 0.0425 (min~1) for
the methanolysis of PLA and the lowest constant related to ethanolysis of PHB, reaching
a value of 0.0064 (min~'). These differences are probably caused by the steric effects of
particular reactants. The yields of each product were: 93.79% MeLa (120 min); 91.64%
MB3HB (120 min); 85.08% EtLa (240 min); and 76.03% E3HB (240 min).

The synthesized alkyl esters from the depolymerization of PLA and PHB were modi-
fied by the methacrylation reaction with methacrylic anhydride (MAA) to methacrylated
alkyl esters, which are polymerizable. The reaction mixtures were composed of equal mass
amounts of alkyl esters and different amounts of methacrylic anhydride in equimolar ratio
to the esters. The catalyst used for the methacrylation was potassium 2-ethylheaxoate (50%
mass solution) in 2-ethylhexanoic acid. The amount of catalyst was 2% mol. The rates of the
methacrylation at 80 °C of each alkyl ester define the calculated reaction rate constants (k).
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It has been observed that in general, the methacrylation of alkyl lactates was faster than in
the case of alkyl 3-hydroxybutyrates. The highest value of methacrylation rate constant
comprises the mixture containing methyl lactate (k' = 0.0885 dm?/(mol-min)).On the other
hand, the lowest one belongs to ethyl 3-hydroxybutyrate (k' = 0.0079 dm3/(mol-min)).
These constants have been calculated according to the reactions” progress in time to evalu-
ate a comparison for all reactants, but the methacrylation reactions of all alkyl esters were
performed for 24 h to ensure the biggest possible yield. All yields reached values equal to
or higher than 98%.

5. Conclusions

Several conclusions from the performed experiments can be summarized. The type
of aliphatic alcohol plays a major role in the rate of depolymerization of the polyesters
PLA and PHB. Methanol ensures a faster depolymerization process than ethanol. However,
using methanol can be problematic regarding the used equipment due to the fact that these
mixtures produce a higher overpressure. The methacrylation of all alkyl esters of lactic
or 3-hydroxybutanoic acid reaches high yields after 24 h, close to 100%. Nevertheless, the
lactic esters undergo methacrylation reaction at a faster rate than the 3-hydroxybutyrates.
The distillation of the forming methacrylic acid could be performed instead of neutral-
izing and washing the acid; however, the appropriate stabilization against spontaneous
polymerization has to be ensured.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14235236/s1, Figure S1: 'H NMR spectrum of methyl lactate
(MeLa). 'H NMR (CDCl3, 500 MHz): & (ppm) 4.30-4.26 (q; ] = 6.9 Hz; 1H), 3.78 (s; 3H), 2.80 (s; 1H),
1.42-1.41 (d; ] = 6.9 Hz; 3H). Figure S2: TH NMR spectrum of ethyl lactate (EtLa). TH NMR (CDCl3,
500 MHz): 6 (ppm) 4.27-4.21 (m; 3H), 2.84 (s; 1H), 1.41-1.40 (d; ] = 6.9 Hz; 3H), 1.31-1.28 (t; ] = 7.16;
7.16 Hz; 3H). Figure S3: 'H NMR spectrum of methyl 3-hydroxybutyrate (M3HB). 'H NMR (CDCl3,
500 MHz): b (ppm) 4.22-4.16 (qd; ] = 8.54; 6.30; 6.27; 6.27 Hz; 1H), 3.70 (s; 3H), 2.93 (s; 1H), 2.51-2.40
(m; 2H), 1.23-1.22 (d; ] = 6.30 Hz 3H). Figure S4: 'H NMR spectrum of ethyl 3-hydroxybutyrate
(E3HB). 'H NMR (CDCl3, 500 MHz): § 4.22-4.15 (q; ] = 7.16; 7.12; 7.12 Hz; 3H), 2.98 (s; 1H), 2.50-2.46
(dd; J = 16.38; 3.48 Hz; 1H), 2.43-2.38 (dd; ] = 16.40; 8.68 Hz; 1H), 1.28-1.25 (t; | = 6.52; 6.52 Hz; 3H),
1.23-1.22 (d; ] = 6.93 Hz; 3H). Figure S5: 13C NMR spectrum of methyl lactate (MeLa). '*C NMR
(CDCl3, 126 MHz): & (ppm) 176.26; 66.90; 52.65; 20.50. Figure S6: 13C NMR spectrum of ethyl lactate
(EtLa). 13C NMR (CDCl3, 126 MHz): § (ppm) 175.72; 66.76; 61.64; 20.38; 14.15. Figure S7: 13C NMR
spectrum of methyl 3-hydroxybutyrate (M3HB). 13C NMR (CDCl3, 126 MHz): § (ppm) 173.29; 64.28;
51.71; 42.63; 22.49. Figure S8: 13C NMR spectrum of ethyl 3-hydroxybutyrate (E3HB). 1C NMR
(CDCls, 126 MHz): & (ppm) 172.93; 64.30; 60.67; 42.83; 22.45, 14.19. Figure S9: TH NMR spectrum
of methacrylated methyl lactate (MeLaMMA). 'H NMR (CDCls, 500 MHz): & (ppm) 6.20-6.19 (dd;
J =1.54;0.94 Hz; 1H), 5.63-5.62 (p; ] = 1.53; 1.53; 1.52; 1.52 Hz; 1H), 5.17-5.13 (q; ] = 7.08; 7.07; 7.07 Hz;
1H), 3.75 (s; 3H), 1.97-1.96 (dd; ] = 1.6; 1.00 Hz; 3H), 1.53 (d; ] = 7.00 Hz; 3H). Figure S10: "H NMR
spectrum of methacrylated ethyl lactate (EtLaMMA). 'H NMR (CDClz, 500 MHz): 6 (ppm) 6.20-6.19
(p; ] =1.07;1.07;1.07; 1.07 Hz; 1H), 5.63-5.61 (p; | = 1.57; 1.57; 1.57; 1.57 Hz; 1H), 5.14-5.10 (q; ] = 7.07;
7.07; 7.03 Hz; 1H), 4.23-4.18 (q; ] = 7.16; 7.16; 7.15 Hz; 2H), 1.97-1.96 (dd; ] = 1.58; 1.01 Hz; 3H),
1.53-1.52 (d; ] = 7.05 Hz; 3H), 1.28-1.26 (t; ] = 7.15; 7.15 Hz; 3H). Figure S11: TH NMR spectrum
of methacrylated methyl 3-hydroxybutyrate (M3HBMMA). 'H NMR (CDCl3, 500 MHz): & (ppm)
6.07-6.06 (dq; ] = 1.96; 1.02; 0.98; 0.98 Hz; 1H), 5.56-5.53 (p; | = 1.60; 1.60; 1.58; 1.58 Hz; 1H), 5.35-5.29
(dp; ] =7.32; 6.26; 6.26; 6.25; 6.25 Hz; 1H), 3.68 (s; 3H), 2.72-2.67 (dd; ] = 15.34; 7.29 Hz; 1H), 2.57-2.53
(dd; J = 15.35; 5.79 Hz; 1H), 1.92 (dd; ] = 1.63; 1.01 Hz; 3H), 1.35-1.34 (d; ] = 6.36 Hz; 3H). Figure S12: 'H
NMR spectrum of methacrylated ethyl 3-hydroxybutyrate (E3BHBMMA). 1H NMR (CDCl3, 500 MHz):
5 (ppm) 6.07-6.06 (dd; | = 1.75; 0.97 Hz; 1H), 5.54-5.53 (q; | = 1.63; 1.63; 1.63 Hz; 1H), 5.35-5.29
(dp; ] =7.50; 6.24; 6.24; 6.24; 6.24 Hz; 1H), 4.16-4.10 (qd; ] = 7.11; 7.06; 7.06; 0.96 Hz; 2H), 2.69-2.65
(dd; J = 15.28; 7.42 Hz; 1H), 2.55-2.51 (dd; ] = 15.29; 5.75 Hz; 1H), 1.94-1.91 (m; 3H), 1.34-1.33 (d;
J =6.28 Hz; 3H), 1.25-1.22 (t; ] = 7.13; 7.13 Hz; 3H). Figure S13: 13C NMR spectrum of methacrylated
methyl lactate (MeLaMMA). 3C NMR (CDCl3, 126 MHz): § (ppm) 171.30; 166.68; 135.63; 126.44;
68.77; 52.27; 18.13; 16.96. Figure S14: 13C NMR spectrum of methacrylated ethyl lactate (EtLaMMA)).
13C NMR (CDCl3, 126 MHz): § (ppm) 170.86; 166.76; 135.74; 126.35; 68.93; 61.31; 18.18; 16.97; 14.11.
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Figure S15: 3C NMR spectrum of methacrylated methyl 3-hydroxybutyrate (M3HBMMA). '3C NMR
(CDCl3, 126 MHz): 6§ (ppm) 170.70; 166.59; 136.47; 125.41; 67.68; 51.73; 40.74; 19.89; 18.23. Figure
S16: 13C NMR spectrum of methacrylatedethyl 3-hydroxybutyrate (E3HBMMA). '3C NMR (CDCl3,
126 MHz): b (ppm) 170.21; 166.54; 136.46; 125.33; 67.71; 60.57; 41.01; 19.85; 18.19; 14.14.
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Abstract: Kraft lignin, a side-stream from the pulp and paper industry, can be modified by laccases
for the synthesis of high added-value products. This work aims to study different laccase sources, in-
cluding a bacterial laccase from Streptomyces ipomoeae (SiLA) and a fungal laccase from Myceliophthora
thermophila (MtL), for kraft lignin polymerization. To study the influence of some variables in these
processes, a central composite design (CCD) with two continuous variables (enzyme concentration
and reaction time) and three levels for each variable was used. The prediction of the behavior of
the output variables (phenolic content and molecular weight of lignins) were modelled by means
of response surface methodology (RSM). Moreover, characterization of lignins was performed by
Fourier-transform infrared (FTIR) spectroscopy and different nuclear magnetic resonance (NMR)
spectroscopy techniques. In addition, antioxidant activity was also analyzed. Results showed that
lignin polymerization (referring to polymerization as lower phenolic content and higher molecular
weight) occurred by the action of both laccases. The enzyme concentration was the most influential
variable in the lignin polymerization reaction within the range studied for SiLA laccase, while the
most influential variable for MtL laccase was the reaction time. FTIR and NMR characterization
analysis corroborated lignin polymerization results obtained from the RSM.

Keywords: bacterial laccase; central composite design; characterization; eucalypt; fungal laccase;
kraft lignin; polymerization; response surface methodology

1. Introduction

After cellulose, lignin is the second most abundant biopolymer on the planet [1]. It
is synthetized from p-coumaryl alcohol (H), coniferyl alcohol (G), and sinapyl alcohol (S)
monomers by enzymatic polymerization, in which oxidoreductase enzymes such as laccases
and peroxidases are involved [2]. As a result, a heterogeneous complex tridimensional
macromolecule is formed, containing different types of both ether (e.g., 3-O-4', x-O-4’,
5-O-4/, etc.) and carbon—carbon bonds (e.g., B-B’, B-5', -1/, 5-5, etc.), and a wide variety
of reactive groups depending on the biomass source. Accordingly, dicots (e.g., eucalypt,
birch, poplar) contain around 20-25% of lignin, which is mostly composed of G and S
units and traces of H units. On the other hand, gymnosperms (e.g., pine, spruce) with
approximately 20-35% of lignin, are mostly composed of G units and very low proportions
of H units. Finally, monocot grasses (e.g., flax, hemp, sisal) have lower lignin content
(9-20%) composed of G and S units, together with high levels of H units [3]. Moreover,
along with their source, the lignin isolation technology used strongly affects their features
and properties and, therefore, the valorization ways [4].
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Actually, the main source of lignin is the pulp and paper industry. Approximately
100 million tons per year of lignin were produced in 2015 with a value of roughly USD
732.7 million. Moreover, it is expected to increase to USD 913.1 million in 2025 [5]. Among
the different pulp and paper processes, the kraft process is the most extended pulping
technology, with an average lignin production estimated at 55-90 million tons per year [6].
Most of this kraft lignin is normally combusted, due to their high calorific value, to produce
energy that is partially used in the same pulp and paper mills. However, this process
generates an excess of energy, making the valorization of this waste lignin more interesting
as high-added-value chemicals and materials that guarantee the sustainability and compet-
itiveness of these mills [7]. In addition, kraft lignin valorization is also expected to benefit
the future circular bioeconomy, which aims to maximize the usage and value of all raw
materials, products, and wastes.

Although the inherent heterogeneity of kraft lignin (i.e., chemical composition, molecu-
lar structure, and molecular weight distribution) makes this waste material extraordinarily
interesting, these features may be an obstacle for certain applications. To overcome this fact,
the modification of the lignin structure is often a necessary step to produce the right lignin
for each possible application [8]. The oxidative enzymes, such as laccases and peroxidases,
involved in lignin biosynthesis in nature, can accomplish this modification [9]. Laccases (EC
1.10.3.2) are multicopper-containing oxidases with phenoloxidase activity, being widely
expressed in nature, mainly in plants, insects, fungi, and bacteria [10]. The biological
role of these enzymes is determined by their source and the phase of life of the organism
producing them. For instance, fungal laccases participate in stress defense, morphogenesis,
fungal plant—pathogen/host interactions, and lignin degradation, while bacterial laccases
are involved in pigmentation, morphogenesis, toxin oxidation, and protection against
oxidizing agents, and ultraviolet light [11]. These enzymes catalyze the oxidation of an
extensive variety of phenolic and non-phenolic molecules, using oxygen as the final electron
acceptor and releasing water as a by-product [11]. The catalytic site of laccases contains
four copper ions. On the one hand, type-T1 copper, responsible for the characteristic blue
color of the enzyme, is involved in the oxidation of the reducing substrate, acting as the
primary electron acceptor. On the other hand, type-T2 copper together with two type-T3
coppers form a tri-nuclear copper cluster where oxygen is reduced to water [12]. The
electrochemical potential of type-T1 copper is one of the most important properties of
laccases, fluctuating between 0.4 and 0.8 V. Bacterial and plant laccases have low redox
potential, whereas medium and high values are usually reported for fungal laccases [12].

The oxidative versatility, low catalytic requirements, and capacity of laccases to cat-
alyze degradation or polymerization reactions make these enzymes suitable for a wide
range of applications in different sectors, including lignocellulosic biorefinery, pulp and
paper industry, food and textile sectors, bioremediation, and biosensor applications, among
others [13]. More specifically, the enzymatic polymerization of lignin by laccases has been
applied in the synthesis of new lignin-based polymeric materials [14] in, for example, the
manufacture of green binders for fiberboard manufacturing [15], nanocomposite films
formed by coating lignin nanoparticles along the microfibrilled cellulose fiber network [16],
controlled-delivery fertilizer systems [17], and a pesticide release system [18]. In most
of the studies on the enzymatic polymerization of lignin, fungal laccases are commonly
used [15,17-23]. Only in recent years, bacterial laccases have also gained attention for this
purpose [16,24,25]. Hence, there is a necessity to explore the potential of novel laccases,
including bacterial enzymes, for kraft lignin polymerization.

This work aims to study the oxidative polymerization of Eucalyptus globulus kraft
lignin by using different laccase sources, such as a bacterial laccase isolated from Strepto-
myces ipomoeae (SiILA) and a commercial fungal laccase from the ascomycete Myceliophthora
thermophila (MtL). Laccase dosage and reaction time were the input variables evaluated at
three levels to study laccase polymerization reactions, using a central composite design
(CCD). The prediction of the behavior of the output variables (phenolic content and molec-
ular weight of the resulting laccase-treated lignins) was modelled by means of response
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surface methodology (RSM). Moreover, structural characterization of the resulting lignins
by Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR)
spectroscopy, as well as their antioxidant activity, were also evaluated.

2. Materials and Methods
2.1. Raw Material, Enzymes and Chemicals

Eucalypt (Eucalyptus globulus) residual lignin was isolated from kraft black liquor
provided by La Montafianesa pulp mill (Lecta, Zaragoza, Spain). Then, the lignin was
precipitated (pH of liquor lowered to 2.5 with concentrated sulfuric acid), centrifuged and
washed with acid water (pH 2.5), dried and finally homogenized.

A recombinant bacterial laccase (SiLA) from Streptomyces ipomoeae CECT 3341.16
used for this study was overproduced and purified according to Guijarro et al. [26]. A
commercial fungal laccase (MtL) from Myceliophtora thermophila (Novozym® 51003) was
also used, being kindly supplied by Novozymes (Bagsvaerd, Denmark). Enzyme activities
were determined by oxidation of 5 mM 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) to its cation radical (€436 nm = 29,300 M~ cm 1) in 0.1 mM sodium acetate
(pH 5) at 24 °C.

All the other reagents used were of analytical grade purchased either from Sigma-
Aldrich (Madrid, Spain) or Merck (Barcelona, Spain).

2.2. Kraft Lignin Enzymatic Polymerization

Lignin was solubilized in phosphate buffer at pH 7.0 and 8.0 (100 mM), according to
optimal pH for MtL and SiLA laccase activities, respectively [26,27], obtaining a solution of
1.5 g/L. The reactions took place at 60 °C and 45 °C, according also to optimal temperature
for MtL and SiLA laccases, respectively [26,27]. At the end of reactions, the pH was lowered
to 2.5 causing lignin precipitation. The reaction product was filtered and washed twice
with acidified water (pH 2.5) and oven-dried at 40 °C under vacuum.

To study and optimize the influence of some variables on lignin polymerization, a central
composite design (CCD) was used, considering two input variables (laccase dosage and
reaction time) at three levels (—1, 0, +1). The design consisted of thirteen runs (experiments)
from which five were center points and four were axial points (alpha = £1.414). The values
of laccase dosages (minimum value, 40 IU /g of kraft lignin; maximum value, 160 IU/g of
kraft lignin) and reaction times (minimum value, 90 min; maximum value, 390 min) for the
CCD were established based on previous experiments (Table 1) [28,29].

Table 1. Experimental conditions of the central composite design for investigation of kraft lignin
polymerization by SiLA and MtL laccases considering two input variables (laccase dosage and
reaction time) at three levels (—1, 0, +1).

Coded Levels Experimental Values

Run  Reaction Time Laccase Dosage  Reaction Time (Min)  Laccase Dosage (IU/g)

1 -1 -1 90.0 40.0

2 1 -1 390.0 40.0

3 -1 1 90.0 160.0
4 1 1 390.0 160.0
5 —1.414 0 27.87 100.0
6 1.414 0 452.13 100.0
7 0 —1.414 240.0 15.15
8 0 1.414 240.0 184.85
9 0 0 240.0 100.0
10 0 0 240.0 100.0
11 0 0 240.0 100.0
12 0 0 240.0 100.0
13 0 0 240.0 100.0
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The output variables considered in this study were: the total phenolic content and
the molecular weight of the resulting enzyme-treated lignins. Then, for each of the output
variables, the obtained data from the CCD were used to fit a quadratic regression equation
representing the influence of the two input variables. Each equation was plotted by means
of response surface methodology (RSM). The design of the experiments of the CCD, the
quadratic regression equations, and the plots obtained from modelling the equations by
RSM were obtained using Minitab 19.1 software (Minitab Ltd., Coventry, United Kingdom).

2.3. Enzyme-Treated Lignins Characterization
2.3.1. Total Phenolic Content

The total phenolic content of kraft lignins was determined following the Folin-Ciocalteu
method with some modifications, according to Jiménez-Lopez et al. [30]. Firstly, kraft lignin
samples were dissolved in dimethylsulfoxide (DMSQO). Then, 500 uL of Folin—Ciocalteau
reagent was added to 100 pL of the sample dilution, followed by the addition of 400 uL
of Nap;CO3. The reaction mixture was incubated at 50 °C for 10 min, and absorbance at
760 nm were measured after cooling, using a UV-Vis spectrophotometer (Lambda 365,
PerkinElmer, Boston, MA, USA). The total phenolic content of samples was quantified
using a calibration curve prepared from a standard solution of gallic acid (1-200 mg/L)
and expressed as mg gallic acid equivalent (GAE)/g of lignin (on a dry basis).

2.3.2. Size Exclusion Chromatography (SEC)

SEC analysis (weight-average (Mw), number-average (Mn) molecular weights, and
polydispersity (Mw/Mn)) of kraft lignins was carried out in an Agilent Technologies 1260
HPLC. The samples were analyzed at 254 nm (G1315D DAD detector, Agilent, Waldbronn,
Germany) using two columns (Phenomenex) coupled in series (GPC P4000 and P5000, both
300 x 7.8 mm) and a safeguard column (35 x 7.8 mm). NaOH (0.05 M), pumped at a rate of
1 mL min~!, was employed as mobile phase at 25 °C for 30 min. Samples were dissolved at
a final concentration of 0.5 g/L in NaOH (0.05 M). Polystyrene sulfonated standard (peak
average molecular weights of 4210, 9740, 65,400, 470,000, PSS-Polymer Standards Service)
were used for the calibration curve [31].

2.3.3. Fourier-Transform Infrared (FTIR) and Ultraviolet—Visible (UV-Vis) Spectroscopy

FTIR spectra of kraft lignins were acquired by a JASCO FT/IR 460 Plus spectrometer
(Jasco, Japan), equipped with an accessory single-reflection diamond, working with a
resolution of 1 cm ™!, 400 scans, and a spectral range of 600-2000 cm ! [32].

UV-Vis analysis of kraft lignins, dissolved in 0.1 M NaOH to a final concentration of
50 ug mL~!, was carried out using a UV-Vis spectrophotometer (Lambda 365, PerkinElmer,
Boston, MA, USA), and the absorbances were measured between A 200 and 800 nm.

2.3.4. Nuclear Magnetic Resonance Spectroscopy (NMR)

Solid-state '3C nuclear magnetic resonance (13C NMR) spectroscopy of kraft lignins
was performed at 25 °C in a Bruker Avance III 400 MHz (Bruker, Billerica, MA, USA) at
100.64 MHz with the cross polarization/magic angle spinning (CP/MAS) technique. Lignin
samples were prepared in 4 mm rotors and the spinning rate was 10 KHz. The contact time
was 2 ms and the delay between scans was 5 s. The number of scans was 10,240 [32].

13C-'H two-dimensional nuclear magnetic resonance (2D NMR) spectra of kraft
lignins were recorded at 25 °C in a Bruker AVANCE 500 MHz (Bruker, Billerica, MA,
USA) equipped with a z-gradient double resonance probe. Around 40 mg of each lignin
was dissolved in 0.75 mL of deuterated dimethylsulfoxide (DMSO-d6) and an HSQC
(heteronuclear single quantum correlation) experiment was recorded. The spectral widths
for the HSQC were 5000 Hz and 13,200 Hz for the 'H and 3C dimensions. The number of
collected complex points was 2048 for 'H-dimension with a recycle delay of 5 s. The number
of transients for the HSQC spectra was 64, and 256 time increments were always recorded
in 13C-dimension. The J-coupling evolution delay was set to 3.2 ms. Squared cosine-bell
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apodization function was applied in both dimensions. Prior to Fourier transform the data
matrices were zero filled up to 1024 points in the 1*C-dimension. Residual DMSO (from
DMSO-d6) was used as an internal reference (8¢ /6y 39.6/2.5 ppm) [32].

2.3.5. Antioxidant Activity of Kraft Enzyme-Treated Lignins

The antioxidant activity of kraft lignin samples was estimated following the ABTS*®
methods according to Re et al. [33] and Ratanasumarn et al. [34]. ABTS*® was produced by
the reaction between 2,2"-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) diammonium
salt (ABTS) stock solution (7 mM) and potassium persulfate (2.45 mM). Prior to use, the
ABTS*® stock solution was diluted with ethanol to obtain an absorbance of 0.7 £+ 0.02
at 734 nm. Then, 1 mL of the ABTS*® stock solution was mixed with 10 puL sample
(32 mg mL™!) or control and allowed to react for 6 min. The change in absorbance of the
reaction mixture was measured at 734 nm and the antioxidant activity was expressed as
trolox equivalent antioxidant capacity (TEAC). To calculate TEAC capacity, the gradient of
the plot of the percentage inhibition of absorbance vs. concentration for lignin samples was
divided by the gradient of the plot for trolox.

3. Results and Discussion

There is an increasing interest to evaluate the potential of novel laccases, including
those from bacterial origin, for residual lignin polymerization. Presently, the fungal M. ther-
mophila (MtL) laccase, with a high pH range and noticeable thermal stability, is widely
employed for lignin polymerization [15,20,21,35]. S. ipomoeae (SiLA) laccase, with simi-
lar properties to MtL laccase, has been also assessed for this purpose [36], although to a
lesser extent.

3.1. Effect of Laccase Dosage and Reaction Time on Total Phenolic Content

As it can be observed in Figure 1, both MtL and SiLA laccases showed the ability to
reduce the phenolic content of the treated kraft lignins obtained from all experiments of
the CCD. Nevertheless, the bacterial laccase achieved a higher reduction of total phenolic
content compared to the fungal laccase, in spite of the similar low redox potential showed
by both laccases (0.450 mV) [27,37].

The quadratic regression equation obtained from the phenolic content values (Figure 1a,b)
when using MtL laccase (Equation (1)) and SiLA laccase (Equation (2)) over kraft lignin, and
their regression coefficients are the following:

mg GAE/g lignin = 434.8 — 0.306 - Time (min) — 0.786 - Dosage (IU/g) — 0.000339 -
Time (min) - Time (min) + 0.00089 - Dosage (IU/g) - Dosage (IU/g) + 0.002381 - Time (min)
- Dosage (IU/g)

R-squared =91.24% (@)

mg GAE/g lignin = 222.5 + 0.1458 - Time (min) — 0.588 - Dosage (IU/g) — 0.000343

- Time (min) - Time (min) + 0.00157 - Dosage (UA/g) - Dosage (IU/g) — 0.000776 - Time
(min) - Dosage (IU/g)

R-squared = 92.93% (2)

Figure 2a,b show the response surface for lignin phenolic content as a function of
enzyme concentration and reaction time using MtL or SiLA laccases, respectively. As it
can be seen, the total phenolic content of lignin decreased with increasing reaction time in
the studied region when MtL laccase was used. The maximum phenolic content reduction
(53%) was obtained at 452 min using 100 IU/g of MtL laccase. In the case of SiLA laccase,
the most influential variable on the total phenolic content reduction was the laccase dosage,
observing a maximum decrease (77%) using 160 IU/g of SiLA laccase at 390 min.

As it is widely known, laccases can oxidize free phenolic lignin units, yielding
resonance-stabilized phenoxyl radicals via a single electron transfer process [38]. Thus,
the establishment of new linkages between the formed phenoxyl radicals leads to a lower
content of free phenols in lignin. Different studies have already described the ability of MtL
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laccase to reduce the phenolic content of both kraft lignin and lignosulfonates. Then, the
phenolic content was decreased by this fungal laccase by around 66% in the case of eucalypt
kraft lignin [15], whereas a reduction of 52% was described using lignosulfonates [35]. On
the other hand, the phenolic content reduction in lignin by bacterial laccases has been also
reported. In this regard, Mayr et al. [25] showed the ability of CotA laccase to decrease
the phenolic content between 30% and 65% in different kraft lignins of softwood and
hardwood origin, respectively. Similar results were described by Wang et al. [16] when a
commercial bacterial laccase (Metzyme®) was used to polymerize alkali lignins from birch
and spruce materials.

(@) mg GAE/g lignin
0 100 200 300 400 500 800

Untreated Kraft lignin

W N ;PR WwN =

11
12
13

(b)

mg GAE/g lignin
o] 100 200 300 400 500 600

Untreated Kraft lignin

0w NG REON =

[ P Gy
W N = O

Figure 1. Total phenolic content of the resulting treated lignins with MtL (a) and SiLA (b) laccases
expressed as mg GAE/g lignin (experiments resulting from CCD).

Contrary to this study, the effects of laccase dosage and reaction time on the phenolic
content of lignin are usually evaluated separately. Gillgren et al. [19] showed that longer
reaction time resulted in higher reductions of phenolic content of both organosolv lignin
and lignosulfonates when they were treated with a fungal laccase from Trametes (syn.
Coriolus polyporus). A similar trend was reported by Huber et al. [35], using a laccase from
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MtL to polymerize both eucalypt kraft lignin and lignosulfonates. Moreover, these authors
also observed a higher decrease in the phenolic content using higher MtL laccase dosages,
indicating that the amount of enzyme used, together with reaction time, are important
factors for the lignin polymerization process. Finally, Mayr et al. [25] also reported the
influence of reaction time on the phenolic content decrease when a bacterial CotA laccase
was used to polymerize different kraft lignins, observing a decrease in phenolic content by
extending the reaction time.

(a)

400
mg GAE/g lignin 35,

300
250
0 e 150
150 100
300 30

450 0 laccase dosage (1U/g)
reaction time (min)

(b)

200
2

mg GAE/g lignin 150

1!83
150
reaction time (min) 300

P 150
50 50 100

laccase dosage (1U/g)

Figure 2. Response surface plot of total phenolic content expressed as mg GAE/g lignin to evaluate
MtL (a) and SiLA (b) laccases dosage and reaction time.

3.2. Effect of Laccase Dosage and Reaction Time on Molecular Weight

The molecular weight distributions of laccase-treated lignins are displayed in Figure S1.
From them, weight-average (Mw) and number-average (Mn) molecular weights, as well as
polydispersity (Mw/Mn) values were calculated (Table S1). In general, both MtL and SiLA
laccases produced an increment in the Mw values of the treated kraft lignins obtained from
all experiments (Figure 3a,b). Polydispersity values also showed higher values compared
to the untreated lignin (Table S1).
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Figure 3. Weight-average (Mw) molecular weight values (KDa) of the resulting treated lignins with
MtL (a) and SiLA (b) laccases (experiments resulting from CCD).

The quadratic regression equation obtained from the Mw values (Figure 3a,b) when
using MtL laccase (Equation (3)) and SiLA laccase (Equation (4)) over kraft lignin, and their
regression coefficients are the following:

Mw (Da) = 3371 + 14.40 - Time (min) + 30.7- Dosage (IU/g) — 0.0050 - Time (min)
- Time (min) — 0.0959 - Dosage (IU/g) - Dosage (UA/g) — 0.0223 - Time (min) - Dosage
(IU/g)

R-squared = 83.75% 3)
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Mw (Da) = 3936 + 7.42 - Time (min) + 25.46 - Dosage (IU/g) + 0.00040 - Time (min) -
Time (min) + 0.1201- Dosage (IA/g) - Dosage (IU/g) — 0.0471 - Time (min) - Dosage (IU/g)

R-squared = 98.38% 4)

Figure 4a,b show the response surface for lignin Mw as a function of enzyme con-
centration and reaction time of MtL and SiLA laccases, respectively. As can be observed,
the molecular weight of the lignin increased by increasing the reaction time in the studied
interval when MtL laccase was used, in agreement with the observed reduction in phe-
nolic content (Section 3.1). The maximum molecular weight increment (3.0-fold, which
correspond to the value of Mw 10,865 Da) was obtained at 452 min using 100 IU/g of MtL
laccase. In the case of SiLA laccase, the most influential variable on the molecular weight
was the laccase dosage used, as also observed for the phenolic content of lignin (Section 3.1).
The maximum increment (3.5-fold, which corresponds to the value of Mw 12,545 Da) was
obtained using 184.85 IU /g of SiLA laccase at 240 min.

As previously commented, the stabilized phenoxyl radicals, generated from lignin
by laccase oxidation, undergo radical-radical coupling through phenyl ether—carbon and
carbon—carbon linkages, yielding the observed increase in Mw values of kraft lignin by
both laccases. Moreover, the polydispersity increase is also expected due to the non-
selective radical-radical coupling reactions, which link lignin end groups to each other
spontaneously with low or no control and, consequently leading to higher polydispersity
values [20]. MtL laccase has already shown its capability to increase the molecular weight
of both kraft lignin and lignosulfonates. Thus, Gouveia et al. [15] reported a strong in-
crease (17.0-fold) in the average molecular weight of laccase-treated eucalypt kraft lignin
(80,000 Da) compared to the untreated lignin sample (4700 Da). Huber et al. [35] also
described a 12.0-fold increase in Mw (22,400 Da) for enzymatic polymerization of lignosul-
fonates (1900 Da for untreated lignin), and only a 1.4-fold increase (2300 Da) when kraft
lignin (1600 Da for untreated lignin) was used. On the other hand, the molecular weight
increase by bacterial laccases has been also described. Thus, Wang et al. [16] reported a
2.9-fold increase (from 17,750 Da for untreated lignin to 52,000 Da for laccase treated lignin)
when a Metzyme® laccase was used to polymerize alkali spruce lignin. Mayr et al. [25]
achieved 6.0-fold increases in molecular weight for softwood (from 21,600 Da for untreated
lignin to 130,000 Da for laccase-treated lignin) and 19.2-fold for hardwood kraft lignins
(from 3150 Da for untreated lignin to 60,000 Da for laccase-treated lignin) when they were
treated with a CotA laccase.

Similarly to phenolic content, the effects of laccase dosage and reaction time on the
molecular weight of lignin are generally studied separately, reporting different results in
function of both laccase and lignin sources. Gouveia et al. [21] observed that the major
changes in molecular weight of kraft lignin treated with the fungal MtL laccase occurred
during the first 2 h, although longer reaction time resulted in higher Mw values of the
resulting treated lignins. These authors also showed a molecular weight increase as the
enzyme dosage was augmented. In this regard, Areskogh et al. [39] determined that no
significant increments in the molecular weight of lignosulfonates were observed at low
MtL enzyme dosage, while the molecular weight increased by augmenting the enzyme
concentration. Huber et al. [35] also demonstrated that the amount of biocatalyst used
strongly influences the polymerization process. When 50 mg of MtL laccase was used, 4.0-
fold and 1.7-fold molecular weight increments were determined for lignosulfonates and
kraft lignin, respectively. However, when the MtL laccase was augmented to 100 mg, a
12.0-fold increase in the molecular weight was measured for enzymatic polymerization of
lignosulfonates, and only a 1.4-fold increase was seen for kraft lignin. Finally, Mayr et al. [25]
also achieved higher increases in the molecular weight of softwood and hardwood kraft
lignins at longer reaction times using a bacterial CotA laccase.
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Figure 4. Response surface plot of weight-average (Mw) molecular weight values (KDa) to evaluate
MtL (a) and SiLA (b) laccases dosage and reaction time.

While the significant phenolic content of kraft lignin can translate into good reac-
tivity for producing phenol-formaldehyde resins, epoxy resins, polyester systems, and
polyurethanes, among others, the molecular weight increase of kraft lignin by laccase
enzymes enables new applications as lignin-based dispersants providing better adsorption
properties, stabilizer for emulsions, and in thermoplastic blends or copolymers enhancing
thermal and mechanical performance [32].

3.3. Antioxidant Activity

The antioxidant ability of lignins (i.e., their capacity to act as radical scavengers)
promotes their use as natural additives in food, cosmetics, pharmaceuticals, and polymeric
formulations as an alternative to synthetic compounds such as butylated hydroxyanisole
(BHA) and butylated hydroxytoluene (BHT), among others [40]. It is widely known that
having a high phenolic content, low molecular weight, and narrow distribution seem
to be favorable for the antioxidant capacity of lignin [40]. Nevertheless, in spite of the
phenolic content decrease and molecular weight increase observed herein for the treated
kraft lignins by both laccases, they still showed some antioxidant capacity, expressed as
TEAC, (0.02-0.18) compared to the untreated sample (0.2) (Figure 5a,b for MtL and SilA
laccases, respectively).
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Figure 5. Antioxidant activity of the resulting treated lignins with MtL (a) and SiLA (b) laccases
expressed as TEAC (experiments resulting from CCD).

3.4. FTIR Characterization

FTIR spectra of untreated and laccase-treated kraft lignins (MtL-KL and SiLA-KL
resulting from experiments with maximum decrease in phenolic content and increase in
molecular weight achieved) are displayed in Figure 6. The observed bands were assigned
in comparison with others previously reported in the literature [41,42] and are displayed
in Table S2. FTIR spectrum of kraft lignin showed the characteristic bands of lignin,
which include those observed at 1610, 1515 and 1415 cm ™! associated with aromatic ring
vibrations, and at 1455 cm ™! attributed to C—H asymmetric vibrations and deformations
(Figure 6a). Bands attributed to syringyl (S) and guaiacyl (G) units were also identified,
including those at 1315 cem ™! (S and G units), a shoulder at 1270 cm~! (G units), 1220 cm ™!
(G units), 1115 cm ™! (S units), 1025 cm ™! (G units) and 820 cm ™! (S units).

The major change in the FTIR spectra of MtL-KL and SiLA-KL samples compared to
untreated kraft lignin spectra was observed at the bands corresponding to the C=0O stretching
for conjugated (1650 cm ') and unconjugated (1715 cm™!) linkages (Figure 6b,c), as a conse-
quence of the lignin oxidation caused by both laccases, being more noticeable in the case of
the bacterial laccase. This effect was supported by UV-Vis, observing a decrease in the two
absorption maxima at A 230240 and 280 nm, attributed to non-conjugated phenolic groups,
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in both MtL-KL and SiLA-KL samples due to lignin oxidation (Figure S2). Comparable results
have been previously described by Gouveia et al. [15,21], when a laccase from M. thermophila
was used for eucalypt kraft lignin polymerization, and Gillgren et al. [19], when a laccase
from the white-fungus C. polyporus was employed to polymerize organosolv lignin and ligno-
sulfonates. Moreover, both MtL-KL and SiLA-KL samples kept their characteristic triplet at
1610, 1515 and 1415 cm !, which is indicative of no modification of lignin aromatic backbone,
as previously observed by Areskogh et al. [43] during polymerization of lignosulfonates by
M. thermophila laccase.

2
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Figure 6. FTIR spectra, 2000-600 cm™! region of the untreated lignin ((a), black line) and of the
resulting treated lignins with MtL ((b), blue line) and SiLA ((c), red line) laccases. The bands in each
spectrum are normalized with regard to the band at 1515 cm ™!

3.5. NMR Characterization

The HSQC spectra of untreated and laccase-treated kraft lignins (MtL-KL and SiLA-
KL resulting from experiments with maximum decrease in phenolic content and increase in
molecular weight achieved) are shown. They included the whole spectra (8¢ /6y 0.0-150.0/0.0-
9.0) in Supplementary Figure S3, and the spectra corresponding to the oxygenated aliphatic
(8¢ /611 45.0-95.0/2.5-6.0 ppm) and the aromatic (6c /by 90.0-150.0/5.0-9.0 ppm) regions in
Figures 7 and 8, respectively. The main 3C-'H lignin correlation signals identified in HSQC
spectra are displayed in Table S3, endorsed according to those described by the literature [42,44—
47]. The lignin substructures identified are depicted in Figures 54 and S5.

The oxygenated aliphatic region of the kraft lignin spectrum exhibited information
about the different interunit linkages present (Figure 7a), including those from native
and kraft-derived linkages. Despite the well-known lignin degradation under alkaline
conditions during kraft pulping [48], several remaining signals from native 3-O-4' and
B-B’ resinol substructures were observed, as well as correlation signals for spirodienones
and cinnamy]l alcohol end-groups. Signals from kraft-derived lignin linkages could also
be recognized. Among them, signals from epiresinols and diaresinol, both diastereomers
from the transformation of the native resinol substructure during kraft pulping [47,49].
An aryl-glycerol substructure could also be hesitantly identified, produced from the non-
phenolic -aryl ether linkage under alkaline conditions during kraft pulping [50]. Finally, a
correlation signal of lignin terminal structures with a carboxyl group in Cy (Ar-CHOH-
COOH; F), overlapping with aryl-glycerol, could also be found.
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Figure 7. HSQC 2D-NMR spectra, 6c /by 45.0-95.0/2.5-6.0 ppm aliphatic oxygenated region, of
the untreated lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c) laccases.
Correspondences between lignin structures and assigned letters in the figure: A, p-O-4 alkyl-aryl
ether; AG, aryl-glycerol; B, resinols; B/, epiresinols; B”, diaresinol; C, «-5'; E, spirodienones; F,
Ar-CHOH-COOH; I, cinnamyl alcohol end-groups; X, xylopyranose (R, OH).
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Figure 8. HSQC 2D-NMR spectra, ¢ /dy 90.0-150.0/5.0-9.0 ppm aromatic region, of the untreated
lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c) laccases. Correspondences
between lignin structures and assigned letters in the figure: G, guaiacyl unit; G/, vanillin; G”,
acetovanillona; H, p-hydroxyphenyl unit; S, syringyl unit; §', syringaldehyde (R=H) or acetosyringone
(R=CH3s); S1-1/, 3,5-tetramethoxy-para-diphenol; G;_1/, 3-dimethoxy-para-diphenol; S;-Gy//Gs:; SB1,
stilbene-3-1’; SB5, stilbene-3-5'.
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The aromatic region of kraft lignin spectra displayed the typical correlation signals
of 5, G, and H lignin units (Figure 8a), the usual pattern of hardwood lignins [51]. More-
over, a group of signals from lignin oxidation, such as oxidized S units, corresponding
to syringaldehyde or acetosyringone, and oxidized G units, attributed to vanillin and
acetovanillone, could also be detected. Signals from kraft-derived lignin linkages were
also found in the aromatic region. Among them, correlation signals endorsed to 31 and
B5 stilbene, derived from degradation of spirodienone and 3-5' phenylcoumaran during
kraft pulping, respectively, were identified [46,47]. Finally, correlation signals from S;_;/
(3,5-tetramethoxy-para-diphenol), G,_y; (3-dimethoxy-para-diphenol) and S;-Gy/ /Gs were
tentatively identified as a result of C-C; breakdown in a retro-aldol reaction, followed by
a radical coupling reaction, during kraft pulping [32,45,46].

Significant changes in the oxygenated aliphatic region of MtL-KL and SiLA-KL spectra
(Figure 7b,c for MtL-KL and SiLA-KL samples, respectively), compared to the kraft lignin
spectrum (Figure 7a), were found. In general, a complete disappearance of signals assigned
to native and kraft-derived linkages was observed for both MtL-KL and SiLA-KL lignin
samples, probably due to the cleavage of interunit linkages by treatment with both laccases.
Nevertheless, some signals from B-O-4’ and diaresinol were still found. In this sense,
Prasetyo et al. [23] reported a decrease in the intensity signals of 3-O-4' linkages when lig-
nosulfonates were treated with Trametes villosa and Trametes hirsuta laccases. Wang et al. [16]
also described a cleaved of B-aryl ether and B-B’ resinol substructures during the treat-
ment of alkali lignins with a commercial (MetZyme®) bacterial laccase. In addition to
the cleavage of interunit linkages, a new signal could also be observed in the aliphatic
oxygenated region of both MtL-KL and SiLA-KL spectra, which was tentatively attributed
to a-5' condensed structures. The appearance of this structure is probably due to lignin
condensation/polymerization reactions by laccases action. In this sense, Wang et al. [16]
already described the formation of this condensed structure during the treatment of alkali
lignins with the MetZyme bacterial laccase.

MtL-KL and SiLA-KL spectra also showed a near complete disappearance of the
aromatic '*C-'H correlation signals (Figure 8b,c) compared to the kraft lignin spectrum
(Figure 8a). Nevertheless, some intensity of signals corresponding to G and H units as well
as to lignin oxidation, such as oxidized S and G units, could still be found. This important
loss of aromatic correlation signals observed in the HSQC spectra after the enzymatic
treatment with both laccases could indicate a significant modification of the lignin aromatic
backbone. However, when laccase-treated lignins were analyzed by 1D-NMR, it could
be inferred that the loss of aromatic correlation signals observed by 2D-NMR was due
to deprotonation of the lignin benzene rings, as revealed by the 'H NMR MtL-KL and
SiLA-KL spectra (Figure S6). Meanwhile strong signals of aromatic carbons could be seen
in the 13C-NMR MtL-KL and SiLA-KL spectra (Figure S7), proving that benzene rings were
not degraded by laccase treatment, as previously seen by FTIR analysis (Section 3.4). The
decrease or complete disappearance of aromatic proton signals was not entirely unexpected,
as it has been previously described in lignosulfonates by the action of T. villosa and T. hirsuta
laccases [23], in eucalypt kraft lignin treated with M. thermophila laccase [15], in alkali
lignins by the action of MetZyme bacterial laccase [16], and in organosolv lignin and
lignosulfonates treated with C. polyporus laccase [19]. All these authors have related this
effect with the formation of condensed structures such as 5-5' or 4-O-5'.

I3C-NMR of laccase treated lignins (Figure S7b,c) also showed a remarkable increase
in the signal at 5c 176 ppm (carbonyl groups), especially in the SiLA lignin sample as previ-
ously described by FTIR analysis (Section 3.4), resulting from lignin oxidation caused by
laccases action. A significant decrease in the signals at dc 147 ppm, corresponding to Cz and
Cs of phenolic S units and C3 and Cs in phenolic G units, and at 6c 134 ppm, endorsed to C;
and Cy4 in phenolic S units and C; in phenolic G units, was also observed, resulting from the
phenolic lignin units” oxidation by laccase treatment, which supports the phenolic content
decrease observed in Section 3.1. At a time, an increase in the shoulders at ¢ 152 ppm and
at 6¢ 130 ppm, from non-phenolic lignin units were also visible. Santos et al. [52] assigned
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the signal at 8¢ 152 ppm to C3 in new 5-5' or C3 (and C4/Cs) in new 4-O-5' structures
formed during laccase (T. villosa) treatment of lignosulfonates, whereas Magina et al. [53]
endorsed the signal at §c 130 ppm to Cs in 5-5 structure during MtL laccase treatment of

lignosulfonates.

Then, these observations arising from NMR analysis suggest lignin condensation/
polymerization reactions by laccases action, supporting the molecular weight increment
observed by SEC (Section 3.2). The phenoxy radicals formed by the action of the laccase
enzymes on the phenolic units present in the initial kraft lignin together with those derived
from the cleavage of interunit linkages underwent radical-radical coupling through phenyl
ether—carbon and carbon—carbon links resulting in new condensed structures such as -5/,

5-5', and 4-O-5' (Figure 9).
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Figure 9. Schematic representation of oxidative lignin polymerization catalyzed by laccase. Radical
coupling leads to formation of new condensed structures such as 4-O-5' (a), 5-5' (b), and -5’ (c).
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4. Conclusions

In order to produce the most appropriate lignin for each possible application, struc-
tural modification of this molecule is needed. A possible way to achieve this goal is by
using laccase enzymes, which is considered a sustainable and environmentally friendly
approach. Concerning this, this study confirmed the ability of a bacterial laccase from
S. ipomoeae (SiLA) and a commercial fungal laccase from M. thermophila (MtL) to polymerize
kraft lignin (referring to polymerization as lower phenolic content and higher molecular
weight). Specifically, the enzyme dosage was the most influential variable in the kraft
lignin polymerization reaction, within the range studied, when the bacterial SiLA laccase
was used, while for MtL fungal laccase the most influential variable was the reaction time.
FTIR and NMR characterization spectra verified lignin polymerization, observing new
condensed structures such as x-5’, 5-5/, and 4-O-5'.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15030513/s1, Figure S1. Molecular weight distributions
of the resulting treated lignins with MtL (a) and SiLA (b) laccases. Figure S2. UV-Vis spectra, A
200-800 nm, of the untreated lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c)
laccases. Figure S3. HSQC 2D-NMR whole spectra, 6c /6 45.0-95.0/2.5-6.0 ppm, of the untreated
lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c) laccases. Figure S4. Main
lignin and carbohydrate substructures identified in aliphatic oxygenated region of the untreated
kraft lignin and of the resulting treated lignins with MtL and SiL A laccases. Figure S5. Main lignin
substructures identified in aromatic region of the untreated kraft lignin and of the resulting treated
lignins with MtL and SiLA laccases. Figure S6. 'H NMR spectra, 51 0.0-9.0 ppm, of the untreated
kraft lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c) laccases. Figure S7.
13C NMR spectra, §c 0.0-200.0 ppm, of the untreated kraft lignin (a) and of the resulting treated
lignins with MtL (b) and SiLA (c) laccases. Table S1. Weight-average (Mw) and number-average (Mn)
molecular weights and polidispersity (Mw/Mn) of the untreated kraft lignin and of the resulting
treated lignins with MtL and SilA laccases. Mw and Mn are given in Da. Table S2. Main assignments
of untreated and laccase-treated kraft lignins FTIR bands. Table S3. Assignment of main lignin
and carbohydrates 1*C~'H correlation signals in the HSQC spectra of untreated kraft lignin and the
resulting treated lignins with MtL and SiLA laccases.
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Abstract: The growing perspective of running out of crude oil followed by increasing prices for all
crude oil-based materials, e.g., crude oil-based polymers, which have a huge number of practical
applications but are usually neither biodegradable nor environmentally friendly, has resulted in
searching for their substitutes—namely, bio-based polymers. Currently, both these types of polymers
are used in practice worldwide. Owing to the advantages and disadvantages occurring among
plastics with different origin, in this current review data on selected popular crude oil-based and
bio-based polymers has been collected in order to compare their practical applications resulting from
their composition, chemical structure, and related physical and chemical properties. The main goal
is to compare polymers in pairs, which have the same or similar practical applications, regardless
of different origin and composition. It has been proven that many crude oil-based polymers can be
effectively replaced by bio-based polymers without significant loss of properties that ensure practical
applications. Additionally, biopolymers have higher potential than crude oil-based polymers in many
modern applications. It is concluded that the future of polymers will belong to bio-based rather than
crude oil-based polymers.

Keywords: crude oil-based; bio-based polymers; chemical structure; properties; application

1. Introduction

The increasing demand for crude oil-based materials has contributed to the depletion
of natural reserves of petroleum. It is estimated that a serious shortage in crude oil and
significant increase in its costs will be noticed as early as 2040 [1], and petroleum supplies
will have been consumed until the end of this century. As much as 11-12% of crude oil
is used in the production of polymers [2,3]. Fossil fuel-based polymeric materials show a
variety of desirable physical properties such as durability, light weight, and resistance to
corrosion and chemical reagents. For this reason the spectrum of the applications of crude
oil-based polymers is extremely wide, from packaging [4] to constructional materials [5] and
medical equipment [6]. Unfortunately, the properties that make fossil-based polymers so
attractive trigger enormous environmental problems, since the vast majority of petroleum-
based polymers do not decompose and continue to remain almost untouched for centuries.
Environmental issues along with the upcoming deficiency in crude oil supplies have
gained a great concern among the polymer industry and researchers who try to find
new alternatives to crude oil-based polymers. Polymers from renewable resources have
recently attracted the attention of global scientists as a future perspective in replacing crude
oil-based polymers or reducing their usage.
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Bio-based polymers are polymers derived (at least in part) from renewable raw mate-
rials such as plant and animal biomass, and organic waste. This group of materials can be
biodegradable (such as polylactic acid—PLA) or nondegradable (such as biopolyethylene—Bio-
PE). However, bio-based polymers are considered environmentally responsible, since they
do not depend on finite fossil fuel reserves and can be obtained with a lower carbon foot-
print than their crude oil counterparts. Renewable raw materials such as starch, vegetable
oils, and proteins are nearly inexhaustible natural resources, the supply of which can be
restored in a short period of time. Renewables are inexpensive and readily available, ensur-
ing sustainable carbon transfer from biomass and similar materials to bio-based polymers
or intermediates used in their production.

Natural bio-based polymers of industrial application can be directly extracted from
biomass. Such polymers are produced in large quantities by plants (e.g., cellulose, hemi-
cellulose, starch, inulin, and pectin) or by animals (e.g., chitin and chitosan), and they
often need to undergo special modification to meet requirements for their use [7]. Molecu-
lar biology and genetic engineering can be successfully incorporated into the process of
creating agricultural crops of desirable properties or facilitating the procedure for subse-
quent recovery of biopolymers. Bio-based polymers can also be synthesized de novo by
various bacterial strains (e.g., Pseudomonas putida, Aeromonas hydrophila, Bacillus subtilis)
during fermentation processes using low molecular weight metabolism products. Another
group of bio-based polymers includes synthetic polymers from bio-derived monomers (e.g.,
PLA and other polyesters). Several prominent building blocks such as succinic, itaconic,
muconic, and lactic acids can be effectively produced from biomass [8].

The physicochemical properties of bio-based polymers are often similar to crude
oil-based polymers, which makes them a potential substitute for their crude oil-based
counterparts. Moreover, bio-based polymers can exhibit a wide range of new features,
which can enable novel applications in many technological fields. Not only should bio-
based production be cost-effective but also more sustainable in comparison to crude oil-
based production.

The paper discusses the possibility of replacing selected popular crude oil-based poly-
mers such as polyethylene, low density polyethylene, polystyrene, polyethylene terephtha-
late, and polyvinyl chloride with bio-based polymers made from renewable resources such
as polylactic acid (PLA), derived from an animal origin, such as chitosan, and received on
biotechnological pathways such as polyhydroxybutyrate (PHB) and pullulan. The choice
of the petroleum-based polymers was dictated by their versatile application in a multitude
of industries, whereas PLA and PHB are the major industry players that are bringing
bio-based polymeric materials to the market, and polysaccharides such as pullulan and
chitosan are fully appreciated by researchers and industrialists worldwide for their high
biocompatibility and biodegradability. The properties and practical applications of both
groups of polymers have been collected in order to compare them and indicate the possible
future perspectives for bio-based polymers.

2. Polyethylene vs. Polyhydroxybutyrate

Shopping bags, including those from supermarkets, plastic packaging, various lids,
industrial foils, milk containers, and others, including thin-wall containers, wire insulators,
pipes, injection, and blow molding, are all made from different types of chemically the
same material—polyethylene (PE). In addition to the products listed that are in common
use, clearly visible in modern world, PE has many other important, yet not so commonly
known applications, e.g., parts of various machines used in the food and paper industry,
veterinary and medicine tools and materials, and in the construction industry [9]. Although
there are currently many voices pointing out PE disadvantages, above all its inability to be
naturally degradable and having a share in the dramatic increase in the volume of litter,
one must admit that PE is a companion in everyday life [10].

The history of PE can be considered serendipitous both in terms of laboratory discovery
and industrial synthesis. It goes back to 1898 when Hans von Pechmann accidentally
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obtained a white waxy substance by heating diazomethane. Later on in 1900, a similarly
obtained waxy substance was proved to contain a long carbon chain and was given the
name “polymethylene” by Eugen Bamberger and Friedrich Tschirner. In both cases, the
waxy substance was polyethylene. Laboratory discovery was followed by industrial
synthesis of PE at the works of Imperial Chemical Industries (ICI), Northwich, the UK, in
1933. The very first patent referring to production of PE from ethylene was granted on
6 September 1937. Between first information in 1898 and the patent in 1937, several reactions
were tested to produce the waxy substance first obtained by Pechmann. Numerous chemical
pathways to obtain PE were worked out, which included several reactions, e.g., reaction of
decamethylene dibromide with sodium in a Wurtz-type reaction done by Carothers and Van
Natta in 1930 [11], hydrogenation of polybutadiene, modified Fischer-Tropsch reduction
of carbon monoxide with hydrogen, or reduction of poly(vinyl chloride) with lithium
aluminum hydride. Every pathway has advantages and disadvantages, e.g., inability to
obtain a polymer with molecular mass greater than 1300 with use of Wurtz-type reaction
or formation of branched-only or unbranched-only products. Currently, ethylene and
other materials generated from crude oil are primary source materials to produce PE
commercially [12-14].

The monomer of PE, ethylene, is chemically unsaturated and contains a double bond,
while PE is saturated containing only single bonds between carbon atoms (Figure 1). Carbon
chains can be straight or branched. In general, if the chains are straight, the basic form
of PE is considered, while branched chains are associated with low-density PE (LDPE).
Both forms are produced in polymerization reactions taking place under high pressure and
temperature. Ethylene is heated and pressed to break double bonds and form long chains.
Pressure is applied to make less space for ethylene molecules that are in gaseous form.
Although no equilibrium is considered in the polymerization reaction, the Le Chatelier
principle can be used to explain favoring of the forward direction: solid state products
(right-hand side of reaction) occupy much less space than gaseous substrates (left-hand
side of reaction) [12,15].

Fonon]

n
Figure 1. The fragment of polyethylene structure.

The production process starts with preparation of ethylene with appropriate properties.
The monomer is sourced by dehydration of ethyl alcohol fermented from molasses. Another
source for ethylene is a selected fraction of crude oil fractional distillation. Before starting
the polymerization process, all undesired contaminants such as carbon monoxide, oxygen,
water, and acetylene must be removed. The use of inadequately prepared reactant yields
product of undesired properties, especially in terms of insulation or heat resistance [10,12].
The polymerization route requires applying high pressure of 100-300 MPa and tem-
perature of 350-600 K. This is the most common process, known as high-pressure poly-
merization. There are also other well-known technological methods of PE production,
e.g., Standard Oil Company Indiana process, high-density PE (HDPE) Phillips or Ziegler
process, and metallocene catalyzed process. Application of different conditions, namely
pressure, temperature, or catalyst, leads to production of PE, LDPE, or HDPE [10,12,16].
Currently PE is divided into classes that consider chemical structure and resultant
properties [10,12]. Structural classes are:
e  Linear PE—with a macromolecule made of many monomer units arranged in a straight
line;
e  Cross-linked PE (PEX)—where macromolecule has covalent bonds between the poly-
mer molecules.

PE can also be classified according to material density. The following classes are
described:
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Low density PE (LDPE);

Linear low density PE (LLDPE);

Middle density PE (MDPE);

High density PE (HDPE);

Ultra-high molecular weight PE (UHMWPE).

In summary, PE with a general molecular formula of -[C,Hy]n—, a degree of polymer-
ization of 1500-9000, and a melting point at 395—400 K [15] has very useful and desirable
mechanical and chemical properties, including being soft, transparent, tasteless and odor-
less, but not resistant to high temperature. The main advantage of all PE types is low price,
as costs of production are low. PE from each class has different properties; hence, it is
used in different areas of human life, for example, LLDPE has the highest impact strength,
tensile strength, and extensibility of all PE classes [15,17-19].

Without specific treatment, decomposition of PE takes hundreds of years, hence
many scientific and industrial interdisciplinary teams work on methods to increase its
decomposition rate or reuse [20-23]. Promising investigations cover the use of bacteria,
yeasts, and enzymes present in microorganisms to recover material that can be used for the
next synthesis of plastic exhibiting the quality equal to the one obtained in petrochemical
processes. Investigated microorganisms can also be used for remediation of plastic waste
present in soil and landfills [24-26]. However, there is no similar research on PE/LDPE
biomedical wastes.

Polyhydroxybutyrate—PHB—was discovered in 1925 by Maurice Lemoigne [27,28].
Chemically, it is polyester. There are several slightly different forms of this polymer,
namely poly-4-hydroxybutyrate (P4HP), polyhydroxyvalerate (PHV), polyhydroxyhex-
anoate (PHH), and the most common poly-3-hydroxybutyrate (P3HB).

With the molecular formula [OCH(CH3)CH,CO], (Figure 2), PHB has similar me-
chanical properties to PE, while its greatest advantage over PE is biodegradability [29].
However, the biggest disadvantage is its high cost of production, and currently there is
intensive research focused on decreasing these costs [24,30-32].

H
O n OH

Figure 2. The fragment of polyhydroxybutyrate structure.

PHB that belongs to a polyhydroxyalkanoate (PHA) family is a semicrystalline ther-
moplastic polyester. Its glass transition temperature is 278-282 K; the melting point is
440-450 K. PHB has a very low Young’s modulus (3-3.5 GPa) compared to other biodegrad-
able biopolymers. Its decomposition lasts up to several years [15,33]. PHB is used as a
component in medical implants, surgical sutures, and elements of artificial tissues [34,35].

PHB can be obtained from its monomer—butyric acid—by microorganisms on bio-
logical pathways [29]. Production of PHB is more expensive than any other PE. Therefore,
sources of cheap organic matter are required. One way is food-originated residuals that
undergo fermentation to form volatile fatty acids, which are in turn converted by specific
bacteria, e.g., Cupriavidus necator to form PHB. Another method of PHB production is the
use of the strain R. piridinivorans BSRT1-1. This strain is isolated from soil, and it has been
stated that fructose and KNOj3 are the best sources of carbon and nitrogen for bacteria
to produce PHB. Under optimal conditions, 3.60 g of PHB can be formed from 1 dm? of
biomass. Details are provided in [36]. Bacillus cereus SH-02 (OM992297) is also considered
to be a good producer of PHB [37].

Both PE/LDPE and PHB are widely used in medicine and the veterinary and agri-
cultural industries. Although both are polymers, their physical, chemical, and biolog-
ical properties, together with their formation and methods of utilization, differ signifi-
cantly. Both plastics are commonly used in production of medicinal and veterinary mate-
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rials [12,29,38,39]. Materials and products obtained from both polymers can be in direct
touch with human organs. They can be used for production of bone tunnels [40], surgical
threads [41], containers, foils, slices, packaging [42], and antibacterial foils [43]. Owing
to relatively low costs, PE single-use products are manufactured and applied [21]. Or-
thopedics is a rapidly developing area for the use of polymers, including PE and PHB
applications. In the most common surgery worldwide, i.e., total knee arthroplasty (TKA),
endoprostheses used are made of PE. A specific type of PE used for this type of endopros-
theses provides physiological kinematics of the knee joint [44,45]. Additional advantage is
low specific weight, mechanical resistance, and transparency to X-rays [46].

A characteristic and practical important feature of this biopolymer is its significantly
high biodegradability and biocompatibility. As biopolymers generally, PHB can be rel-
atively easily decomposed by enzymes produced by living species. In the biological
environment, biodegradation can occur by oxidation, including photo-oxidation or hydrol-
ysis [47]. PHB can be easily decomposed inside human tissues by enzymatic or hydrolytic
decomposition, with pH kept at a constant level [48,49]. Products formed are easy me-
tabolized by human or animal organisms [50]. This ability to be degradable, especially in
the human body, allows use of PHB as a composite for implants. Additionally, PHB can
promote cell growth in a near-natural biological environment [28,49,51,52].

3. Polystyrene vs. Polylactide

Polystyrene (PS) is a thermoplastic polymer (Figure 3) made of aromatic hydrocarbon
monomer styrene that is derived from fossil-fuels [53].

l—

n

Figure 3. The fragment of polystyrene structure.

The synthesis of PS is based on the free radical polymerization of styrene using free-
radical initiators. It is mostly used in solid (high impact and general purpose PS), foam and
expanded PS forms. The main advantages of PS are low-cost, easy processing ability, and
resistance to ethylene oxide, as well as radiation sterilization. It is, however, not resistant
to organic solvents such as cyclic ethers, ketones, acids, and bases. The most popular
general purpose PS (GPPS or unmodified PS) is transparent, brittle, and rigid, which makes
this kind of material suitable for laboratory purposes, such as diagnostic and analytical,
and medical packaging (e.g., Petri dishes, tissue culture trays, pipettes, test tubes). For
high-strength products, high-impact PS (HIPS) is competitive with polypropylene and
PVC [54]. 1t is typically used in thermoformed products, such as catheters, heart pumps,
and epidural trays, and toys, packaging, and electronic appliances. Owing to its high
dimensional stability and easy processing, it is often chosen for the preproduction proto-
types in 3D-printing technique [55]. As a result of strong C-C and C-H bonds present in
the structure, PS is resistant to biodegradation without special treatment such as copoly-
merization and fictionalization. However, it was proved that some bacterial species are
able to form biofilm on the PS surface, which leads to its partial degradation [56]. PS can
be recycled using several methods. Mechanical recycling is the one with lowest cost, but
it has many limitations. The main obstacle is efficient separation of PS from the plastic
waste stream. Currently, PS is sorted using near-infrared technologies and complementary
sorting methods, including density, electrostatics, selective dissolution, and flotation [57].
The latter—froth flotation—is the most common due to its low cost and the possibility to
separate polymers with similar density. To increase the flotation effectiveness, surface mod-
ification can be performed, e.g., in the presence of KMnQOjy [58] or KyFeOy [59]. Recycled
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PS exhibits worse mechanical properties than neat polymer, and reduction in molecular
mass is also observed. Nevertheless, many products made of recycled PS can be found
on the market, e.g., pencils, doors, window frames, cups, plates, and bottles; some of
them even approved for food contact [60]. Chemical recycling of PS is less common due
to the high cost. It leads to the production of styrene, and other useful chemicals such
as benzene, toluene, indan, ethylbenzene, and benzoic acid, via pyrolysis and oxidation.
Recently, a novel simple and low-cost method has been reported that enables the oxidative
cleavage of PS to benzoic acid, formic acid, and acetophenone by singlet oxygen at ambient
temperature and pressure [61]. PS waste can also be converted to biodegradable PHAs [62].
To summarize, PS is one of the most important polymers present in our daily life. However,
once it has fulfilled its designed purpose, it is not easily degradable. Chemical recycling
is not economically convenient since the feedstocks are cheaper than the process itself;
additionally, mechanical recycling is limited due to the low separation efficiency of PS from
the plastic waste stream. That is why there is an urgent need to find sustainable alternatives
that can at least partially replace petroleum-based PS in use. The most popular green sub-
stitutes for PS are cellulose and thermoplastic starch used as thermal insulation materials
(foams) [63,64], and poly(vinyl alcohol) for bead-foaming process [65] and polylactide [66].

Polylactide (PLA)—biodegradable and compostable aliphatic polyester (Figure 4)—is
one of the key biopolymers with the largest market significance. The global volume of PLA
production was around 457,000 metric tons in 2021, which accounted for 29% of the total
biodegradable bioplastics production worldwide [67]. The PLA production on industrial
scale is either based on the ring-opening polymerization (ROP) of lactide, (method applied
by NatureWorks LLC, Plymouth, MN, United States, and Corbion N.V., Amsterdam, the
Netherlands) or direct polycondensation of lactic acid in an azeotropic solution (applied by
Mitsui Toatsu Chemicals, Inc., Tokyo, Japan) [68]. In both cases, high molecular mass PLA
is obtained; however, solvent-free ROP is preferable for production in large scale. In this
case, optically pure L-lactic or D-lactic acid is produced as a monomer of PLA by microbial
fermentation from renewable resources such as molasses, whey, sugar cane, and plants with
high starch content [69]. Next, LA is condensed to form low molecular mass prepolymer
PLA, which undergoes a controlled depolymerization to a cyclic dimer of lactate-lactide.
The polymerization of lactide is generally catalyzed by tin octanoate and requires short
reaction time at a temperature of about 440—460 K [70].
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Figure 4. The fragment of polylactide structure.

The mechanical properties of PLA are similar to those of PS and polyethylene tereph-
thalate (PET) [71], also described in detail in Section 4 of this paper. It can also be a
sustainable alternative to polypropylene (PP) and PVC. PLA is as rigid and brittle as PS,
and its resistance to fats and oils resembles PET [71]. Although CO,, O,, N, and H,O
permeabilities for PLA are higher than for PET, but lower than for PS [72], therefore many
attempts to improve the PLA barrier properties have been reported, e.g., by introducing
nanofillers with a lamellar structure [73]. In addition, it is characterized by a high tensile
modulus and resistance to UV radiation. Good mechanical and optical properties allow
PLA to compete with the existing crude oil-based thermoplastics. PLA containing approx.
5% of D-repeating units is a transparent, colorless, and relatively rigid material resembling
PS [74]. An extra advantage of PLA is its easy processing ability through conventional melt
processes such as extrusion, injection molding, compression molding, or blow molding,
which are also used for other commercial polymers, namely PS and PET [75].
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The properties of PLA depend on the polymer molecular mass and the degree of
crystallinity [76]. Stereochemistry also plays an important role. The stereochemical compo-
sition and distribution of monomer units along the polyester chain affect the properties of
PLA [74]. L-PLA (PLLA) and D-PLA (PDLA) are composed of lactic acid units of the same
chirality [77]. They are isotactic, stereoregular, and partially crystalline polymers (degree of
crystallinity up to 60%), the glass-transition temperature (Tg) is approx. 320-330 K, and
the melting point is 440-470 K [29,74,78]. On the other hand, D,L-PLA is an amorphous
polymer with a Tg of about 330 K. It shows worse mechanical properties and degrades
faster than PLLA and PDLA. The highest melting point, about 500 K, shows a racemic
mixture of PLLA and PDLA, in which chains of different chirality form a densely packed
network. Compared to the parent polymers, the resulting racemic PLA (PDLLA) has
enhanced functional properties, such as mechanical strength, durability, and thermal and
hydrolytic stability [79].

Desirable properties allow PLA to compete with PS in several application fields,
described below.

3.1. Packaging Application

Low toxicity, strong flavor and aroma barrier, and high transparency make PLA an
ideal material for fresh food packaging, especially fruit and vegetables [80]. Auras et al. [81]
tested and compared oriented PLA (OPLA) with PET and oriented PS (OPS) films intended
for production of fresh fruit and vegetables storage containers. According to these results,
mechanical, physical, and barrier properties of OPLA were comparable and, in some cases,
better than standard OPS and PET containers. Similar studies were performed for the shelf
life of blackberries [82] and blueberries [83] under retail conditions closed in the OPS and
OPLA containers. In both cases the shelf life was extended, proving that PLA can be a good
replacement for PS. PLA can be used also as trays for storage of mangoes, melons, and
other tropical fruit. The shelf life of the fruit packed in such a way was the same as of the
fruit packed in PET trays [84]. However, the PLA packaging is more susceptible to cracking
and breaking during transport when compared with OPS or PET. Neither the sheet nor the
finished product can be stored at temperatures above 313 K or relative humidity greater
than 50% [85].

3.2. Three-Dimensional Printing

The filaments used in 3D printing are primarily thermoplastics. The most popular are
PLA, acrylonitrile butadiene styrene (ABS) and HIPS [86]. In all three cases, filament can
also be produced from recycled plastic, which can significantly reduce its price. It is worth
mentioning that commercial filaments for 3D printing are 20 to 200 times more expensive
than those of raw plastics [87]. The source for PLA waste is food containers and bottles,
ABS filaments originating from car dashboards, and HIPS derived from refrigerators
or automotive parts [88]. The advantages of PLA as filament for 3D printing are ease
of printing, glossiness, and multicolor appearance. The dimensional accuracy of the
parts printed from PLA is high since it poses less warp behavior than the other filaments.
Compared to HIPS, PLA filament does not require a heated bed, it is odorless, and what
is more important, it releases many fewer volatile organic compounds and exhibits lower
particle emission during printing [89]. PLA prints have wider application than HIPS due to
biocompatibility and susceptibility to biodegradation, which are important in biomedical
application and tissue engineering [90]. Moreover, the price of 1 kg of PLA filament is
comparable to that for HIPS. This is why PLA can be a good alternative to HIPS in rapid
manufacturing of packaging prototypes using 3D printing technology [91].

3.3. Medical Application/Drug Delivery

Medical plastic has to be biocompatible, stable under different sterilization conditions,
and robust to surface modification. While PLA fulfils all these requirements, PS is not
applicable because of the cancerogenic properties of styrene and its very moderate biocom-
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patibility [54]. However, there are several studies on improving the biocompatibility of PS,
e.g., by nonequilibrium gaseous plasma treatment [92]. Both polymers can be sterilized
by ethylene oxide, gamma radiation, and electron-beam radiation, however, due to the
presence of a benzene ring in its structure, PS is more resistant to high radiation doses than
PLA. PLA exhibits strong resistance to sterilization processes with use of an autoclave or
dry heat [93]; standard PS is not autoclavable, but syndiotactic PS is excellent [94]. The
main application of PS in the laboratory field is the production of different containers for a
variety of liquids, cells, and bacteria, together with microspheres used as drug carriers and
magnetic particles. The biocompatibility of PLA makes this material an excellent applica-
tion as scaffolds for bone regeneration, implants, stents, along with bioresorbable surgical
and orthopedic threads and dental implants. Owing to the good mechanical properties of
PLA, it can be used in catheters, heart pumps, and epidural trays to replace PS [54]. PLA
and PS are also used as a surface for adhesion and proliferation of fibroblast and osteoblast
cell lines [95].

PLA is a promising bioplastic with mechanical properties comparable to those of
PS. In addition to its established position as a material for biomedical applications, it
can replace mass production plastics from petroleum. However, there are still challenges
that need to be addressed, e.g., improvement of barrier properties, which play a very
important role in maintaining food quality and safety [96]. Moreover, the cost of PLA
manufacturing is still too high to compete with PS. That is why there is a need to find
low-cost substrates and high-performance microorganisms to increase the efficiency of
LA production and obtain low-cost, high-quality PLA. Another concern is the recycling
of PLA. PLA can be easily degraded in the natural environment or in compost; however,
the idea of introducing a large amount of waste for biodegradation is unreasonable and its
transformation into chemical products more valuable than simply carbon dioxide and water
should be considered. Currently, several attempts of PLA recycling have been made but an
industrially feasible chemical recycling concept, in adherence to the fundamental principles
of closed-loop recycling within a Circular Economy, has not yet been developed [97]. Other
than PLA, products made from PS can be recycled, but the high cost of the recycling process
and the segregation problem make the technology inefficient. Moreover, the production
of biopolymers is considered more sustainable than petroleum-based materials due to the
reduced net carbon footprint [98].

4. Polyethylene Terephthalate vs. Chitosan

The abbreviation “PET” is well-known to all consumers worldwide and stands for a
petroleum-based synthetic polymer of terephthalic acid and ethylene glycol, i.e., polyethy-
lene terephthalate (Figure 5). The history of this polymer production dates back to the
1940s when Whinfield and Dickson [99] patented terephthalic esters in the form of linear
polymers. The second most important patent relating to the described plastic is the inven-
tion of Wyeth and Roseveare [100], i.e., a plastic soda bottle. In recent years, the global
production of this plastic exceeded 30 million metric tons and a 4% market growth rate is
expected in the coming years [101].

[0

Figure 5. The fragment of polyethylene terephthalate structure.

The technology of PET production has been developed over the years, and now the
substrates for the synthesis of this polymer, i.e., terephthalic acid or dimethyl terephthalate
and ethylene glycol, are obtained from fossil-based resources. Consequently, the first two
compounds are produced from p-xylene and the diol is made through the oxidation of
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ethene. One of the major industrial-scale synthesis methods of polyalkylene terephthalates
is the so-called melt polycondensation, including a two-step process in the presence of
catalysts for (trans)esterification of substrates in an inert atmosphere at 460-500 K, and
subsequently, polycondensation of the intermediates at reduced pressure and increased
temperature (520-550 K) until obtaining enough viscous mixture resulting in the end
product [102].

The technology affects the appearance and the final form of PET, wherein the amor-
phous state the polymer is transparent, while in the semicrystalline state PET appears
opaque [103]. According to the ASTM (American Society for Testing and Materials) Inter-
national Resin Identification Coding System the number 1 was assigned to PET, meaning
low production costs together with high recycling possibilities [104,105]. PET materials are
characterized by high strength, rigidity, and hardness. High thermal stability is observed,
which is connected to the presence of para-substituted aromatic rings in the polymer struc-
ture. Such polyesters have a melting point above 520 K, and even a theoretical value of
565 K was calculated for PET if an accurate process of annealing would be used [103].
Moreover, both the Ty and density are strictly dependent on the final form of the poly-
mer; hence, Ty for the amorphous state is 340 K and for the semicrystalline PET is about
350 K [104]. Amorphous PET has a density of 1.30-1.34 g/cm? and semicrystalline PET
is about 1.50 g/cm?. Crystalline PET is much denser than the amorphous form because
polymer chains of the former are closely packed and parallel, while they are disordered in
the latter [106]. Interestingly, exceeding the Ty point, thus the temperature above 340-350 K,
may lead to the decreased resistance of PET to hydrolysis [107].

Polyethylene terephthalate has found its application in single-use food packaging,
mainly for beverage bottles, but another major market is the textile industry and the
production of clothes, shoes, and carpet fibers [101,108]. Features such as transparency,
lightness, strength, and durability made PET bottles favored over those made of glass, and
the results of the Coca-Cola Company life-cycle assessment study in 1969 revealed that
bottles obtained from PET affected the environment less than their glass analogues [104].
The possibility of using PET in packaging material for food or pharmaceuticals results
from low permeability for gases and solvents, together with low moisture absorption [109].
Chemical stability of polymers is also extremely important. PET’s stability is observed
in weak acids and is also inert to several organic solvents from the alcohol, halogen, and
ketone groups [104,105]. Strong acids, bases, hydrocarbons, and aromatic compounds
are examples of chemicals that influence the stability of PET, and moreover, according to
Lepoittevin and Roger [103], PET may be soluble in a mixture of phenol and trichloroethane,
and in trifluoroacetic acid, o-chlorophenol, or hexafluoroisopropanol.

It is estimated that the degradation of plastic bottles lasts around 450 years, and 8%
of solid waste weight is contributed to PET [110]. Owing to the fact that almost 60% of
PET is discarded into landfills, solutions are being sought to reuse this plastic. Approaches
such as bottle reuse systems, bans on plastic bags, and the introduction of taxes and de-
posit systems have been successfully applied in many geographical regions, e.g., Europe,
America, and South Asia [111]. Currently PET waste is subjected to recycling processes
using both mechanical and chemical methods. Reactive extrusion is often used because
of its simplicity and the multiple extrusions carried out at 540-550 K lead to a decrease in
molecular mass of the polymer [110]. Among chemical recycling methods, the following
reactions are distinguished: hydrolysis at higher temperature and pressure, methanolysis,
glycolysis, aminolysis, and ammonolysis, which lead to the depolymerization of PET. Prod-
ucts obtained from chemical depolymerization found their application in various industries,
e.g., as cement replacement, corrosion inhibitors, paints, etc. [112]. Unfortunately, chemical
recycling of polymers seems to be unprofitable because the polymerization of fossil-based
substrates is much cheaper than reprocessing of polyesters [108].

PET is considered resistant to hydrolysis and enzymatic treatment, but the current
prospects for its biodegradation are very promising. Numerous studies have shown the use-
fulness of bacteria of the genera Ideonella, Bacillus, and Streptomyces, along with the enzymes
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produced from the esterase and cutinase group, the so-called PETases [101,104,108]. The
discovery of such microorganisms with their ability to produce PET hydrolyzing enzymes,
and their possible application in polymer biodegradation may be an innovative approach
in waste management in line with the circular economy system, which meets the goals of
sustainable development [108].

Currently, new packaging materials, mainly those which are bio-based and biodegrad-
able, are gaining interest among the consumers and food manufacturers. An interesting
example of such a polymer is chitosan (Figure 6).
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Figure 6. The fragment of chitosan structure.

Chitosan is a biopolymer obtained after chitin deacetylation, the discovery of which
is attributed to the French physiologist Charles Rouget, who in 1859 heated chitin (a
glycan consisting of N-acetyl-D-glucosamine molecules) in an alkaline solution. From the
chemical point of view, this polysaccharide is a linear polymer consisting of D-glucosamine
units linked with 3 1-4 glycosidic bonds. The process of removing acetyl groups is not
often entirely performed; therefore there are several chitosan preparations available on
the market with different degrees of deacetylation [113,114]. Interestingly, the industrial
production of chitosan started in Japan in 1971 [115].

It is believed that chitin, along with cellulose, is one of the most common biopolymers
found worldwide. The main sources of chitin and chitosan are crustaceans (shrimps and
prawns, krills, or crabs), and insects, together with microorganisms, mainly fungi, algae,
and some yeasts [113,116]. Shells and other inedible parts, i.e., crustacean waste, are a good
source for these polysaccharides, especially since their contents in this arthropod taxon
reach up to 20% dry weight and seafood consumption will grow increasingly [113,117]. In
the last few years, several biotechnology companies, such as the Mycodev Group (Freder-
icton, NB, Canada), Chibio Biotech Co., Ltd. (Qingdao City, Shandong Province, China),
and KitoZyme (Herstal, Belgium), have launched and have been producing the so-called
“vegetal chitosan” or “mycochitosan”, a fully nonanimal source for this polymer obtained
through the fermentation process with the use of filamentous fungi; hence, these prepara-
tions may be an alternative for people with shellfish allergies and for vegetarians [113].

The properties of chitosan and PET differ, especially in terms of strength and hardness.
Therefore, these polymers cannot be replaced one-to-one, but other attributes of the former
allow the use of plastics to be limited, as mentioned below. One of the main advantages of
this polysaccharide is that it can be consumed as opposed to petroleum-based synthetic
polymers. Chitosan has been considered as material for food packaging, but also as a
dietary supplement, biofertilizer, and biopesticide. Moreover, hydrogels and wound-
healing bandages based on chitosan are currently obtainable on the market [117]. This
polymer could be used for bodyweight reduction, but there are some concerns that it may
interact with fat-soluble vitamins. The lowest observed adverse effect level (LOAEL) for
chitosan is relatively high and it accounts for 450 mg/kg for men and 6000 mg/kg for
women [117]. In the case of oral median lethal dose (LDsg) in mice, it was revealed that the
value was higher than that of sucrose and it exceeded 16 g/day/kg body mass [114].

Furthermore, its potential widespread application comes from both biological and
physical properties, such as antimicrobial activity, biodegradability, and film-forming
ability. Chitosan is not soluble in water and organic solvents but dissolves in dilute acetic or
hydrochloric acids. Chitosan-based edible coatings and films are able to extend the shelf life
of food products, prolong their quality, improve nutritional and antioxidant properties, and
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prevent the growth of food-spoilage microorganisms. In order to improve some features
of such films, various additives are added, such as plasticizers in the form of polyols (e.g.,
glycerol) and emulsifiers. Chitosan can also be blended with other biopolymers, such as
alginate, pectin, starch, or caseinate, or enriched with different valuable compounds (e.g.,
polyphenol extracts) to enhance its applicability [118].

Among various polymers, chitosan is distinguished by its antimicrobial activity. Inter-
estingly, two different mechanisms may be responsible for this activity, but in each case the
chemical structure is the clue. The first mechanism is associated with chitosan binding to
DNA molecules causing bacterial cell death. In the second one, chitosan and more specifi-
cally the amino groups in the chain of this polysaccharide in the acidic medium generate
a cationic charge that binds to negatively charged bacterial cell walls and membranes,
resulting in permeability disturbances and cell leakage. In addition, by lowering the pH
value, the improvement in the antibacterial activity is observed due to the increase in the
protonation of the amino groups [119].

Chitosan shows remarkable potential for biomedical applications. Apart from already-
mentioned bioactive dressings for healing wounds and burns, this polysaccharide can be
used in preparing drug delivery systems of different forms (tablets, gels, granules, films,
or microcapsules) or can serve as an artificial kidney membrane impermeable for serum
proteins, and potential material for contact lenses, specifically due to its good tolerance
by living tissues [116]. Over the past few decades, scientists were also interested in the
use of chitosan in tissue engineering and regenerative medicine. Both PET and expanded
polytetrafluoroethylene (ePTFE) are usually standard materials for prosthetic vascular
grafts, but the need for small-diameter (<4 mm) application becomes problematic with
the use of these two synthetic polymers [120]. Chupa et al. [121] indicated the meaningful
potential of chitosan and its complexes with glycosaminoglycans or dextran sulfate in the
preparation of newly bioactive materials that exhibited activity both in vitro and in vivo
and modulated the activity of smooth muscle and vascular endothelial cells.

Pure chitosan films are not thermoplastic and thus cannot be softened by heating,
thus their extrusion, molding, or heat-sealing is limited [122]. Some properties of chitosan-
based films, e.g., water vapor and oxygen permeabilities, are thus important parameters
influencing the applicability of the coating or film for food packaging (since the moisture
and oxygen levels can lead to lowering the quality of food), can change depending on
the addition of some materials incorporated into chitosan films, as well as the charac-
teristics of chitosan, i.e., the degree of deacetylation and the methodology of coatings
and films manufacturing. Wang et al. [118] reported that the use of organic compounds
such as polyphenols in chitosan films led to a decrease in water vapor permeability due
to the interactions between compounds and limiting interactions with water molecules.
Moreover, the use of nanoparticles led to similar observations because good dispersion
in the film and filling the spaces resulted in hindered migration of water. Furthermore, it
is believed that the tightly packed structure of chitosan with plenty of hydrogen bonds
may have limited oxygen permeability, and the incorporation of chitosan-based films with
graphene oxide nanosheets or silver nanoparticles caused a significant reduction in oxygen
permeability [119].

In the near future, chitosan-based packaging may find its niche in producing active
and intelligent packaging. The first type, in addition to the features typically assigned
to packaging, is characterized by carrying additional properties maintaining the quality
and increasing the safety of the products, which in the case of chitosan relates to its
antimicrobial and antioxidant activities [119]. The term “intelligent” in the case of the latter
refers to the possibility of using packaging for real-time food quality monitoring. This
approach arouses the interest of scientists, thereupon extensive research is undertaken,
but also industry attention is attracted. Recently colorimetric and pH-indicating films are
under special examination, where both their manufacturing and specific properties on the
selected food products are assessed. Methylene blue is an example of a dye applied in
chitosan-based films, whereby its color depends on oxygen concentration in the atmosphere
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surrounding the product and decreasing oxygen content may indicate microbiological
contamination [118]. As pH-indicating compounds, both synthetic and natural substances
are used in chitosan films. The studies on the use of alizarin, along with anthocyanins
from purple potato or grapes were conducted and confirmed the applicability of these
compounds to monitor changes in food, where pH alternations may suggest that the
product is stale or contaminated [118,119].

Concluding, it cannot be clearly stated which polymer is better, PET or chitosan.
Similarly it cannot be confirmed with certainty that the latter, i.e., a polymer of natural
origin, will replace PET because they differ significantly in their properties. PET is primar-
ily a packaging material used in the beverage industry with high hardness and rigidity.
Inversely, chitosan is used to create coatings and films, and the possibility of producing
edible packaging is an additional advantage. Finally, the prospect of producing active
and intelligent packaging based on chitosan, which will be also edible, biodegradable,
and compostable, points in favor of its use. Therefore, the production of chitosan-based
packaging will be a limitation in the use of PET, replacing it in selected applications, rather
than a complete replacement.

5. Polyvinyl Chloride vs. Pullulan

Polyvinyl chloride—PVC—is a long-chain thermoplastic polymer produced by a free-
radical polymerization of vinyl chloride monomer. Industrial synthesis of PVC is dated to
the early 1930s, and recent estimates account production volume as third among plastics
after polypropylene and polyethylene, and up to 25% of total plastic production [21]. The
basic raw materials for the PVC synthesis come from crude oil and sodium chloride and
hence only 43% of this polymer mass is petroleum-based [123]. The chemical formula of
PVC is (CoH3Cl)y, and the chemical structure is a long chain with the repeating unit of
vinyl chloride, as shown in Figure 7.
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Figure 7. The fragment of polyvinyl chloride structure.

As a thermoplastic material with excellent chemical and mechanical properties, PVC
has widespread uses. These properties together with low production cost affect the eco-
nomic significance of PVC worldwide. The most important properties are polymer dura-
bility, high chemical resistance, resistance to water and weather conditions, and adhesive-
ness [124,125]. Moreover, because of its high polarity, it has the ability to accommodate a
wide range of additives such as stabilizers, plasticizers, lubricants, or pigments [126]. The
addition of different chemicals to PVC resins modifies its properties and may change the
possible way of use. The unplasticized PVC is hard and rigid and can be used in plumb-
ing, construction, fencing, or drainage systems, whereas plasticizers incorporated into the
polymer make it softer and more flexible, thus useful in electrical cable insulation, medical
devices, or inflatable toys [127]. These hard and soft variants of PVC compounds differ
considerably in terms of the Tg and flexibility at specific temperatures [128]. Additionally,
high transparency of this polymer is useful in film production or light-transmitting panels.
It is a lightweight material, with high strength-to-weight ratio, which imparts no taint
or taste. Notwithstanding, almost 70% of PVC compounds is used in the construction
industry [129], next in medicine (flexible blood containers or inhalation masks) [130,131],
and the packaging industry (wrap films with good oxygen barrier properties) [132].

Despite the outstanding position of PVC mainly among medical polymers, it is con-
sidered to be harmful to both human and environment because of various chemicals and
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dangerous degradation products released during its life cycle [123]. Its complex composi-
tion together with low thermal stability makes this polymer difficult to recycle, but there
are available techniques for the management of PVC waste, both mechanical [133] and
feedstock [134].

Pullulan is an extra-cellular, unbranched, water soluble, neutral, nonionic, nontoxic,
nonmutagenic, noncarcinogenic exopolisaccharide. This biopolymer is obtained from
fermentation medium of the fungus-like yeast Aureobasidium pullulans, generally referred
to as “black yeast”. The final yield of pullulan is highly affected by media composition and
culture conditions [135,136]. The large scale production started in 1976 by Hayashibara
Co., Ltd. (Okayama, Japan), which is still the leading commercial producer worldwide
together with Shandong Jinmei Biotechnology Co., Ltd. (Zhucheng, China). Pullulan is
generally marketed as white or off-white dry powder or capsules [137]. The chemical
formula of pullulan has been suggested to be (C¢Hj9Os5)n, and its chemical structure
consists of repeating units of maltotriose linked with each other by the « 1-6 glycosidic
bonds [138-140]. Pullulan structure is often seen as an intermediate between amylose and
dextran structures. The chemical structure is shown in Figure 8.
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Figure 8. The fragment of pullulan structure.

The peculiar structure of pullulan (mainly the « 1-6 linkages) affects strongly its high
solubility in both cold and hot water, and its lack of ability to form gels. It is responsible for
the high structural flexibility, but is also reflected in the lack of crystalline regions within
the polymer, which has a completely amorphous organization [141]. Pullulan compounds
have a high heat resistance and are biodegradable in biologically active environments,
therefore it can be utilized in many different ways. It has a significant mechanical strength,
adhesiveness, thick film, and fiber formability, stability of aqueous solution over a broad
range of pH, low viscosity, and good oxygen- and moisture-barrier properties [136,142];
it also inhibits fungal growth in food [143]. Pullulan can be formed into compression
moldings that can resemble PS and PVC in transparency, gloss, hardness, and strength, but
which are far more elastic [135]. Additionally, the capacity to form thin layers, nanoparticles,
flexible coatings, and standalone films means it can successfully replace other synthetic
polymers derived from petroleum, such as polyvinyl alcohol [138].

This polysaccharide is also colorless, tasteless, odorless, and, what is more important,
edible, however, not attacked by the digestive enzymes in human gut [136,142]. It has a
“generally recognized as safe” status in the United States [144] and in the European Union
is a food additive of microbial origin E1204 [145].

As anonpolluting “plastic”, the biodegradable and biocompatible biopolymer pullulan
could be used in different sectors, especially pharmaceutical (hard and soft capsules, drug
delivery systems, anticancer nanoparticles) [146,147], biomedical (wound healing) [137],
environmental, food, and cosmetics (body and skin application) [148]. However, despite all
the pullulan advantages, its high cost is the limiting factor for wide scale applications.

The most emerging area of interest in pullulan application is still the food packag-
ing sector. Because of the nonbiodegradable character of synthetic polymers and their
great impact on the environment, research remain focused on developing ecofriendly and
biodegradable food packaging systems obtained from natural sources. Such applications
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are edible coatings and active films, which are known to protect food, extend the shelf life
of the product, and improve its quality. A thin layer of pullulan is formed directly on the
surface of a product and can be safely eaten with a protected food. Pullulan was used as
an edible coating on, e.g., highbush blueberries [149], Fuji apples [150], and white aspara-
gus [151]. Moreover, pullulan is also an excellent medium for different compounds, which
play an important role in prolonging shelf life: chitosan [152], thymol [153], pectin [154], or
propolis [142].

6. Summary

The most important properties of the polymers discussed earlier in this paper have
been collected and are presented below (Table 1).

Table 1. Selected properties of all the polymers discussed in this paper.

Pairs of Polymers (Fossil-Bio)

Property

PE-PHB PS-PLA PET-Chitosan PVC-Pullulan
Density (kg/m?) 950 ¢ 1262 4 1111-11274  1248-12904  1300-1500 © 1000 © 1330-1380¢ 1500 = 100 ¢
Young/s c - a c f d g c *
Modulus (GPa) 0.7 3-3.5 34 3.0 1.7 0.63 34 N/A
Tensile Strength 5, )4 20-402 345689 50-70 ¢ 620 9.78 48°¢ 402¢
(MPa)
Elongation
at Break 200-700 2 5-102 1-2.3P 40f 30-80P 268 85-104 4 N/A*
(%)
Flexug‘}[s;ength 404 33-40 ¢ 68.9-103 b 100 f 96.5-124.1b N/A* 724 N/A*
Izod Notched
Impact Strength 60-80 4 35-50 4 21°b 26" 59b N/A* 21-53 4 N/A*
(J/m)
Degree
of Crystallinity 25-80 2 50-60 2 N/A* 35-142 7974 57h 11-154 N/A*
(%)
Melting
Temp. 3904102 440-450 2 5134 440-470 2 5302 360 € 485-583 4 193¢
(K)
Glass Transition ) 5700 578 ogpa 3734 320-330 2 340-354 2 N/A* 353-370 4 N/A *

Temp. (K)

a[29],? [53], © [155], 9 [156], © [157], f [158], 8 [159], ' [160], * N/A—not available.

The total replacement of crude oil-based polymers with bio-based polymers is not yet
possible, mainly because of functional properties of synthetic polymers, namely durability,
mechanical, and water vapor barrier. Therefore, to partially eliminate synthetic polymers
from packaging systems and to reduce environmental impact, biopolymers combined
with crude oil-based polymers are of interest. Chemical modification helps in combining
specific characteristics of different polymers, resulting in a unique and suitable material
with interesting properties [161].

7. Conclusions

Bio-based polymers can replace crude oil-based polymers in a variety of applications
from everyday products to medical materials or advanced technology. Yet a noticeable
difference in the physicochemical parameters between both groups of polymers prevents
the petroleum-based synthetic polymers from being substituted directly by their bio-based
counterparts. Nevertheless, the replacement of crude oil-based polymers by bio-based
polymers in only selected applications would considerably diminish the net carbon foot-
print and create sustainable solutions in polymeric materials management. Many bio-based
polymers such as PHB and PLA, which are commonly adapted in the production of bio-
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compatible devices extensively used in surgery, drug delivery, and cardiovascular systems,
or dentistry, can successfully compete with their hydrocarbon polymeric analogues, namely
PE and PS. PLA meets all the requirements to be a perfect biomaterial, whereas PS, which
may be contaminated with residual styrene, might be considered cancerogenic. Similarly,
PVC, used primarily in the construction, medical, and packaging industry, is regarded as
toxic to humans and the environment due to harmful compounds released during its life
cycle.

The food packaging sector, which is dominated by PET, a polymer resistant to biodegra-
dation, is currently searching for a bio-based and biodegradable replacement. Chitosan,
one of the most widespread biopolymers found in nature, can at least in part rival PET
and contribute to a considerable reduction in plastics. This polysaccharide, which has a
film-forming ability, is edible and can be consumed together with the food product; addi-
tionally, its antimicrobial and antioxidant properties can increase the safety and stability
of the protected foodstuff. Edible coatings formed by pullulan are reported to prolong
the shelf-life of numerous fruit and vegetables; these properties can be enhanced by the
addition of other bioactive molecules. All of these ecofriendly and innovative advantages
may constitute a springboard for creating active and intelligent packaging in the future.
However, PET is still the best option for the beverage industry, which needs hard and rigid
polymeric materials for packaging.

The implementation of bio-based polymers in many industrial sectors is currently
limited mainly due to the high costs of their production. The manufacturing of crude
oil-based polymers remains still more cost-effective, although such polymers are resistant
to biodegradation, and their recycling is as yet uneconomical.

A significant challenge for the future is to synthesize novel, sustainable bio-based
polymers with such functionalities that could enable the substitution of their conventional
analogues. Biotechnology is a strategic factor, which can notably contribute to the transition
from fossil-derived plastics to bioplastics acquired from renewable resources. Technological
advancements and new biotechnological findings may allow for better development of
bio-based materials and reduce production expenditures.
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Abstract: Lignin and cellulose derivatives have vast potential to be applied in polymer materials. The
preparation of cellulose and lignin derivatives through esterification modification is an important
method to endow cellulose and lignin with good reactivity, processability and functionality. In this
study, ethyl cellulose and lignin are modified via esterification to prepare olefin—functionalized
ethyl cellulose and lignin, which are further used to prepare cellulose and lignin cross—linker
polymers via thiol-ene click chemistry. The results show that the olefin group concentration in
olefin—functionalized ethyl cellulose and lignin reached 2.8096 mmol/g and 3.7000 mmol/g. The
tensile stress at break of the cellulose cross—linked polymers reached 23.59 MPa. The gradual
enhancement in mechanical properties is positively correlated with the olefin group concentration.
The existence of ester groups in the cross—linked polymers and degradation products makes them
more thermally stable. In addition, the microstructure and pyrolysis gas composition are also
investigated in this paper. This research is of vast significance to the chemical modification and
practical application of lignin and cellulose.

Keywords: lignin; ethyl cellulose; cross—linked polymer; thiol-ene click chemistry

1. Introduction

With the increasing depletion of fossil resources and the increasing environmen-
tal problems of “white pollution” and “microplastics” caused by the extensive use of
non—degradable petroleum—based polymers, the use of bio—based raw materials, instead
of petroleum—based compound raw materials, to prepare polymer materials has attracted
widespread attention [1]. Cellulose has become an ideal raw material for bio—based
polymer materials due to its rich sources, low price, excellent biodegradability, easy modifi-
cation and many other advantages. Cellulose and its derivatives have been widely used in
the fiber, paper, film, plastics, coatings and other industrial fields [2-4]. However, due to
the existence of a large number of hydrogen bonds within and between the molecules of
natural cellulose, the complexity of cellulose aggregation structure and high crystallinity,
cellulose is insoluble in water and general organic solvents, in addition to not being able of
being melted or processed as traditional plastics, which severely limits the application of
cellulose materials. The chemical modification of cellulose includes oxidation, esterification,
etherification and other grafting methods [5-7]. At present, the esterification derivatives
of cellulose include cellulose acetate, cellulose propionate, cellulose butyrate and various
cellulose—mixed esters, which are widely used in plastics, coatings, separation membranes,
cigarette filters and other daily necessities [8-10].

Lignin is a rich natural resource. Compared with other biomass products, lignin has a
relatively complex structure and contains a variety of functional groups [11]. It has broad
research prospects for the development of appropriate methods for separating and extract-
ing lignin, and then prepare functional composites. At present, lignin has been applied
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to the preparation of high—value materials, such as porous carbon materials, adsorption
materials, capacitor electrode materials, graphene materials, surfactants and hydrogels,
and has broad application prospects in the energy, medical, construction, agriculture and
other fields [12-16]. The structural unit of lignin is similar to that of phenol. Preparing
lignin—based phenolic resin by partially replacing phenol with lignin is the most feasible
method [16-20]. Lignin and its derivatives can be used to synthesize bipolar plate materials
for phenolic resin fuel cells, phenolic resin catalysts, phenolic resin foams, phenolic resin
adhesives and other phenolic resin materials [21-23]. Since the 20th century, researchers
have been exploring the preparation of lignin—based phenolic resin by replacing phenol
with structurally modified lignin derivatives. After the 1990s, the preparation technology
of lignin—based phenolic resin developed rapidly because many kinds of structurally
modified lignin derivatives with flame retardancy were produced. However, due to the
shortcomings of high pollution, high energy consumption, and a complex preparation
process, lignin—based phenolic resin cannot be produced on a large scale.

As a simple C-5 bonding reaction, “thiol-ene” reaction was discovered over 100 years
ago [24]. This reaction has very attractive advantages: First, the C-S bonding reaction
can be conducted under a variety of conditions. Secondly, various olefins can be used as
suitable substrates, including activated and inactive polysubstituted olefins. Third, almost
all mercaptans can be used for reactions, including highly functional substances. Finally,
this reaction is very rapid, and the reaction conditions are mild, which can be conducted
in the air environment [25-27]. The “thiol-ene “click reaction can be initiated by free
radicals, initiated by ultraviolet light and free radicals using natural light, red light and
redox system. The click reaction is fast and can be performed under normal temperature
and pressure. If it is initiated by ultraviolet light, the reaction yield can reach more than
90% in a few seconds. As a means of constructing new materials, the “thiol-ene” click
reaction has many advantages: olefin compounds are very rich, with high selectivity, and
can synthesize a large number of compounds with various structures [28-31]. Recently, Jaw-
erth reported that the ethanol—soluble fraction of Lignoboost Kraft lignin was selectively
allylated using allyl chloride by means of a mild and industrially scalable procedure. The
obtained modified lignin was then subsequently cross—linked to prepare thermosetting
resin via thermally induced thiol-ene chemistry [29]. Cao et al. prepared thermosetting
lignin—based polyurethane coatings with superior corrosion resistance and a high content
of lignin by the polymerization of lignin—based polyol. Firstly, the phenolic hydroxyls
of enzymatic hydrolysis lignin were, firstly, selectively converted to primary aliphatic hy-
droxyls by an allylation reaction. Subsequently, the thermal radical initiated thiol-ene click
reaction was applied to efficiently prepare the lignin—based polyol [30]. Zeng et al. devel-
oped durable a superhydrophobic and oleophobic coating based on perfluorodecanethiol
fluorosilicone polyurethane (PFDT—FSPU) and thiol—modified cellulose substrate. The
cross—linked network structure was formed by the radical polymerization of double bonds
in PFDT—FSPU when the polyurethane was irradiated with ultraviolet light, and it was
anchored on the surface of the cotton fibers by click reaction between the thiol —modified
cellulose substrate and PFDT—FSPU. The coated fabric showed excellent durability and
can still maintain superhydrophobicity and oleophobicity even after 600 cycles of abrasion
or 30 times of washing cycles or 168 h of accelerated aging test [31].

The chemical modification of ethyl cellulose and lignin to prepare olefin—functionalized
lignin and ethyl cellulose can effectively increase reaction activity and enrich their ap-
plication performance. The chemical modification of ethyl cellulose and lignin to con-
struct new functional materials has become a major strategy to increase their added value.
In this study, ethyl cellulose (EC) and lignin are modified via esterification to prepare
olefin—functionalized ethyl cellulose and lignin, which are further used to prepare cellu-
lose and lignin cross—linker polymers via thiol-ene click chemistry. The chemical structure
of olefin—functionalized EC and lignin, as well as ethyl cellulose and lignin cross—linked
polymers are characterized. In addition, the thermal stability, microstructure, mechanical
property and pyrolysis gas composition are also investigated.
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2. Experimental Procedure
2.1. Materials

Lignin (Hydroxyl content: 5.6 mmol/g), EC (Mw = 151,237, Mw unit = 454.5 g/mol,
DP = 332, Hydroxyl content: 1.57-1.82 mmole/g), 1—Hydroxycyclohexyl phenyl ke-
tone, undecylenic acid, 4—Dimethylaminopyridine (DMAP), trimethylacetic anhydride,
dichloromethane (DCM), methanol, tetrahydrofuran (THF), ketone, azodiisobutyronitrile
(AIBN), 3,6—Dioxa—1,8—octanedithiol and pentaerythritol tetra(3—mercaptopropionate)
were obtained from commercial resources and used as received, unless otherwise
mentioned.

2.2. Preparation of Olefin—Functionalized Ethyl Cellulose (OFE)

EC (3.0 g, 0.01975 mol), undecylenic acid (1.82 g, 0.009878 mol), DMAP (12 mg,
0.09878 mmol) and trimethylacetic anhydride (1.83 g, 0.009878 mol) were dissolved in
50 mL dry THF and stirred at 60 °C under a nitrogen atmosphere for 48 h. In order
to remove the unreacted undecylenic acid, the purification process was conducted by
repeating dissolution into dry tetrahydrofuran and precipitation from methanol. The solid
product was dried under vacuum to obtain OFE and label as EC—1—0.5. When the mole
ratios of EC, undecylenic acid, DMAP and trimethylacetic anhydride were 1:1:0.001:1 and
1:1.3:0.001:1, the obtained OFEs were labeled as EC—1—1 and EC—1—1.3, respectively.

Scheme 1 shows the Synthesis of OFE.
OR RO, OH
Vg 0
(0]

) /ﬁ/ o ~ 0 Trimethylacetic anhydride
I~~~ —
r?o O\m + OH  DAMP/24h/THF/60°C
OH OR
EC /

Undecylenic acid OFE

Scheme 1. Synthesis of OFE.

2.3. Preparation of Olefin—Functionalized Lignin (OFL)

Lignin (5.0 g, 28.75 mmol), undecylenic acid (2.645 g, 14.375 mmol), DMAP (17.53 mg,
0.14375 mmol) and trimethylacetic anhydride (2.677 g, 14.375 mmol) were dissolved in
50 mL dry THE. The mixture was stirred at 60 °C under a nitrogen atmosphere for 48 h. In
order to remove the unreacted undecylenic acid, the purification process was conducted by
repeating dissolution into dry tetrahydrofuran and precipitation from methanol. The solid
product was dried under vacuum to obtain OFLs and labeled lignin—1—0.5. When the mole
ratios of lignin, undecylenic acid, DMAP and trimethylacetic anhydride were 1:1:0.001:1 and
1:1.3:0.001:1, the obtained OFLs were labeled as lignin—1—1 and lignin—1—1.3, respectively.
Scheme 2 shows the synthesis of OFL.

OMpOH
o OH
OMe
0
ou MeO OMe
o] o
OMe © N /\/\/\/\)(i Trimethylacetic_anhydride o s
O O z OH  DAMP/24h/THF/60°C
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OH O
L \
Lignin Undecylenic acid OFL

Scheme 2. Synthesis of OFL.

2.4. Determination of Olefin Group Concentration in OFE and OFL

The olefin group concentration in OFE and OFL was investigated with the inter-
nal standard method using 1,2,4,5—tetrachloro—3—nitrobenzene as the interior label.
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OFE, OFL and 1,2,4,5—tetrachloro—3—nitrobenzene were dissolved in CDClj, and the
'H NMR of the mixture was tested. The signals at 5.0 ppm and 5.82 ppm from the pro-
tons of the olefin group were also integrated. The signal at 7.75 ppm from the protons of
1,2,4,5—tetrachloro—3—nitrobenzene was 100. A detailed calculation is presented in [32].

2.5. Preparation of Wood— Derived Polymers through the Chemical Cross—Linking of OFE and
OFL via Thiol-Ene Click Chemistry

OFL or OFL polymers, thiol cross—linkers and 1—-Hydroxycyclohexyl phenyl ketone
(5% of total mass) were dissolved in dry THF. The mixture was stirred for 30 min and
ultrasound for 20 min at room temperature. Then, the mixture was poured into a poly-
tetrafluoroethylene mold, dried under tin foil for 24 h and vacuumed for 24 h at room
temperature; then, a UV light was used for 10 min (two 10 W UV lamp tubes). The reactants
and obtained wood —derived polymers are shown in Table 1. A schematic diagram of the
chemical structure of the wood —derived polymers is presented in Scheme 3.

Table 1. Reactants and the obtained wood—derived polymers.

Cross—linked Polymer

Reactants

EC—-1-0.5—-2SH
EC—-1-1.0—-2SH
EC-1-1.3-2SH
EC—-1-0.5—4SH
EC—-1-1.0—4SH
EC-1-1.3-4SH
EC—Lignin—2SH

EC—Lignin—4SH

Lignin—1-1-2SH
Lignin—1-1-4SH

EC—1-0.5 and 3,6—Dioxa—1,8—octanedithiol,

n(—CH=CH-) = n(—SH)

EC—1-1.0 and 3,6—Dioxa—1,8—octanedithiol,

n(—CH=CH-) = n(—SH)

EC—1-1.3 and 3,6—Dioxa—1,8—octanedithiol,

n(—CH=CH-) = n(—SH)

EC—1-0.5 and pentaerythritol tetra(3—mercaptopropionate),
n(—CH=CH-) = n(—SH)

EC—1-1.0 and pentaerythritol tetra(3—mercaptopropionate),
n(—CH=CH-) = n(—SH)

EC—1-1.3 and pentaerythritol tetra(3—mercaptopropionate),
n(—CH=CH-) = n(—SH)

EC—-1-1, Lignin—1—1, and 3,6 —Dioxa—1,8—octanedithiol,
n(—CH=CH-)/n(—CH=CH-)/n(—SH) = 0.5:0.5:1

EC—1-1, lignin—1—1, and pentaerythritol tetra(3—mercaptopropionate),
n(—CH=CH-)/n(—CH=CH-)/n(—SH) = 0.5:0.5:1

Lignin—1—1 and 3,6—Dioxa—1,8—octanedithiol, n(—CH=CH—) = n(—SH)
Lignin—1—1 and pentaerythritol tetra(3—mercaptopropionate), n(—CH=CH—) = n(—SH)

2.6. Characterization

Fourier transform infrared spectrometry (FTIR) spectra were obtained using a PerkinElmer
spectrum 100 FTIR spectrometer. 'H NMR spectra were recorded on a Bruker Avance ITI HD
300 spectrometer using CDCI3 as the solvent with tetramethylsilane (TMS) as the internal
reference. The gel content (Cgej) was determined by Soxhlet extraction. First, approximately
0.5 g of polymer (recorded as mg) was precisely weighed, extracted with acetone for 24 h,
dried in a vacuum oven at 50 °C for 24 h and weighed again (recorded as mp). The Cge was
calculated using (m; /myp) x 100%, and the three samples were tested for average. TG—FTIR
spectra were analyzed by using a 409PC thermal analyzer coupled with a Nicolet IS10 FTIR
instrument. The temperature was increased from 40 to 800 °C at a rate of 10 °C min~! under a
N, atmosphere. Tensile tests were conducted on an E43.104 Universal Testing Machine (MTS
Instrument Crop., Shenzhen, China). Dog—bone shaped polymers with a length of 20 mm and
a width of 5.0 mm were tested at room temperature with a crosshead speed of 20 mm min .
Five replicate samples were used to obtain an average value for each. The microstructure of the
cross—linked polymer was determined using German Leica microscope DM750M.
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Scheme 3. Schematic diagram of the chemical structure of the wood —derived polymers through the
chemical cross—linking of OFE and OFL via thiol-ene click chemistry.

3. Results and Discussion

The esterification products of lignin and EC with undecenoic acid were characterized
with FT—IR and 'H NMR, As seen in Figure 1, there are two strong proton signals at
5.0 ppm and 5.82 ppm in the 'H NMR of undecenoic acid, which are attributed to the
protons of olefin [33,34]. There are no proton signals at 5.0 ppm and 5.82 ppm in the 'H
NMR of EC. After esterification, proton signals at 5.0 ppm and 5.82 ppm gradually increased
in the 1TH NMR of EC—1-0.5, EC—1—1.0 and EC—1—1.3. The results indicate that OFE
products were obtained. As seen in Figure 2, the strong peak at 1725 cm ™! is attributed to
the infrared absorption peak of the carbonyl group in the FT—IR of undecenoic acid [35-37].
There is no peak at 1725 cm~! in FT—IR of EC. After esterification, infrared absorption
peaks of the carbonyl group gradually increased in the FT—IR of EC—1-0.5, EC—1-1.0
and EC—1-1.3, which indicates that the carbonyl groups were formed after esterification.
The peak at 1675 cm ™! in the FT—IR of EC—1-0.5, EC—1-1.0 and EC—1-1.3 is attributed
to the olefin groups [35-37]. The formation of carbonyl groups and the appearance of olefin
groups suggests that OFE products were obtained.

The 'H NMR of OFL showed a similar characteristic absorption peak compared with
that of OFE. As seen in Figure 3, there are no proton signals at 5.0 ppm and 5.82 ppm in the
'H NMR of lignin. After esterification, proton signals gradually increased at 5.0 ppm and
5.82 ppm in the 'H NMR of lignin—1-0.5, lignin—1—1.0 and lignin—1—1.3. The results
indicate that OFL products were obtained. Similarly, the FT—IR of OFL showed a similar
characteristic absorption peak compared that of with OFE. As seen from Figure 4, the strong
peak at 1725 cm ™! is attributed to the infrared absorption peak of the carbonyl group in the
FT—IR of undecenoic acid [33,34]. There is no peak at 1725 cm~! in the FT—IR of lignin.
After esterification, infrared absorption peaks of the carbonyl group gradually increased
in the FT—IR of lignin—1—-0.5, lignin—1—1.0 and lignin—1—1.3, which indicates that the
carbonyl groups were formed after esterification. The peak at 1675 cm ! in the FT—IR
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of lignin—1-0.5, lignin—1—1.0 and lignin—1—1.3 is attributed to olefin groups [35-37].
The formation of carbonyl groups and the appearance of olefin groups suggests that OFL
products were obtained.

CHp=CH-

EC-1-1.3

EC-1-1

EC-1-0.5

Undecenoic acjd

EC N J\_ﬁ;
85 75 6.5 55 45 35 25 1.5 05 -05
Chemical shift(ppm)

Figure 1. 1H NMR of OFE, EC and undecenoic acid.

10-Undecenoic acid

Transmittance(%)

EC-1-1

3000 2000

Wave number(cm™1)

Figure 2. FT—IR of OFE, EC and undecenoic acid.
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Figure 3. "H NMR of OFL, lignin and undecenoic acid.
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Figure 4. FT—IR of OFL, lignin and undecenoic acid.

The olefin group concentration in OFL and OFE was determined with the internal
standard method using 2,3,5,6—Tetrachloro—3—nitrobenzene as the interior label. The H
NMR of OFL and OFE with the interior label was detected and the results are shown in
Figures 5 and 6. The strong signal at 7.75 ppm in Figures 5 and 6 is attributed to the protons
of 2,3,5,6—Tetrachloro—3—nitrobenzene [38,39]. The olefin group concentration in OFL
and OFE was calculated according to the procedure presented in a recent study [32]. The
results are shown in Table 2, revealing that the olefin group concentration in OFL increased
from 1.8060 to 2.8096 mmol/g when the n(—COOH):n(—OH) increased from 0.5 to 1.3.
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The olefin group concentration in OFE increased from 2.9200 to 3.7000 mmol/g when the
n(—COOH):n(—OH) increased from 0.5 to 1.3.

» 1,2,4,5-Tetrachloro-3-nitrobenzene
cl, cl
o :,"”Q
ngmn—l-O.SJ g
| PN

Lignin-1-1

Lignin-1-1.3
-

Lignin l

100 90 80 70 60 50 40 30 20 10 00 -10
Chemical shift(ppm)

Figure 5. '"H NMR of OFL with the interior label compared with lignin.
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Figure 6. 'H NMR of OFE with the interior label compared with EC.

Table 2. Olefin group concentration in OFL and OFE.

OFL and OFE Samples Olefin Group Concentration in OFL and OFE (mmol/g)
Lignin—1-0.5 1.8060
Lignin—1-1 2.3818
Lignin—1-1.3 2.8096
EC-1-0.5 2.9200
EC-1-1 3.5873
EC-1-13 3.7000

83



Polymers 2023, 15,1923

The chemical structure of EC cross—linked polymers and lignin cross—linked poly-
mers were investigated with FT—IR and 'H NMR. As seen from Figure 7, the FT—IR of
EC—1-1-2SH and EC—1-1-4SH was compared with EC—1—1. The peak at 1675 cm !
in the FT—IR of EC—1—1 is attributed to the olefin groups [35-37]. After the thiol-ene click
reaction, there is no peak at 1675 cm ! in the FT—IR of EC—1—1—2SH and EC—1—1—24H.
The chemical structure of the dissolved part for EC cross—linked polymers was investi-
gated with 'H NMR. As seen from Figure 8, the 'H NMR of EC cross—linked polymer was
compared with that of EC—1—1. The two strong proton signals at 5.0 ppm and 5.82 ppm in
the "H NMR of EC—1—1 are attributed to the protons of olefin [33,34]. When the thiol-ene
click reaction finished, there were no protons at 5.0 ppm and 5.82 ppm in the 'H NMR of
EC—1—-1—-2SH and EC—1—1—4SH, which indicates that there was a thiol-ene click reac-
tion between OFL and the cross—linker (3,6 —Dioxa—1,8—octanedithiol, pentaerythritol
tetra(3—mercaptopropionate)), and that the EC cross—linked polymers were obtained.

Z
™
N’
(9]
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& [|EC-1-1-2SH
j: ]
g
172}
=
ﬁ | C=0
H I
'EC-1-1-4SH Vﬂﬂ N/\\

3000 2000
Wave number(cm-1)

Figure 7. FT—IR of EC cross—linked polymers compared with that of EC—1—1.
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Figure 8. 'H NMR of EC cross—linked polymer compared with that of EC—1—1.

Figure 9 shows the FT—IR of ligin—1—1-2SH and lignin—1—1-4SH compared with
that of lignin—1—1. The peak at 1675 cm ! in the FT—IR of ligin—1—1 is attributed to
olefin groups [35-37]. When the thiol-ene click reaction finished, the peak at 1675 cm ™!
in the FT—IR of ligin—1—1—2SH and ligin—1—1—4SH decreased obviously, which shows
that there is still a small amount of the olefin group in the lignin cross—linked polymer.
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Figure 10 shows the 'H NMR of the chemical structure of the dissolved part for the lignin
cross—linked polymers. The 'H NMR of the lignin cross—linked polymer was compared
with that of lignin—1—1. The two strong proton signals at 5.0 ppm and 5.82 ppm in the 'H
NMR of ligin—1—1 are attributed to the protons of olefin [34,34]. After the thiol-ene click
reaction, the proton signals at 5.0 ppm and 5.82 ppm in the 'H NMR of lignin—1—1—2SH
and lignin—1—1—4SH appeared weak and almost disappeared, which indicates that the
thiol-ene click reaction between OFL and cross—linker (3,6 —Dioxa—1,8—octanedithiol,

pentaerythritol tetra(3—mercaptopropionate)) is incomplete, because the precise proportion
of olefin and sulfhydryl is difficult to control.
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Figure 9. FT—IR of lignin cross—linked polymer compared with that of lignin.
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Figure 10. 'H NMR of lignin cross—linked polymer compared with that of lignin.

Figure 11 shows the FT—IR of the EC-lignin cross—linked polymer compared with that
of lignin—1—1, EC—1—1 and undecenoic acid. When the thiol-ene click reaction occurred,
the peak at 1675 cm ! in the FT—IR of EC—ligin—2SH and EC—ligin—4SH was weaker than
those of lignin—1—1 and EC—1—1, which shows that there is still a small amount of the olefin
group in the EC-lignin cross—linked polymer. Figure 12 shows the 'H NMR of the chemical
structure of the dissolved part for the EC-ligin cross—linked polymers, and the 'H NMR of the
lignin cross—linked polymers compared with that of lignin—1—1 and EC—1—1. The proton
signals at 5.0 ppm and 5.82 ppm in the 'H NMR of EC—ligin—2SH and EC—ligin—4SH were
low, which was caused by the thiol-ene click reaction.
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Figure 11. FT—IR of the EC-lignin cross—linked polymers compared with that of lignin—1-—1,
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Figure 12. ITH NMR of EC-lignin cross—linked polymer compared with those of lignin—1—1 and
EC—-1-1.

The tensile stress and strain at break of the EC and cross—linked polymers were inves-
tigated and the results are shown in Figures 13-16. As seen in Figure 13, the tensile stress
and strain at break of EC were 146.8 MPa and 1.32%, respectively. For the cross—linked
polymers, the tensile stress and strain at break increased when the olefin group concen-
tration increased in OFE. When the olefin group concentration increased from 2.9200 to
3.7000 mmol/g, the tensile stress at break increased from 16.41 MPa to 23.59 MPa, as seen
in Table 3, while the tensile strain at break firstly increased from 17.25% to 19.41% and then
decreased to 18.12%. When the pentaerythritol tetra(3—mercaptopropionate) was used as
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cross—linker, as seen in Figure 15, the tensile stress at break increased from 6.86 MPa to
13.94 MPa, and the tensile strain increased from 14.85% to 22.38. EC—lignin—4SH showed
excellent tensile properties compared to EC—lignin—2SH. The tensile stress at break for
EC—lignin—4SH was 15.19 MPa, which is higher than that of EC—lignin—2SH at 13.72 MPa,
and the tensile strain at break increased from 15.12% to 17.25%. The gradual enhance-
ment in mechanical properties is positively correlated with the olefin group concentration.
The mechanical properties of the lignin cross—linked polymers (lignin—1—1—2SH and
lignin—1—1—4SH) were not tested because the polymers were in powder form. Compared
with EC, the tensile strength of the cross—linked polymers decreased significantly, but the
tensile strain increased sharply, which is caused that the flexible aliphatic hydrocarbon
chain from undecylenic acid as the branched chains of EC and lignin increased the distance
among the main chains, weakened the interaction force among the main chains and re-
duced the hydrogen bond interaction in the matrix of EC and lignin. The flexible aliphatic
hydrocarbon chain from undecylenic acid contributed to plasticization by functioning as
an internal plasticizer.
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Figure 13. Tensile stress and strain of EC.
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Figure 14. Tensile stress and strain of the EC cross—linked polymers using 3,6 —Dioxa—1,8—octanedithiol
as the cross—linker.
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Figure 15. Tensile stress and strain of the EC cross—linked polymers using pentaerythritol
tetra(3—mercaptopropionate) as the cross—linker.
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Figure 16. Tensile stress and strain of the EC-lignin cross—linked polymers.

Table 3. Tensile stress, tensile strain and Cgg of the cross—linked polymers.

Polymer Films Tensile Stress (MPa) Tensile Strain (%) Cge (%)
EC 146.89 £+ 10.24 1.32 £ 0.02 —
EC—-1-0.5—2SH 1641 £1.22 17.25 £ 0.19 949+ 0.8
EC—-1-1.0—2SH 16.53 £1.10 1941 £2.18 96.4 + 0.4
EC-1-1.3-2SH 23.59 +3.01 18.12 £ 0.13 98.0 £ 0.4
EC—1-0.5—4SH 6.86 + 0.21 14.85 +£ 1.11 92.7 £ 0.6
EC—-1-1.0—4SH 10.55 £ 0.89 16.92 £1.76 943 +0.7
EC—-1-1.3—4SH 13.94 £+ 1.00 22.38 + 3.20 952+ 0.9
EC—Lignin—2SH 13.72 £ 0.02 15.12 £ 1.19 948+ 0.2
EC—Lignin—4SH 15.19 £ 1.03 17.25 £ 2.10 972+ 0.5

Lignin—1-1-2SH — — —
Lignin—1-1—4SH — — —
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The Cgg of the cross—linked polymers were detected and the results are shown in
Table 3. The results show that Cg is positively correlated to the tensile stress for the same
type of polymers. For the EC—n—2SH cross—linked polymers, when the tensile stress
increased from 16.41 MPa to 23.59 MPa, the Cg increased from 94.9% to 98.0%. The other
cross—linked polymers showed the same relationship between the gel content and the
tensile strength.

The microstructure of the cross—linked polymers were investigated using a Leica
DM?750M optical microscope. As seen in Figure 17, the EC cross—linked polymers showed
a uniform surface structure without large cracks or micropores, while the EC—lignin
polymers showed an uneven surface structure with many large cracks and micropores,
which may be due to solvent evaporation.

EC-1-0.5-2SH -1.0- EC-1-1.3-2SH

EC-1-0.5-4SH EC-1-1.0-4SH EC-1-1.3-4SH

Figure 17. Microstructure of the cross—linked polymers.

Figure 18 shows the thermal stability of the EC and cross—linked polymers. Only one
thermal degradation stage occurred at 360-370 °C for EC and all cross—linked polymers. It
has been reported that, when cellulose—based polymers are degraded at high temperatures,
their polymerization degree is reduced, the chemical composition also changes and the
carbonyl groups increase [40,41]. When cellulose—based polymers are fully degraded,
carbon monoxide, carbon dioxide, ethylene, water and carbon are produced [42,43]. Table 4
shows the thermal degradation temperature (Ty), the peak value of the thermal degradation
temperature (Tp) and the char residue of the cross—linked polymers. The thermal stability
of the cross—linked polymers (EC—1—-1.0—2SH, EC—1—-1.0—4SH and EC—1—-1.3—4SH)
was higher than that of EC. The T4, Tp and char residue of the cross—linked polymers
increased compared with those of EC. This is because OFE and the cross—linkers, such as
3,6—Dioxa—1,8—octanedithiol and pentaerythritol tetra(3—mercaptopropionate), contain
thermostable ester groups, which makes the cross—linked polymers difficult degrade.
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Figure 18. TGA (a) and DTG (b) curves of the cross—linked polymers.

Table 4. T4 Tp and char residue of the cross—linked polymers.

Cross—linked Polymers Tq (°CO) Tp (°C) Char Residue (%)
EC 339.8 364.1 0.9
EC—-1-1.0-2SH 348.2 370.2 6.6
EC—-1-1.0—-4SH 346.8 371.2 7.2
EC-1-1.3-4SH 344.0 374.1 5.7

In order to further investigate the composition of the thermal degradation products,
TGA—FTIR was carried out. Figures 19 and 20 show the 3D and 2D FT—IR, respectively,
of EC (a), EC—1—1.0—2SH (b), EC—1—1.0—4SH (c) and EC—1—1.3—4SH (d). The infrared
characteristic absorption peak of the gas phase of the thermal degradation products can be
clearly observed in Figure 20. The data were collected at the fastest decomposition temperature
of 340 °C. The infrared characteristic absorption peaks at 3684, 2979, 2306 and 1747, 1391,
1057 cm~! were attributed to H,O, aliphatic hydrocarbon segments, CO, and degradation
products containing ester groups, respectively [44—46]. The existence of ester groups in the
cross—linked polymers and degradation products make them more thermally stable.
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Figure 19. Three—dimensional FT—IR of EC (a), EC—1-1.0—-2SH (b), EC—1-1.0 — 45H (c) and
EC—1-1.3—4SH (d).
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Figure 20. Two—dimensional FT—IR of EC, EC—1—-1.0—25H, EC—1—-1.0—4SH and EC—1—-1.3—45SH.

4. Conclusions

In this study, ethyl cellulose and lignin were modified via esterification to prepare
olefin—functionalized ethyl cellulose and lignin, which were further used to prepare cellu-
lose and lignin cross—link polymers via thiol-ene click chemistry. The results show that the
olefin group concentration in the olefin—functionalized ethyl cellulose and lignin reached
2.8096 mmol/g and 3.7000 mmol/g, respectively. The tensile stress at break of the cellulose
cross—linked polymers reached 23.59 MPa. The gradual enhancement in the mechanical
properties was positively correlated with the olefin group concentration. Compared with
EC, the tensile strength of the cross—linked polymers decreased significantly, but the ten-
sile strain increased sharply. The flexible aliphatic hydrocarbon chain from undecylenic
acid contributed to plasticization by functioning as an internal plasticizer. The changes in
mechanical properties make the cross—linked polymers easier to process, expanding their
application range. The EC-lignin polymers had an uneven surface structure and there were
many large cracks and micropores due to the rigid benzene ring structure of lignin. The
infrared characteristic absorption peaks at 3684, 2979, 2306 and 1747, 1391, 1057 cm ! indi-
cated that H,O, aliphatic hydrocarbon segments, CO, and degradation products containing
ester groups were released. The existence of ester groups in the cross—linked polymers
and degradation products makes them more thermally stable. The obtained ethyl cellulose
and lignin cross—link polymers are of great significance for practical applications and
contribute towards the high—value—added utilization of lignin and cellulose.
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Abstract: Biomass fillers offer the possibility to modify the mechanical properties of foams, increasing
their cost-effectiveness and reducing their carbon footprint. In this study, bio-based PU (soft, open
cells for the automotive sector) and epoxy (EP, hard, closed cells for construction applications) com-
posite foams were prepared by adding pristine and laccase-mediated lauryl gallate-hydrophobized
hemp protein particles as filler (HP and HHP, respectively). The fillers were able to modify the
density, the mechanical properties and the morphology of the PU and EP foams. The addition of HP
filler increases the density of PU foams up to 100% and significantly increases the o values by 40%
and Emod values. On the other hand, the inclusion of the HHP as filler in PU foams mostly results in
reduced density, by almost 30%, and reduced o values in comparison with reference and HP-filled
foams. Independently from filler concentration and type, the biomass increased the Emod values
for all foams relative to the reference. In the case of the EP foams, the tests were only conducted for
the foams filled with HHP due to the poor compatibility of HP with the EP matrix. HHP decreased
the density, compressive strength and Emod values of the composites. For both foams, the fillers
increased the size of the cells, while reducing the amount of open cells of PU foams and the amount of
closed cells for EP foams. Finally, both types of foams filled with HHP reduced the moisture uptake
by 80 and 45%, respectively, indicating the successful hydrophobization of the composites.

Keywords: polyurethane and epoxy composite foams; hemp protein; laccase-assisted hydrophobization;
bio-fillers; mechanical properties

1. Introduction

Polyurethane foams (PUFs) are extensively utilized across various industries due to
their versatility, lightweight nature, and exceptional thermal insulation properties. Despite
the domination of polyurethane foams on the foam market [1], the development of other
foam types, for example, polystyrene (PS), poly(vinyl chloride) (PVC), polyethylene (PE),
polypropylene (PP) or poly(methyl methacrylate) [1], phenolic [2-4], and (bio)-epoxy
foams [5-9], is spreading continuously. Although each type of foam presents its own
advantages, density, thermal stability, and mechanical properties are key parameters for
its ultimate application. One possible way to improve the density as well as mechanical
properties of PU and epoxy foams is the introduction of filler(s) [10,11]. Moreover, filler
can reduce costs while maintaining acceptable performance levels, especially if the filler
components are generally cheaper than the base materials [12-15].

A promising filler material that has gained attention for use in PUFs is hemp biomass.
Hemp is a fast-growing plant that can be cultivated without excessive water or chemical
supplementation, making it cost-effective relative to other crops [16]. It is considered
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a renewable resource, aligning with sustainability goals and reducing reliance on non-
renewable materials [17]. Additionally, the strong and stiff fibers or particles derived from
hemp can enhance the foam’s tensile strength, flexural strength, and impact resistance,
thereby increasing the foam’s overall performance [18,19].

However, hemp and other types of biomass fillers do present some challenges. Hemp
moisture adsorption capacity can negatively affect the long-term dimensional stability
and mechanical properties of foams (including polyurethane), as well as the reaction
kinetics and the foam expansion during the production of the material [20-23]. Moreover,
biomass fillers may face issues related to degradation, durability, and dispersion within the
polyurethane matrix [24-26]. They can also contribute to increased flammability and hinder
the flame retardant properties of the foam, requiring additional additives or treatments to
comply with fire safety regulations [27].

To address these concerns, hydrophobized hemp biomass fillers offer several improve-
ments. The incorporation of hydrophobic fillers has the potential to enhance flame retardant
effectiveness, improve compatibility with the matrix, promote better dispersion, and result
in greater consistency of performance. Moreover, the application of this modified biomass
could contribute to increasing the mechanical properties of the foam [28-30].

Herein, we modified hemp protein by laccase-catalyzed oxidative grafting of lau-
ryl gallate (LG)—a phenolic compound with an alkaline chain. Grafting was carried
out by adapting a previously reported method to produce hydrophobized cellulose and
wool [31-33]. In this process, biomass was pre-activated enzymatically using acetosy-
ringone. This mediator facilitates the laccase-assisted oxidation of chemical groups that
would otherwise be inaccessible to the enzyme. By implementing this approach, we were
able to achieve the LG grafting onto the hemp biomass in a waterborne reaction with-
out the need for hazardous reagents used in other chemical hydrophobization reactions,
such as periodate, or harsh conditions, such as combustion methods. The hydrophobized
biomass was used as filler for polyurethane and epoxy foams, and its influence on the foam
properties was investigated.

2. Materials and Methods
2.1. Materials and Reagents

Polycarbonatediols Cardyon® LC 05 (made using Covestro’s CO,-technology integrat-
ing up to 20 percent CO, into polyol, OH n = 53.5 KOH/g) and ETERNACOLL UT-200
(OH n = 56 KOH/g) were supplied by Covestro (Leverkusen, Germany) and UBE Corporation
Europe (Castellén de la Plana, Spain), respectively. Poly(propylene glycol) 4000, Polyethylene
glycol 600, Aspartic acid, Formic acid, Dibutyltin dilaurate, Tween 80, Poly(methylhydrosiloxane),
lauryl gallate (LG) and carboxymethylcellulose sodium salt were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Exolit® OP 560 (co-reactive flame retardant with an OH
value of 450 mg KOH/g) was supplied by Clariant (Muttenz, BL, Switzerland). Ortegol
500 was supplied by Evonik (Essen, Germany). LED-103 (reactive, acid blocked catalyst,
OH n = 2405 KOH/g) and Niax silicone L-6164 were supplied by Momentive Performance
Materials Inc. (Antwerp, Belgium) Iso 133/6 poly(4,4’-Diphenylmethandiisocyanat) with
32% of NCO groups and Ongronat CO5700—PMDI/PPG-prepolymer with 8.5% NCO con-
tent were supplied by BASF (Ludwigshafen am Rhein, LU, Germany) and BorsodChem
(Kazincbarcika, Hungary), respectively.

Bio-based epoxy resin SR Greenpoxy 56 and amino-hardener SZ 8525 (from Sicomin
Epoxy systems) were purchased from Time Out Composite oHG, Bornheim-Sechtem,
Germany. Epoxidized Cardanol Cardolite® NC-513 and CNSL Novolac resin NX-4001 were
supplied by Cardolite Corporation. Novozymes (Bagsveerd, Denmark) supplied fungal
laccase Novozym 51003 from Myceliophthora thermophile (EC1.10.3.2). 3',5'-dimethoxy-
4'-hydroxyacetophenone (acetosyringone) was obtained from ACROS Organics (Geel,
Belgium). Hemp protein residues obtained from the oil-pressing process of hempseeds
were kindly provided by Kroppenstedter Olmiihle (Kroppenstedt, Germany). All reagents
for foam preparation were used without any additional purification.
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2.2. Hydrophobization of Hemp Protein

The hydrophobization of hemp protein powder was accomplished by an enzymatic,
laccase-mediated functionalization with LG in a bioreactor Labfors 5 (Infors HT, Bottmingen,
Switzerland), following a previously described protocol, with some modifications [23].
First, 7.5 mM of acetosyringone was dissolved in 2 L of 50 mM sodium acetate buffer at
pH 5.5. Then, 10 mg/mL of biomass was added to the mixture. Upon complete dissolution
of the reagents, the hemp protein was pre-activated using laccase (13 U/mL) for 1 h at
50 °C. Subsequently, LG solution containing 40 vol.% ethanol was introduced into the
mixture to initiate the grafting process on the biomass to a final concentration of 6 mM of
LG and 20 vol.% of ethanol. After 2 h of reaction, the modified hemp powder was separated
by centrifugation at 10,000x g for 30 min in order to eliminate the unreacted compounds.
The resulting pellet was frozen at —80 °C and subsequently freeze-dried to obtain the final
functionalized hemp protein product.

2.3. Polyurethane Foam Preparation

Bio-based PU foams were prepared using a one-step method. At first, a solution
consisting of a blend of polyols Cardyon® LC 05, Eternacoll UT-200, Poly(propylene glycol)
4000, and Polyethylene glycol 600 was prepared. To the obtained solution, aspartic and
formic acids were added as blocking agents; LED-103 and Dibutyltin dilaurate were added
as blowing and gelling catalysts, respectively. Niax silicone L-6164 and Ortegol 500 were
added as cell-openers, and Tween 80 used as a bio-based co-surfactant. A water solution
of 2.5 wt% carboxymethylcellulose was used as chemical blowing agent and bio-based co-
surfactant. Exolit® OP 560 and Poly(methylhydrosiloxane) were added as co-reactive flame
retardant and blowing agent, respectively. The resulting mixture (denoted as Component
A) was mixed for 20 min at 2000 rpm for homogenization.

In the case of preparation of filled foam, the filler was added in appropriate concentra-
tion to Component A before homogenization. More specifically, the obtained fillers were
added at the following concentrations: 0.25; 0.5; 1, 1.5; 2, 2.5 and 3 wt%. For foams with
filler amount >3.5 wt%, post-reaction shrinking of more than 4% was observed. That is why
these foams were not considered for further testing. Moreover, in general, for HHP-filled
foams, we observed lower shrinking in comparison with HP-filled foams.

Next, an appropriate amount ([NCO]/[OH] = 1.05) of Component B, a blend of
Iso 133/6 and Ongronat CO5700, was added to Component A, and their combination
was stirred with mechanical stirring for 20 s at 2000 rpm. Immediately afterwards, the
resultant mixture was transferred into an open cylindrical mold, allowing free rising at
room temperature. For the sake of brevity, the produced composite foams were named
as PU_Name_y, where “Name” is the abbreviation of corresponding filler and “y” refers
to wt% of the filler added to the PU matrix. For example, the “HP” in the sample name
PU_HP_1 referred to hemp protein as filler, and the “1” indicated the wt% of HP added in
the PU matrix, while PU_HHP_y was used for foams with hydrophobized hemp protein,
respectively. Unfilled PU foam named PU_Ref was used as reference. Table 1 reports the
amounts of reagents used in PU formulation for 100 g of total foam.

2.4. Epoxy Foam Preparation

Bio-based epoxy foams were prepared using a one-step method. At first, an ap-
propriate amount of SR GreenPoxy 56 as base resin, CNSL Novolac resin NX-4001 as
co-resin and Cardolite® NC-513 as co-reactive diluent were thoroughly mixed together at
50-55 °C for 10 min with a propeller mixer at 2000 rpm. After that, the appropriate amount
of hardener SZ 8525 was added to the resin blend and mixed at 2000 rpm for 2 min. In the
last step, Poly(methylhydrosiloxane) as blowing agent was added, and all components were
mixed for 1 min at 2000 rpm. Afterwards, the resultant reactive mixture was immediately
transferred into an open Al mold for free-rise, kept at RT for 1 h, and then post-cured at
70 °C for 4 h.
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Table 1. Amounts of reagents used in PU formulations for 100 g of total foam.

Component Amount, g
Cardyon® LC 05 16.37
Poly(propylene glycol)4000 4.01
Eternacoll UT-200 3.04
Polyethylene glycol 600 1.96
Water + CMC_2.5% 2.50
Aspartic acid 1.02
Exolit® OP 560 5.73
Dibutyltin dilaurate 1.60
Formic acid 1.39
LED-103 0.05
Tween 80 1.02
Niax silicone L-6164 1.02
Ortegol 500 1.23
Poly(methylhydrosiloxane) 0.82
iso 133/6 19.24
Ongronat CO5700 39.00
100.00

In the case of filled foam preparation, the appropriate amount of filler (0.25; 0.5; 1,
1.5; 2, 2.5 and 3 wt%) was added in resin blend before homogenization. The produced
composite foams were named as Epoxy_Name_y, where “Name” is the abbreviation of
the corresponding filler, and “y” refers to the wt% of filler added to the epoxy matrix. For
example, in a sample named Epoxy_HHP_1, “HHP” refers to the filler, and “1” indicates
the wt% of HHP added in the epoxy matrix. Unfilled epoxy foam named as Epoxy_Ref
was used as reference. For composite epoxy foams, only HHP was used as filler because of
the significantly worse dispersibility of HP in resin. Table 2 reports the amounts of reagents

used in epoxy formulations for 100 g of total foam.

Table 2. Amounts of reagents used in EP formulations for 100 g of total foam.

Component Amount, g
SR GreenPoxy 56 72.46
Cardolite® NX-4001 3.62
Cardolite® NC-513 3.62
SZ 8525 18.12
Poly(methylhydrosiloxane) 2.18
100.00

2.5. Characterization of the Hydrophobized Hemp Protein

To evaluate the enzymatic grafting modification, FTIR analysis of the biomass was
recorded over the 4000—650 cm ™! range, performing 64 scans with a PerkinElmer Spectrum
100 (PerkinElmer, Waltham, MA, USA). The baseline was corrected, and the spectra were
normalized using the PerkinElmer Spectrum software v.1.0, with the maximum absorbance
intensity value serving as the reference. The hydrophobicity of the biomass was determined
using the sessile drop method. A layer of hemp powder was applied to a glass support,
and then a 2 pL. water droplet was casted onto the biomass. Subsequently, the contact angle
of the drop was measured using a Drop Shape Analyzer (Kriiss, Hamburg, Germany).

2.6. Polyurethane and Epoxy Foam Characterization
2.6.1. Characterization of Density and Mechanical Properties
The density of PU and epoxy foams was determined at 23 °C with 50% relative

humidity [34]. The density value reported is the average value of 10 specimens with size
30 mm X 30 mm x 30 mm (length x width x thickness).
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Mechanical compressive strength of PU/epoxy foams was determined according
to [35] and carried out through a Zwick 1445 Retroline machine (ZwickRoell GmbH and Co.
KG, Berlin, Germany). The following parameters were used for measurement: initial load
0.5 N, E-modulus velocity 10 mm/min, testing velocity 10%/min, maximal deformation
70%. Compressive strength at 10% and 40% strain and according to values of compressive
modulus were performed. Then, 10 specimens were tested, and an average value was taken
along with the standard deviation.

2.6.2. Determination of Moisture Uptake

Hydrophobicity of filled PU and epoxy foams was determined by moisture uptake test
in humidity camera at 23 °C and relative humidity of 90%. Foam samples before testing
were dried at 40 °C to constant weight and then placed in the humidity camera. At intervals
of 24 h, the samples were weighed to control weight increases due to water absorption. The
experiment was considered fully completed if the last three weight measurements showed
a weight with a maximal difference of 0.00001 g.

3. Results and Discussion
3.1. Characterization of the Hydrophobized Hemp Protein

The laccase-assisted method to graft lauryl gallate onto hemp protein yielded hy-
drophobized biomass. This modification was evaluated through FTIR and contact angle.
The spectrum of the hydrophobized biomass showed an increase in the signals at ~2919
and ~2857 cm~! compared to the unmodified sample, corresponding to the C-H stretching
absorption of the lauryl gallate. Furthermore, the signal associated with the C=C-C of the
aromatic ring at ~1619 cm ! also increased in the modified hemp spectrum. Additionally,
the LG moieties caused the appearance of signals in the regions of ~1200 and ~700 cm ™!
due to C-O and C-H bonds, respectively (Figure 1A) [33]. To assess the hydrophobicity of
the modified material, the contact angle was measured and compared with the pristine
biomass. The contact angle of the hemp after treatment increased from 96.4° to 124.2°
(Figure 1B), thereby confirming the successful hydrophobization of the material. LG is an
ester of gallic acid and dodecanol; the reaction with laccase couples the phenolic groups
with the ones present in the hemp protein, exposing the long hydrocarbon chain. The
non-polar nature of these chains repels the water, conferring to the biomass hydrophobic
properties.

140 -
120
100 T

B[S
80 -
60 -
40 -
20 -

Contact Angle (°)

3800

3000

2200 1400 600 0

Wavenumber (cm-') Hemp Protein Hydrophobised Hemp Protein

Figure 1. FTIR spectra of hemp protein (black) and hydrophobized hemp protein (red) (A) and
contact angle of the biomass before and after the hydrophobization (B).

In order to test the influence of hydrophobic modification on the morphology of hemp
protein particles, the biomass was analyzed by SEM. As is visible from the SEM images, the
hydrophobization had a significant influence on the surface structure of the hemp protein
particles (Figure 2). The HP SEM images displayed a smooth surface, while the HHP
presented attached on the surface nano-structures due to the modification with LG. Similar
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surface morphology changes have been previously described in lignocellulosic biomass
modified with this compound [36].
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Figure 2. SEM images of pristine (A,B) and hydrophobized (C,D) hemp protein under 20,000 x and
30,000 x magnification, respectively.

3.2. Polyurethane Foam Characterization

In order to test the influence of hemp protein hydrophobization on the polyurethane
foams’ mechanical properties, determination of the filled foam density and the assessment
of compressive strength values were carried out. Before foam preparation, fillers were
dispersed in Component A (detailed description in Section 2.3). For foams filled with
hemp protein, the density increased relative to the reference foam. Modified hemp protein-
filled PU foams presented lower density than the reference foams and the HP-filled ones
(Figure 3). It must be noted that hydrophobized filler demonstrated significantly better
dispersibility in polyol blend.
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Figure 3. Density of bio-based polyurethane foams filled with pristine (HP) and hydrophobized
hemp protein (HHP) (max. standard deviation 4.16%).
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Testing of mechanical properties demonstrated a significant increase in 040% values
for HP-filled PU foams; however, the 010% values did not differ significantly. Only
the foams with 3 wt% of filler displayed an increase in both 010% and 040% values in
comparison with the reference in ca. 100%. PU foams filled with hydrophobized hemp
protein exhibited the highest 010% and 040% values at 1 wt% filler content, surpassing the
values of the reference foams. In general, addition of HHP as filler in PU foams mostly
resulted in decreased density and compressive strength in comparison with reference and
the HP-filled foams (Figure 4A). Values of Emod increased for foams with both filler types
independent of the filler concentration. HP-filled foams with 3 wt% of filler presented the
highest value (increasing 6.5-fold in comparison with the reference). The foams filled with
HHP, with the exception of the foam with a filler content of 3 wt%, presented higher Emod
values than those of the HP-filled ones, which indicates better resistance to deformation by
external forces (Figure 4B).
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Figure 4. Compressive strength values at 10% and 40% deformation (A) and Emod values (B) for
reference polyurethane foam and foam filled with pristine and hydrophobized hemp protein (max.
standard deviation 6.85% and 9.01% for o and Emod values, respectively).

Such significant differences in the mechanical properties of foams filled with hy-
drophobized and non-hydrophobized hemp protein can be explained by the different
morphology of the foams. The higher hydrophilicity of the pristine fillers reduced their
dispersibility in the polyurethane matrix, producing bigger agglomerates. Moreover, at
higher concentrations of the pristine HP (for example, 3 wt%), the agglomerates were
embedded in the matrix (Figure 5A, areas marked with red arrows). For the foam filled
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with the same concentration of HHP, there was an obviously better dispersion of the filler
in the polyurethane matrix, presenting agglomerates of much smaller size (Figure 5B).
At the same time, bigger cells were formed in the HP-filled foams (Figure 5C,E) relative
to the HHP-filled ones (Figure 5D,F). A similar trend in open-cell flexible PU foams—an
increase in cell size with increasing hydrophilicity of the filler—was reported by Sung
et al. [30]. This effect can be explained by improved compatibility of the hydrophobic
or, as in our case, hydrophobized biomass with the matrix, which leads to an increase in
interfacial adhesion. Furthermore, the addition of both fillers in the PU foams increased
the foams’ cell size in comparison with the non-filled foams and decreased the amount of
open cells (Figure 5G,H). Because the morphology of the foams has a direct influence on
the mechanical properties, analyzing the data from the mechanical tests and SEM studies,
it can be concluded that the introduction of fillers increases the cell size and o and Emod
values.

Figure 5. SEM images of polyurethane foams filled with 3 wt% of pristine (A,C,E) and 3 wt% of
hydrophobized (B,D,F) hemp protein under 50x, 100x and 20,000 x magnification, respectively.
(G,H) SEM images of the reference polyurethane foam (100x and 200x magnification).
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However, the presence of agglomerates may cause a reduction in these properties at
higher reinforcement content. A similar tendency has been reported for soft PU composite
foams filled with SiO, [37].

3.3. Epoxy Foam Characterization

In the case of epoxy foams, only HHP fillers were used in the formulation due to
the poor dispersibility of HP in the resin. The addition of the HHP fillers into the epoxy
mixture (hard foams with closed cells) reduced the density of the foams in comparison
with the reference. The tendency is similar to that of polyurethane foams filled with HHP,
as the foam filled with 1 wt% HHP was the one with the lowest density (Figure 6).

180 1
160 -
140 A o]
120 -

Figure 6. Density of reference epoxy foam and foam filled with hydrophobized hemp protein (max.
standard deviation 4.98%).

The compressive strength test showed that the inclusion of HHP in epoxy foam
decreased both 010% and 040% values with increasing filler amount (Figure 7A). The same
tendency was observed for Emod values (Figure 7B). The epoxy foam filled with 1 wt% of
HHP presented the lowest density, the lowest values of compressive strength at 10% and
40% deformation as well as Emod.

The SEM analysis demonstrated that the fillers increased the size of the cells and
decreased the number of closed cells (Figure 7C,D). This tendency has been previously
described; the density and mechanical properties of rigid polyurethane foams filled with
precipitated silica were decreased with increased filler loading due to cell damage [38].

3.4. Moisture Uptake of the Foams

Finally, the moisture uptake of both types of foams was measured. The addition of
pristine hemp protein to polyurethane foam increased the hydrophobicity insignificantly.
At the maximal tested amount (3 wt%) of the HP-filler, moisture uptake decreased by 18%
in comparison with reference. At the same time, the addition of the hydrophobized hemp
protein resulted in decreasing the moisture uptake by 80% in comparison with the reference.
The same tendency was observed for the epoxy foams filled with the HHP. Although
the non-filled epoxy foam was strongly hydrophobic, increasing the hydrophobized filler
amount resulted in decreasing the moisture uptake by 45%, showing the feasibility of the
hydrophobization of hemp protein (Table 3).
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Figure 7. Compressive strength values at 10% and 40% deformation (A) and Emod values (B) for
reference and epoxy foam filled with hydrophobized hemp protein (max. standard deviation 6.85%
and 7.54% for o and Emod values, respectively); SEM images of the reference (C) and filled (1 wt% of
HHP) epoxy foam (D) under 200X magnification.

Table 3. Moisture uptake for reference and filled PU and epoxy foams.

Sample Moisture Uptake,% Sample [I\J/; (:151:2;,2 Sample Moisture Uptake,%
PU_Ref 5.06 £0.21 Epoxy_Ref 1.23 £ 0.27
PU_HP_0.25% 499 +£0.19 PU_HHP_0.25% 4.04 £ 0.50 Epoxy_HHP_0.25% 1.10 £ 0.58
PU_HP_0.5% 497 £0.19 PU_HHP_0.5% 320+ 0.44 Epoxy_HHP_0.5% 0.95 £ 0.19
PU_HP_1% 491 +£0.21 PU_HHP_1% 2.81+£0.34 Epoxy_HHP_1% 0.90 £ 0.42
PU_HP_1.5% 490 +£0.14 PU_HHP_1.5% 2.12 £0.31 Epoxy_HHP_1.5% 0.85 £ 0.30
PU_HP 2% 4.84 +£0.23 PU_HHP_2% 1.86 £+ 0.60 Epoxy_HHP_2% 0.82 £ 0.50
PU_HP_2.5% 423 £0.16 PU_HHP_2.5% 1.28 £ 0.38 Epoxy_HHP_2.5% 0.79 £ 0.23
PU_HP_3% 4.18 £ 0.30 PU_HHP_3% 1.04 £ 0.29 Epoxy_HHP_3% 0.68 £0.14

4. Conclusions

Hydrophobized hemp protein was successfully obtained through a laccase-mediated
modification process. To the best of our knowledge, HHP was used for the first time as
a filler for PU and EP foams. The introduction of HHP into the formulation of either
PU or EP foams resulted in decreasing the foams’ density, which is an advantage for the
application of such materials in lightweight construction and thermal insulation areas. For
the PU foams, the inclusion of HPP in their formulation increased the Emod, potentially
reducing the deformation of the composite. In the case of EP foams, HPP reduced the
compressive strength and the Emod. Incorporation of the HPP as filler led to a decrease in
the number of open cells in PU foams. As a result, an increase in the Emod of PU foams
was observed. For EP foams, the introduction of HHP filler reduced the number of closed
cells, which led to a decrease in Emod; from another point of view, such foams could be
suitable for better sound absorption. Furthermore, both foams presented reduced moisture
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uptake when filled with modified biomass, demonstrating the effective hydrophobization
of the composites. Finally, differences in the influence of the hydrophobized hemp protein
on the morphology and, as result, mechanical properties of open- and closed-cell foams
pose new questions and challenges. Such different tendencies with increasing (for PU
foams) and decreasing (for EP foams) amounts of closed cells and increasing cell size with
the addition of filler, as well as significant changes in density and mechanical properties,
especially Emod values, requires further research, which is already planned by the authors:
(i) synthesis and investigation of nanoparticles of HHP; (ii) investigation of dispersing
methods for selection of the method most suitable for agglomerate-free nano-composite
foam preparation; (iii) investigation of the influence of bio-based nano-fillers on the density
and mechanical properties of composite foams.
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Abstract: In the current era, the treatment of collagen hydrogels with natural phenolics for the
improvement in physicochemical properties has been the subject of considerable attention. The
present research aimed to fabricate collagen hydrogels cross-linked with gallic acid (GA) and ellagic
acid (EA) at different concentrations depending on the collagen dry weight. The structural, enzymatic,
thermal, morphological, and physical properties of the native collagen hydrogels were compared
with those of the GA/EA cross-linked hydrogels. XRD and FTIR spectroscopic analyses confirmed
the structural stability and reliability of the collagen after treatment with either GA or EA. The
cross-linking also significantly contributed to the improvement in the storage modulus, of 435 Pa
for 100% GA cross-linked hydrogels. The thermal stability was improved, as the highest residual
weight of 43.8% was obtained for the hydrogels cross-linked with 50% GA in comparison with all
the other hydrogels. The hydrogels immersed in 30%, 50%, and 100% concentrations of GA also
showed improved swelling behavior and porosity, and the highest resistance to type 1 collagenase
(76.56%), was obtained for 50% GA cross-linked collagen hydrogels. Moreover, GA 100% and EA
100% obtained the highest denaturation temperatures (Td) of 74.96 °C and 75.78 °C, respectively. In
addition, SEM analysis was also carried out to check the surface morphology of the pristine collagen
hydrogels and the cross-linked collagen hydrogels. The result showed that the hydrogels cross-linked
with GA/EA were denser and more compact. However, the improved physicochemical properties
were probably due to the formation of hydrogen bonds between the phenolic hydroxyl groups of GA
and EA and the nitrogen atoms of the collagen backbone. The presence of inter- and intramolecular
cross-links between collagen and GA or EA components and an increased density of intermolecular
bonds suggest potential hydrogen bonding or hydrophobic interactions. Overall, the present study
paves the way for further investigations in the field by providing valuable insights into the GA/EA
interaction with collagen molecules.

Keywords: collagen; gallic acid; ellagic acid; hydrogels; storage modules

1. Introduction

In the present era, hydrogels are an attractive class of materials. Hydrogels have
been known for several years as appealing scaffolds because have they highly expanded
and interconnected structural networks, which give them the ability to encapsulate the
bioactive compounds and effectively transfer mass [1]. Recently, more and more researchers
have paid attention to natural polymer hydrogels due to their high safety level, low im-
munogenicity, good biocompatibility, biodegradability, hydrophilic nature, and abundant
availability [1-3], including proteins. Collagen is abundantly found in human tissues and
is particularly abundant in load-bearing structural systems such as bones, skin, lungs, and
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tendons. In addition, collagen can also improve cellular adherence and promote extracellu-
lar matrix production in proliferating cells [4]. Furthermore, collagen molecules have many
reactive groups that can be used to modify the collagen [5] and also function in numerous
organic natural body functions such as tissue regeneration, healing, control of tissue-related
diseases, cellular response, and structuring [6]. In addition, collagen suffers from the
limitations of relatively weak mechanical properties, chemical stability, and resistance to
enzymatic degradation [5], although it is widely used as an ingredient to improve the
consistency, elasticity, and stability of food products.

Plant-based phenolic composites are considered to be the most vital bioactive compos-
ites. These compounds contain a number of hydroxyl groups and have diverse biological
functions such as structural support, pigmentation, chemical defense, and radiation pre-
vention [7,8]. Gallic acid (GA) is also a phenolic compound of plant origin and is known
as (3,4,5-trihydroxybenzoic acid). Moreover, GA has been shown to have a variety of
properties in biomedical studies, including anti-allergic, anti-fungal, anti-inflammatory,
anti-cancer, anti-viral, anti-mutagenic, and anti-carcinogenic properties [7,9,10]. In addition,
from a medical point of view, gallic acid plays an important role in the protective mech-
anism against reactive oxygen species and free radicals. It breaks the free radical chains
through hydroxyl groups [6,11]. Furthermore, GA was reported by Thanyacharoen et al. to
be a bioactive and stable agent in chitosan/PVA-based hydrogels [12]. It was also reported
by Jiang et al. [13] that GA can increase the release efficiency of chitin-based hydrogels.

Alternatively, ellagic acid (EA), a representative of flavonoids found in a variety of
fruits such as pomegranate, pecans, and berries, has received extensive attention due
to its numerous antioxidant, cytotoxic, radical-scavenging, anti-viral, anti-inflammatory,
anti-carcinogenic, and anti-apoptotic properties [14,15]. Ellagic acid is a dilactone of
hexahydrooxydiphenic acid. It is usually produced by plants through the hydrolysis of
tannins such as ellagitannins [16]. It contains four hydroxyl groups and these hydroxyl
groups can increase the antioxidative action of lipid peroxidation to protect the cell from
oxidative destruction [14]. Therefore, EA has hydrophilic characteristics due to its structural
appearance, which includes a planar biphenyl, and a lipophilic component connected by
two lactone rings, and four hydroxyl groups. These hydroxyl groups combine with the
lactone groups to form a hydrophilic unit [17]. The hydrophilic region of the EA molecule
plays an important role in its biological activity. Notably, this is due to the presence of both
hydrogen-bonding acceptor (lactone) and donor (-OH) sites. In particular, the phenolic
hydroxyl groups in EA can be separated under physiological conditions [18,19]. In addition,
it has been reported by Huang et al. that EA can cross-link with PEG-based hydrogels and
reduce the viability of human oral cancer cells [20].

The primary purpose of this study was to prepare collagen hydrogels with improved
physicochemical properties via the cross-linking of natural phenolic compounds. Gallic
acid or ellagic acid were added as potential cross-linkers. In particular, the influences of
phenolic compounds on the physicochemical properties, such as the thermal, structural,
enzymatic, and morphological properties of collagen-based hydrogels, were examined. In
previous studies, gallic acid and ellagic acid have never been prepared in collagen-based
hydrogels and compared to each other. In addition, XRD, FTIR, water retention, enzyme
degradation, porosity, and swelling ratio were investigated. Finally, the SEM examination
of the cross-linked hydrogels was also carried out. This study could contribute to providing
a new vision in the biomaterials or biomedical industries based on the cross-linking of
collagen hydrogels with natural phenolic compounds such as gallic acid or ellagic acid.

2. Material and Methods
2.1. Materials

Collagen extraction was performed using fresh grass carp (Ctenopharyngodon idella)
obtained from a local slaughterhouse. Following the procedure described by Zhu et al. [21],
the extraction method used was a combination of acid and pepsin extraction. The pepsin
enzyme used in the extraction process was purchased from Bio-Sharp Company. Gallic
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acid and ellagic acid used in the study were purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd., Shanghai, China. Lyophilized type I collagenase isolated from
Clostridium histolyticum (freeze-dried powder, >125 CDU/mg solid) was purchased from
Sigma, St. Louis, MO, USA. All other reagents used in the experiments were of high
analytical grade.

2.2. Production of Collagen

Using a modified approach, collagen was isolated from the skin of freshly bought grass
carp (Ctenopharyngodon idella) at 4 °C [21]. To summarize, the skin was washed, sliced into
small pieces, and soaked for 72 h in 0.01 M NaOH (1:20, w/v). To remove non-collagenous
constituents, the solution was changed after every 8 h. The skin pieces were then immersed
in 10% (w/w) isopropanol for 24 h to remove fat, and then neutralized with double-distilled
water. Based on the dry weight of the skin, the pieces were combined with 0.5 M acetic
acid (1:50, w/v) and 2% pepsin (1:3000; Sigma, USA). The mixture was stirred at 4 °C for
2 days. To separate the pepsin-soluble collagen solution, it was filtered and centrifuged
(10,000 rpm, 10 min). For purification, 1.5 M (NH4),504 was added overnight, followed by
0.5 M acetic acid. The resulting purified collagen was resolubilized in 0.5 M acetic acid and
then dialyzed with 0.04 M disodium dihydrogen pyrophosphate solution for 2 days, 0.02 M
disodium dihydrogen pyrophosphate solution for 3 days, and finally with double-distilled
water for 2 days. The collagen solution was lyophilized and kept in a dark and dry place
for future studies. This ensured the high quality of the collagen from the grass carp skin.

2.3. Fabrication of Cross-Linked Collagen Hydrogels

Pure collagen hydrogels were prepared in accordance with the method of Zhu et al. [21],
with slight modifications as illustrated in Figure 1. Freeze-dried collagen was reconstituted
by dissolving the collagen in 0.5 M acetic acid. The ratio was (10 mg:1 mL) 10 parts of
collagen to 1 part acetic acid, and the process was performed at 4 °C. The solution of
collagen and acetic acid was subjected to gentle stirring until the complete dissolution of
the collagen was achieved. The pH of the collagen solution was adjusted to a neutral range
between pH 7.0 and 7.5 and it was adjusted using either 2 M NaOH or 2 M acetic acid
with continuous monitoring and necessary adjustments to ensure the desired pH. Next,
5 mL of the neutralized collagen solution was added to individual 24-well plates. These
plates were then incubated at 37 °C for 4 h. This incubation time allowed the collagen to
modify as a gel. The hydrogels were stored at 4 °C overnight after the initial incubation.
Further gelation and overall stabilization of the collagen hydrogels were promoted by this
additional step.

Ice bath Collagen solution

l < -/ 10mg/mL. Incubation for 4
== pH7.5 : , hr.'s at 37 °C
| by 4°C — 74 Strategy one
St ) : —
LT o g .

Ice-bath 24 holes well plate

o
d Ellagic acid
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Stirr,30 min
P T
\y
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o pH 4555
4 h at room temperature (~25°C)

Figure 1. Schematic diagram demonstrating the overall strategy of the current work.

For the preparation of cross-linked collagen hydrogels, GA and EA were dissolved
individually in tri-distilled water at different concentrations (0%, 1%, 5%, 10%, 30%, 50%,
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100%, and 200% w/w based on the dry weight of the collagen hydrogels) at a pH range
of 4.5-5.5. The solutions containing GA and EA were gently shaken at room temperature
for approximately 30 min. The collagen hydrogels were then immersed in these prepared
solutions. The immersion was performed at room temperature, approximately 25 °C, for a
period of 4 h. The cross-linked collagen hydrogels were carefully washed with distilled
water to remove any unbound GA and EA after the 4 h immersion. Finally, the gels were
stored at 4 °C for further processing.

2.4. Collagen Hydrogel Characterization
2.4.1. Dehydration of Hydrogels

Prior to lyophilization, all hydrogels were placed at —80 °C for complete freezing.
Dehydration of the frozen hydrogels was performed in a lyophilizer for a minimum of
24 h to remove all the moisture. Lyophilized hydrogels were subjected to thermogravi-
metric curve, DSC, SEM, porosity, water-holding capacity, swelling behavior, FTIR, and
XRD characterization to verify the water-holding capacity of the network in the structure
after lyophilization.

2.4.2. Determination of Porosity

The determination of the porosity of the hydrogel was in accordance with Zhu et al. [21].
First, a 25 mL beaker was filled with ethanol, and its weight was m;. The lyophilized
sample (1)) was then immersed into the beaker, which was then ultrasonically degassed
to permeate the hydrogel with ethanol, and the total weight was calculated as m,. The
ethanol was then carefully scraped from the hydrogel’s surface, and the weight of the left
half was measured as mj3. Following that, the hydrogel’s porosity was then estimated using
the following formula:

Porosity (%) = (my — my — m3)/(my — m3) x 100 (1)

2.4.3. Swelling Ratio and Water-Holding Capability

The swelling ratio was quantified according to Zhu et al. [21] at 25 °C by soaking the
weighed (W) freeze-dried cylindrical specimens in phosphate-buffered saline (0.1 M PBS,
pH 7.4). After soaking for 1, 3, 5, 8, 12, 20, 50, and 90 min, the swollen hydrogels were
removed. After the removal of excess water, the hydrogels were immediately weighed (Wy).
The following formula can be used to calculate the swelling ratio (SR):

SR = (W — Wo)/ Wy )

The following method was used to determine the water-holding capacity (WHC).
Briefly, the freshly prepared samples (equilibrium swollen hydrogel in water) were first
weighed after the water had been wiped off from the surface with filter paper (Wqyolien)-
Subsequently, the samples were then lyophilized and weighed as Wiyophilized- The following
formula can be used to calculate the percentage of WHC:

WHC (%) = (Wswollen — leophilized)/ Wiwollen % 100 ®3)

2.4.4. Thermogravimetric Analysis (TGA) of Collagen Hydrogels

Thermogravimetric (TG) curves of collagen hydrogels were obtained using a TGA-2050
instrument (Mettler-Toledo). The instrument was operated under a nitrogen atmosphere
and heated between 30-550 °C at a heating rate of 10 °C/min. The rehydrated hydrogels
were used for the TGA test with a sample size of approximately 5 mg.

2.4.5. Thermal Transition Analysis of Collagen Hydrogels

The thermal transition temperature of the collagen hydrogels was studied using
differential scanning calorimetry (DSC) (DSC 200PC, Netzsch, Germany. The specimens
(5 mg) were precisely weighed and placed in sealed aluminum dishes. At a heating rate
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of 5 °C/min over a temperature range of 25-110 °C, the aluminum pans were scanned
under a nitrogen atmosphere. The empty, sealed aluminum pan, which was sealed, was
used as the reference point. The temperature of the endothermic peak was reported as the
temperature of denaturation (Td).

2.4.6. Analysis by X-Ray Diffraction (XRD)

The X-ray diffraction structures of the collagen hydrogels were analyzed using CuKa
radiation from a rotating anode generator operated at 40 kV and 40 mA in the 20 range
(4-60 °C) with a mono-single filter at a scan rate of 10 °C min~! (D8 Advance,
Bruker, Germany).

2.4.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

On a germanium, single crystal FTIR spectrophotometer, the infrared spectra of all
lyophilized gel powders were obtained from tablets containing (0.8-1 mg) collagen hydrogel
in approximately 100 mg potassium bromide (KBr). All freeze-dried gel powders’ IR spectra
were obtained from tablets containing (0.8-1 mg) collagen hydrogel in 100 mg potassium
bromide (KBr). The tablets were placed on the single-reflection germanium crystal cell
using an FTIR spectrophotometer. Signals from 4000 to 400 cm ! were acquired for 64 scans
at a data acquisition rate of 4 cm~! per point and compared to a background spectrum
collected from a clean, empty cell.

2.4.8. Measurements of Dynamic Rheology

The hydrogels (diameter = 20 mm, thickness = 5 mm) prepared from self-assembled
neutral collagen solutions (10 mg/mL) and incubated for 2 h were subjected to a dynamic
time sweep for 60 min (37 °C) at the different frequencies (1-10 Hz) to monitor the gelling
behavior. Furthermore, the dynamic temperature was also set at 37 °C. During the test,
a rheometer (AR2000ex, TA, Woodland, CA, USA), with a parallel stainless-steel plate
(diameter = 40 mm, gap = 1 mm) was used to determine the storage and loss modulus
values. The frequency sweep was adjusted to 0.01-10 Hz. A deformation of 2% was selected
for all samples. The temperature was controlled by using a Peltier temperature controller.
A solvent trap was used to prevent water loss from the samples during the measurement.
The value of the tangent & (tan §) was also calculated as the G’ /G’ ratio, which reflects the
thermal energy loss.

2.4.9. Enzymatic Analysis of Stability

The in vitro enzymatic degradation of collagen-based hydrogels was carried out with
the use of type I collagenase that was derived from Clostridium. Lyophilized hydrogels
were first swollen by immersion in phosphate-buffered saline (PBS) at a pH of 7.0 until
complete swelling was achieved. Each hydrogel was then placed in 1 mL enzyme hy-
drolysate containing type I collagenase (200U, Sigma) and 0.01 M CaCl, and incubated
at 37 °C for 24 h. 0.2 mL of 0.25 M EDTA was added to the hydrogel mixture followed
by cooling in an ice bath to complete the degradation process. The mixture was then
centrifuged at 5000 g for 10 min at 4 °C. A quantity of 2 mL of the resulting supernatant
was collected. Quantities of 1 mL of chloramine T and perchloric acid were added to the
supernatant. Each was allowed to stand for 20 min and 5 min, respectively. Then, 1 mL of
paradimethylaminobenzaldehyde (DMAB) was added. The mixture was incubated in a
water bath at 60 °C for 20 min. Ultraviolet spectroscopy at 560 nm was used to quantify the
hydroxyproline content. The conversion coefficient between collagen and hydroxyproline
in aquatic animals was calculated to assess the degree of hydrogel biodegradation. Specif-
ically, in the absence of GA or EA, the percentage of hydroxyproline released from the
collagen-based hydrogel was compared to that of fully degraded collagen. For reference
purposes, untreated collagen was used as a control.
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2.4.10. Scanning Electron Microscopy (SEM)

Collagen hydrogels cross-linked with GA or EA for morphological characterization
were prepared as described by Liu et al. [22] with slight modifications. Briefly, freshly
prepared hydrogels were cut into fragments (~2 x 2 mm) and then immersed in 2.5%
glutaraldehyde in 0.2 M phosphate (pH 7.2) overnight and dehydrated in graded ethanol
solution with a series of concentrations (30%, 50%, 70%, 80%, 95%, and 100%). Subsequently,
the samples were then treated with isoamyl acetate for a period of 15 min. The hydrogels
were then freeze-dried with the use of a lyophilizer. After that, the hydrogels were coated
with a layer of gold. An ultrahigh-resolution field emission scanning electron microscope
was used to observe the microstructure, and SEM images were observed using a JSM-5610
SEM (JEOL, Tokyo, Japan), with 20 kV acceleration voltage. The magnification was 3 K,
8 K, and 15 K times.

2.4.11. Statistical Evaluation

Prism and Origin software versions 8.5 (SAS Institute Inc., Cary, NC, USA) were used
for data analysis. To detect statistically significant differences, Duncan’s multiple range
test was performed. The level of significance was fixed at p < 0.05. By finding significant
differences across experimental groups, this statistical technique provides compelling
evidence for the reported results.

3. Results and Discussion
3.1. Porosity Measurements

The porosity, an important factor for collagen hydrogels, is illustrated in Figure 2A.
In general, higher porosities have been studied, particularly for collagen-based hydrogels.
These were thought to be valuable for supporting nutrition and cell metabolism during cell
proliferation and adhesion in tissues [23]. The control hydrogels exhibited a lower porosity
level of ~87.51%, and a similar tendency was observed in GA 1%, EA 1%, GA 200%, and
EA 100% (~88.96%, 88.21%, 89.83%, and 89.51%, respectively). Notably a concentration-
dependent pattern was developed in the porosity of the collagen cross-linked hydrogel,
which increased with the increasing concentrations of GA but decreased with the GA
200%, which might be due to the higher concentration of GA. Conversely, the porosity
of EA cross-linked hydrogels presented an increase with increasing EA concentrations
up to 30%, followed by a decrease with higher EA concentrations. GA 50% exhibited the
highest porosity (98.24%) among all hydrogels containing GA and EA at all concentrations.
Gallic acid exhibited significantly superior porosity than ellagic acid in the cross-linking
of collagen hydrogels according to the findings of the present study. The distinction in
porosity can be attributed to the differences in chemical structures and the capacity of GA
and EA to bind with collagen. At higher concentrations, the porosity of GA/EA cross-linked
hydrogels decreased as GA and EA bound to collagen through hydrogen and hydroxyl
bonds [24]. In particular, higher concentrations of phenolic acid appeared to disrupt the
self-assembly of collagen, resulting in heterogeneous pore topologies with lower porosity
at 200% of GA and 50%, 100%, and 200% of EA. Remarkably, the porosity of collagen
hydrogels cross-linked with GA/EA demonstrated dynamic behavior. It was characterized
by an initial increase followed by a subsequent reduction in the porosity. The initial porosity
rise can be attributed to the introduction of cross-linking agents into the hydrogels [25].
GA or EA facilitated the formation of interconnected pores within the hydrogel matrix.
The subsequent reduction in porosity with an increasing concentration of GA/EA cross-
linked hydrogels decreased because of matrix enhancement, potentially driven by stronger
intermolecular interactions and structural rearrangements within the hydrogel network.
Prior studies have also reported that higher porosity is correlated with improved cell
viability, tissue formation, wound healing, cell proliferation, and cell permeation [21,25].
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Figure 2. Evaluation of physical properties of pristine and GA/EA cross-linked hydrogels. (A)
Porosity. (B) Water-holding capacity (WHC). (C,D) Swelling behavior of pure, GA, and EA hydrogels
with different concentrations of gallic and ellagic acid according to the dry weight of collagen.
Different letters (a, b, ¢, etc.) above concentrations indicate significant (p < 0.05) differences.

3.2. Water-Holding Capability

Numerous critical elements have contributed to the observed phenomenon in the
context of water-holding capacity. Hence, immersion of GA and EA within the collagen
matrix boosted the hydrogel’s hydrophilicity, aggregating both water in absorption and
water retention [26,27]. Furthermore, the water-holding capacity (WHC) of GA/EA cross-
linked hydrogels presented concentration-dependent descriptions, as shown in Figure 2B.
There was an increase in WHC at lower concentrations of GA or EA cross-linked hydrogels.
A number of assorted factors support these phenomena. Furthermore, the immersion of GA
and EA inside the hydrogel structure may have provided additional water molecule binding
sites, contributing to an increase in WHC in cross-linked collagen hydrogels [28]. However,
when the concentration of GA/EA in cross-linked hydrogels exceeded a predefined limit,
WHC decreased. The reduction was due to the increasing density and compactness of the
hydrogel matrix at higher cross-linking concentrations. Increased concentrations of GA
or EA result in an extraordinary production of binding sites within the collagen network,
resulting in a denser matrix that inhibits water entry and retention. When the WHC of GA
and EA hydrogels at equal concentrations was compared, it was clear that GA hydrogels
had better WHC compared to EA. The difference can be attributed to the different chemical
structures and cross-linking abilities of GA and EA. Gallic acid has a higher tendency
for water molecule binding and a more dynamic interaction with collagen, resulting in
increased water absorption and retention [29]. On the other hand, the WHC of collagen
hydrogels cross-linked with EA increased with increasing EA content up to a concentration
of 30%. Then, the WHC gradually decreased. Moreover, the highest WHC was found in
collagen hydrogels cross-linked with GA, especially at a 50% GA concentration (89.07%),
whereas the lowest WHC was found in collagen hydrogels cross-linked with EA at a
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200% EA concentration (64.92%). These results highlight the significant influence of GA
and EA cross-linking on WHC, which may have implications for a variety of biomaterial
applications. However, Lin et al. [30] conducted research that also supported the idea that
improved WHC in cross-linked collagen hydrogels is beneficial for biomedical engineering
in biomaterials.

3.3. Swelling Property

The swelling property is also known as a vital property of hydrogels and is usually
related to the moisture transfer across the hydrogels or the retention of moisture within the
system from the environment. The swelling ratio (SR) was primarily affected by external
solution variables such as charge number and ionic strength, as well as polymer features
such as network flexibility, the presence of hydrophilic functional groups, and the degree
of cross-linking density [31]. The effects of cross-linking on the swelling properties of
GA/EA cross-linked hydrogels are shown inFigure 2C,D. The swelling ratio in the neutral
solution (native collagen) was lower than that in the acidic solution (GA/EA cross-linked
hydrogels). All hydrogels presented swelling within the first 20 min after immersion in the
solution. The swelling ratio improved marginally from 8 to 50 min, then remained nearly
constant from 50 to 90 min, indicating that the swelling equilibrium had been reached. The
GA/EA addition enhanced the swelling ratio of GA/EA cross-linked collagen hydrogels.
Hydrogels quickly absorb aqueous solutions in acidic circumstances, and the hydroxyl and
amino groups in the hydrogels become highly protonated [32]. However, the immersion
of EA promoted the swelling ratio when the EA was less than 100% based on the dry
weight of collagen. The formation of hydrogen bonds between the phenolic hydroxyl
groups of GA and EA and the nitrogen atoms of the collagen backbone is most likely
responsible for the enhanced swelling ratio. On the other hand, the swelling ratio of EA
cross-linked hydrogels with higher EA concentrations (100% and 200%) was lower than
that of pure collagen hydrogel. However, this was due to the significant self-polymerization
of EA, which inhibits the extension of collagen fibrils in PBS solution to achieve a reduced
swelling ratio [33,34]. However, the swelling ratio was remarkably increased (about 3-15%
(p < 0.05)) with the rise of GA/EA concentrations and time duration during the period
from 1 to 50 min and then remained constant from 50 min to 90 min. The molecular chain
was stretched with charge repulsion and the capacity for swelling increased. Collagen
hydrogels are sensitive to pH, indicating that ionic groups in hydrogels play an important
role in absorbing water in the gel, as stated by Wang et al. [32]. This effect suggested that
the GA/EA cross-linked hydrogels were suitable for application in acidic environments,
where they could make good use of their absorptive property.

3.4. Thermogravimetric Analysis (TGA) of Collagen Hydrogels

Figure 3A,B, and Table 1 depict the thermal stability analysis of collagen hydrogels
cross-linked with GA and EA. The thermal degradation characteristics of the hydrogels
exhibited variability contingent upon the origin and concentration of phenolic compounds
within GA or EA. The quantity of hydroxyl groups present in phenolic compounds is
known to exert a substantial influence on the interaction between proteins and phenolic
compounds [35,36]. The presence of carboxylic and hydroxyl groups in phenolic com-
pounds could result in intra- and intermolecular interactions such as hydrogen, ionic,
covalent, and non-covalent bonds, which change the chemical connotation of proteins and
phenolic chemicals [35,37]. The interactions contributed to the improvement in thermal
stability. In the thermogravimetric (TG) analysis, weight loss was observed in the initial
stage (Aw1l = 6.5%, 99.8 °C) for all hydrogel samples. The weight loss during the specific
temperature range was attributed to the release of two types of water states, namely, free
and bound water, absorbed by the hydrogels [38]. Furthermore, the hydrogels treated with
GA/EA lost less weight than the control group, implying that the presence of GA/EA
reduced the water content of the collagen hydrogels due to the greater hydrophobicity of
the phenolic compounds.
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Figure 3. (A) TGA curves of GA cross-linked collagen hydrogels. (B) TGA curves of EA cross-linked
collagen hydrogels. (C) DSC curves of GA cross-linked collagen hydrogels. (D) DSC curves of EA
cross-linked collagen hydrogels. Different letters (a, b, ¢, etc.) above the concentrations indicate
significant (p < 0.05) differences.

Table 1. Thermal degradation temperature (Td, °C) and weight loss (Aw, %) of collagen hydrogels
immersed with GA and EA with different concentrations according to the dry weight of collagen. Aq,
Ay, Az, and A4 represent the first, second, third, and fourth stages of weight loss of hydrogels during
the heating scan, respectively.

Al A2 A3 A4
Samples  (w/w of Protein) Residue (%)
Td1 Awl Td2 Aw2 Td3 Aw3 Td4 Aw4d
Control 96.4 10.1 228.3 3.0 366.7 47.6 489.3 11.1 28.2
5% 85.3 10.8 247.3 5.1 392.6 43.1 539.6 11.3 28.7
10% 87.6 75 257.9 6.2 397.4 37.7 538.2 16.1 32.5
GA 30% 91.1 9.4 252.2 59 397.7 25.7 540.4 18.5 40.5
50% 99.8 7.2 253.5 57 388.5 35.2 541.2 8.1 43.8
100% 99.8 6.5 246.5 5.3 400.1 51.7 543.5 19.1 17.4
5% 99.3 11.5 255.1 4.7 380.8 45.6 540.3 14.3 23.9
10% 91.4 6.5 251.3 53 406.1 50.4 540.1 10.7 27.1
EA 30% 775 11 234.1 2.6 415.8 40.2 541.3 7.1 39.1
50% 89.7 7.3 232.5 3.3 330.1 279 539.8 18.6 42.9
100% 84.3 7.9 256.1 9.7 405.4 52.4 540.6 139 16.1

The second stage of weight loss was observed in all hydrogels at a temperature range
of 228.3-257.9 °C, with a weight loss percentage (Aw?2) ranging from 2.6% to 9.7%. The
weight loss at the second stage was typically associated with the release of structurally
bound water and low molecular weight proteins, specifically collagen [38]. In conclusion,
the thermal stability analysis reveals that the thermal degradation behavior of collagen
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hydrogels was influenced by the presence of phenolic compounds from GA/EA cross-
linking. The interactions between proteins and phenolic compounds, driven by the hy-
droxyl and carboxylic groups, contributed to the increased thermal stability observed in
the GA/EA cross-linked collagen hydrogels. The weight loss observed during TG analysis
corresponds to the release of water states and low molecular weight proteins present in the
collagen hydrogels [39]. The observed temperature range in the second stage of weight loss
was found to be higher than the decomposition temperature of phenolic compounds [40].
The present study suggested that the cross-linking between collagen and GA/EA in the
hydrogels occurs through hydrogen bonding. The lower weight loss (Aw2) observed in the
GA/EA-treated collagen hydrogels compared to the control further supports the strong
cross-linking between the protein (collagen) and phenolic compounds (GA/EA) via hydro-
gen or covalent bonds [37]. The decomposition temperatures (Td1 and Td2) of collagen
protein-based hydrogels containing GA and EA were reduced compared to those of the
control. On the other hand, the decomposition temperature changed with the different
concentrations of GA/EA. The results indicated that hydrogels immersed in GA or EA
solutions exhibited higher heat resistance than those of the control group.

During the third stage, which was characterized by Aw3 ranging from 25.7% to 52.4%
and Td3 between 330.1 °C and 415.8 °C, the weight loss was attributed to the degradation
of larger cross-linked proteins within the collagen hydrogels. Additionally, a fourth stage of
weight loss (Aw4 =7.1-19.1%) was observed in the temperature range of 489.3 °C to 541.3 °C.
The weight loss was predominantly associated with the degradation of high-temperature
stable components. The immersion of collagen hydrogels in GA or EA solutions at different
concentrations significantly influenced the thermal stability of the hydrogels (p < 0.05),
primarily through strong interactions between the proteins and phenolic compounds, and
particularly through covalent cross-linking [37]. Notably, hydrogels immersed in 30% and
50% GA/EA concentrations, based on the dry weight of collagen, exhibited enhanced
thermal stability as compared to all other hydrogels.

3.5. Differential Scanning Calorimetry (DSC) Measurements

DSC measurements of GA/EA cross-linked hydrogels are presented in Figure 3C,D.
The collagen hydrogels immersed in GA or EA phenolic acids showed an improved Td
value compared to the original hydrogels, as described in Table 2. When the collagen-based
hydrogels were heated, the helix—coil conversion took place, and, as a result, the helix disap-
peared and was progressively separated into three randomly coiled peptide «-chains [41].
Typically, the thermal transformation of collagen has been proposed to be the collapse of the
triple helical structure of collagen into random coils, with Td being the major endothermic
peak [21,41]. The process of triple helical structure modification of GA/EA cross-linked
collagen hydrogels was represented by a typical endothermic peak in the range of 56.78 °C
to 75.78 °C. It has been found that when the structural integrity of collagen is improved,
the endothermic peak is shifted to a lower temperature, resulting in a significantly lower
Td than that of collagen with structural integrity [4,21,42]. The denaturation temperature
(Td) increased to approximately 19 °C with the increasing concentration of GA or EA from
1 to 100% according to the dry weight of collagen. Moreover, GA 100% and EA 100%
obtained the highest denaturation temperatures (Td) of 74.96 °C and 75.78 °C, respectively.
However, the higher denaturation temperature (Td) observed in hydrogels cross-linked
with GA or EA as compared to that of native collagen could be attributed to numerous
factors. First, the presence of these cross-linking agents increases the thermal stability of
the collagen hydrogels, as evidenced by the increase in Td with increasing concentrations
of GA or EA. A possible explanation for the increase in thermal stability may be an increase
in the accessibility of active sites in the collagen molecules [29]. The presence of GA or
EA might be facilitated by the collagen interaction with cross-linkers, and the bonding
between collagen and GA/EA could increase the resistance of the network to thermal
denaturation and contribute to a more stable network structure [43]. The hydrophobic
interfaces, mainly maintained by glycine residues and H-bonds formed between GA or EA
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depositions, play an important role in the stabilization of collagen molecules. In addition,
the other possible reason could be that the GA /EA reactive sites could react with the amino
group (NHy) of the collagen side chains [44]. In short, it was also noted that the thermal
transition temperature represents the energy required for the destruction of the amide
bonds, hydrogen bonds, and van der Waals forces that maintain the collagen triple helical
structure. It should be noted that the increase in denaturation temperature is promising for
maintaining the structural reliability of collagen, which is fundamental for the assembly of
collagen-based hydrogels. Indeed, the increased hydrophobicity of GA or EA molecules,
as well as their ability to form peptide bonds, can be important in their incorporation into
certain regions of collagen fibrils [43]. This inclusion helps to stabilize the collagen scaffold
structure. Because GA and EA are hydrophobic, they can interact with hydrophobic areas
inside collagen fibrils. Hydrophobic interactions could happen between nonpolar areas of
GA or EA and specific amino acid residues within collagen molecules, including proline or
hydrophobic clusters. The interaction between hydrophobic binding improves GA or EA
affinity and binding to collagen [45].

Table 2. Thermal denaturation (Td, °C) of collagen hydrogels immersed with GA and EA with
different concentrations according to the dry weight of collagen.

Treatments Sample Thermal Denaturation Temperature (Td) °C
Control 56.78
5% 63.35
10% 65.88
GA 30% 68.93
50% 71.19
100% 74.96
5% 62.15
10% 66.13
EA 30% 67.84
50% 70.51
100% 75.78

3.6. Analysis by X-Ray Diffraction (XRD)

The structural stability of collagen molecules after modification with GA or EA was
evaluated using X-ray diffraction (XRD). Figure 4A,B presented the XRD spectra of GA/EA
cross-linked collagen hydrogels. The XRD spectra revealed a diffuse scattering pattern
with a small peak observed at about 8°, indicating the presence of intermolecular packing
gaps between the molecular chains. An earlier study by Hu et al. [46], suggested that
the observation was compatible with the Schmitt model’s description of the assembly of
collagen molecules into fibrils [46]. Furthermore, a broader peak in the 20° to 25° range
was detected, corresponding to the widespread scattering of collagen fiber synthesis [45].
The peak pattern in the XRD spectra of the GA/EA cross-linked hydrogels was identical to
that of the control collagen hydrogels. The closeness implies that the collagen’s structural
reliability was intact after treatment with GA or EA solutions. According to the XRD exam-
ination, the cross-linking of collagen with GA or EA had no significant effect on the overall
structural properties of the collagen fibers. However, a previous study suggested that the
presence of GA or EA in collagen hydrogels represented the intermolecular binding sites
and that the assembly of collagen molecules into fibrils remained constant [47]. Therefore,
the findings supported the assumption that GA/EA cross-linking does not alter collagen’s
structural stability, making it an appropriate modification approach for retaining collagen’s
inherent structure for biological applications [46,48].
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Figure 4. (A) XRD curves of GA cross-linked and pristine hydrogels with different concentrations of
gallic acid according to the dry weight of collagen. (B) XRD curves of EA cross-linked and pristine
hydrogels with different concentrations of ellagic acid according to the dry weight of collagen.

3.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier transform infrared spectroscopy (FTIR) was used to describe the chemical
structure of collagen and collagen GA or EA cross-linked hydrogels. Figure 5A,B explain the
amide bands of collagen fibers with or without GA or EA cross-linking. The amide A band,
observed in the wave number range of 3430-3470 cm !, was a characteristic feature of
collagen cross-linked hydrogels. The amide A band was associated with hydrogen bonding
interactions and results from the unfolding vibration of N-H bonds. Moreover, it provided
valuable evidence about the network of hydrogen bonds within the structure of collagen.
In addition, another band was detected in the wave number range of 3230-3290 cm !, and
was known as the amide B band. The asymmetric stretching of the CH, groups within the
collagen molecules was responsible for the amide B band. The conformational arrangement
and structural properties of the collagen hydrogels can be determined from the presence
and characteristics of the band. In addition, a band at 3140-3180 cm™~! was also observed
in GA or EA cross-linked collagen fibers. However, the amide A and amide B bands
vanished in pristine collagen hydrogels. In addition to the classic amide A and amide
B bands, a novel peak in the wave number range of 1700-1730 cm~! was identified in
the spectra of collagen hydrogels cross-linked with GA or EA, but it was not present in
the spectra of pristine collagen hydrogels. The unfolding vibrations of C=O (carbonyl)
groups of chemical intermediates produced during GA or EA cross-linking are primarily
responsible for this new peak. The emergence of the peak demonstrated that C=O groups
participate in the cross-linking event, resulting in the production of more stable C-OH
(hydroxyl) groups [45]. The unfolding vibrations of the C=O groups can provide insight
into the structural changes and chemical modifications that occur within the collagen matrix
throughout the cross-linking process. The inclusion of GA or EA could be the reason for
these changes and could increase the stability and structural integrity of collagen-based
hydrogels. Amides (A, B) promote consistency in the triple helical structure of collagen [49].
Amide (I) was located between 1620-1700 cm ! and consisted of three main components: a
band at 1650 cm ! correlated with the a-helix/random coil confirmation, a band developed
at 1620-1640 cm ! corresponding to the 3-sheet conformation, and a band appearing at
1660-1670 cm~! corresponding to the 3-turn [48]. In general, amide (I) was associated with
the secondary structure of the protein and represents the trembling of amide carbonyls
along with the polypeptide backbone and the native triple helix, which were transformed
into C- and N- telopeptides in the collagen [49]. In addition, an amide (II) band of collagen
fibers was found between 1550-1570 cm ™! and attributed to CH; bending vibration. The
C-N unfolding and N-H bending vibrations of the amidic bond, and the wiggle vibrations
of the glycine backbone and the CH; group of the proline side chain, are responsible for
the complex amidic peaks [21]. On the other hand, FTIR shows strong binding as the
concentration of GA or EA increased from 1 to 200%, except for GA 1% and EA 100%
based on the dry weight of collagen, which might be due to the difference in their structure
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and binding ability at low and higher concentrations. The FTIR results indicated that
GA or EA cross-linking has a significant effect on the structural properties and could be
suitable for future experiments compared to the native collagen hydrogels, as the obtained
results showed that clearer (amide A, B) and amide (I, II, ITT) bands at 1410-1480 cm ™1,
corresponding to the unfolding vibrations of CH; and C=0, were altered in comparison to
the native collagen hydrogels [50].
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Figure 5. (A,B) FTIR spectra of GA or EA cross-linked or pristine collagen hydrogels with different
concentrations of GA/EA according to the dry weight of collagen.

3.8. Dynamic Rheological Measurements

The storage modulus (G’) represents the elastic response of the hydrogels, and it was
an indication of the ability to store and recover energy upon deformation. Moreover, the
storage modulus (G') also indicates the stiffness and rigidity of the hydrogel network.
In contrast, the loss modulus (G”) reflects the viscous behavior and energy dissipation
within the gel. The loss modulus (G”) was also known to measure the hydrogel’s ability
to flow and deform under applied stress. The relationship between G’ and G” aids in
the understanding of the dominant behavior, i.e., whether the hydrogel was more elastic
or more viscous. The loss factor, often expressed as the phase angle tangent (tan 8), was
calculated as the ratio of G’ to G'. However, tangent (tan 8) provided valuable information
about the relative contribution of the elasticity and the viscosity within the hydrogel. On
the other hand, a low value of tan § mostly indicates the elastic response where the storage
modulus leads toward the loss modulus. Conversely, a higher value of tan 6 indicates
more viscous behavior; however, the loss modulus dominates. The frequency dependence
curves of storage modulus G/, loss modulus G”, and tan § of all COL-GA /EA hydrogels
are presented in Figure 6 A-F. The results obtained in the present study demonstrated that
both the loss modulus (G”) and the storage modulus (G') exhibit an increasing trend with
increasing sweep frequencies up to 100% of GA or EA concentration based on the dry
weight of collagen. However, both moduli decreased at 200% of GA or EA concentration. It
was noteworthy that the storage modulus of elasticity (G') was significantly higher than the
loss modulus of elasticity (G') at a constant frequency. The results indicated an expansion
in the flexibility and a reduction in the mobility of the hydrogels after cross-linking with
GA or EA [51,52]. The loss tangent (tan §), which was the ratio of G” to G/, serves as a
measure of the transition from liquid-like to solid-like behavior. A value of tan & close
to 1 indicates a distinct elastomeric behavior [21]. In our study, all hydrogels exhibited
tan 6 values less than 1, signifying a superiority of solid-like gel properties. Moreover,
tan & showed a weak frequency dependence, suggesting the presence of stable gel-like
properties in the GA/EA cross-linked hydrogels. In addition, tan  showed a similar trend
concerning the concentration of GA or EA, and was highest at a 100% concentration, and
then decreased to the lowest value at a concentration of 200%, based on the dry weight of
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collagen. These findings suggested that the hydrogels maintain inter- and intramolecular
cross-linked bonds between collagen and GA or EA components. There was evidence of
improvement in the density of intermolecular bonds in collagen, which could be due to
hydrogen bonding or hydrophobic interactions.
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Figure 6. Effects of gallic acid and ellagic acid according to the dry weight of collagen with different
concentrations on the dynamic viscoelasticity of GA/EA cross-linked and pure collagen hydrogels.
(A) Storage modulus of gallic acid (G'). (B) Loss modulus of gallic acid (G”). (C) Loss factor of gallic
acid (tan 8) (D) Storage modulus of ellagic acid (G'). (E) Loss modulus of ellagic acid (G”) (F) Loss
factor of ellagic acid (tan 5).

3.9. Enzymatic Degradation of Hydrogels

In the present study, the amount of hydroxyproline after enzymatic degradation
was used to evaluate the enzymatic inhibition ability of pristine hydrogels and GA/EA
cross-linked collagen hydrogels. Figure 7 shows the percentage residue after enzymatic
degradation of pristine and cross-linked hydrogels after immersion in collagenase solution
at 37 °C for 24 h. As the concentration of GA or EA in the collagen hydrogels was increased,
the percentage of the residual amount of collagen was also increased. In addition, pristine
hydrogels have significantly (p < 0.05) lower % residues as compared to GA/EA cross-
linked hydrogels. The findings indicated that the resistance to collagenase of GA or EA
cross-linked collagen hydrogels was significantly (p < 0.05) higher compared to that of
the native collagen hydrogels. On the other hand, hydrogels cross-linked with GA have
notably better resistance compared to EA, particularly at GA 30% to GA 100%; for example,
GA 5-100% achieved (28.25%, 42.09%, 56.20%, 62.41%, and 76.56%, respectively), and GA
200% achieved 30.50%. However, the EA percent (%) residue was enhanced from EA 5% to
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EA 30%, (9.08-47.66%), and then decreased with the increasing concentration of EA; for
example, EA 50% reached 34.98, EA 100% reached 32.66, and EA 200% reached 29.86 percent
residue. Furthermore, the results showed that the pristine collagen hydrogels have lower
resistance to the collagenase enzyme compared to cross-linked hydrogels. Additionally,
phenolic acid cross-linked hydrogels were primarily dependent on the formation of a
covalent bond between the polymer and the cross-linking agent, e.g., via the Michael or
Schiff reaction, and, as a result, such hydrogels had resistance to enzymatic degradation.
Moreover, according to Bam et al. [43] GA is a mixture of -OH and -COOH groups and
was described as a potential cross-linker by increasing collagen stability, as indicated by
greater resistance to collagenase activity. These functional groups can react with functional
groups found in collagen, such as the -NH; and -OH groups. In general, the breaking of
covalent bonds between intermolecular interactions, such as the van der Waals force and
the hydrogen bond, requires more energy and has been associated with a lower degree
of degradation [29].
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Figure 7. Enzymatic degradation of GA & EA cross-linked collagen hydrogels with different concen-
trations of gallic and ellagic acid (C) control, and 5%, 10%, 30%, 50%, 100%, and 200% were different
concentrations according to the dry weight of collagen. Different letters (a, b, ¢, etc.) above the
concentrations indicate significant (p < 0.05) differences.

3.10. Scanning Electron Microscopy (SEM)

The influence of GA or EA on the microstructure of collagen-based hydrogels was
studied using scanning electron microscopy (SEM). Figure 8A-G demonstrates the SEM
images and the surface areas of the hydrogels. SEM analysis revealed the presence of a
typical tough assembly in both collagen and collagen-cross-linked hydrogels, which was at-
tributed to the association of collagen molecules within the hydrogel matrix. In accordance
with the results of XRD, FTIR, and physicochemical parameter analysis, the microstructure
of the hydrogels showed changes depending on the presence of GA or EA and the concen-
tration used. It was observed that hydrogels with a relatively rougher surface, showing
an accumulation of material on the surface, were obtained at higher concentrations of GA
or EA. As reported in previous studies [49,53], the increased irregularity of the hydrogel
surface can be attributed to enhanced covalent and non-covalent interactions between
collagen proteins and phenolic compounds [43]. The use of GA or EA to cross-link collagen
molecules provides additional bonding opportunities, both between collagen molecules
and within individual collagen molecules [33]. As a result, the structural properties of the
hydrogel are densified and compacted. The modification in structural properties has been
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linked to the formation of intermolecular bonds between collagen molecules, resulting in a
network of interconnected fibrils within the hydrogel matrix [34]. The hydrogels exhibited
significant changes in microstructure as the concentration of GA or EA increased from 30%
to 100% (as shown in Figure 8). In particular, the presence of fibrils within the hydrogels
became more pronounced, and the number of fibrils increased at higher concentrations of
either GA or EA. The hydrogels’ fibrillar structure led to their increased water-retaining
capacity. The increased number of fibrils increased the surface area of the hydrogel and
improved its ability to retain water molecules, resulting in higher swelling values when
compared to pristine hydrogels. The creation of fibrils can be linked to an increase in the
density of intermolecular interactions between collagen and GA or EA, which promotes
the tangling and aggregation of collagen molecules, resulting in a more interconnected
and porous structure. These intermolecular associations include covalent bonds, hydro-
gen bonds, and numerous non-covalent interactions. The increasing predominance of
these intermolecular linkages causes the collagen molecules to become entangled and
intertwined, resulting in a denser structure [53]. Additionally, intermolecular associations
included covalent bonds, hydrogen bonds, and numerous non-covalent interactions. The
increasing predominance of these intermolecular linkages causes the collagen molecules to
become entangled and intertwined, resulting in a denser structure [54]. The formation of
intramolecular associations inhibited the mobility of collagen molecules and the resulting
hydrogels had a more compact and dense microstructure.

Figure 8. Morphological images of collagen hydrogels visualized by scanning electron microscopy.
(A1,A2) SEM images of the pristine collagen; (B1,B2) SEM images of GA 30%; (C1,C2) SEM images of
GA 50%; (D1,D2) SEM images of GA 100%; (E1,E2) SEM images of EA 30%; (F1,F2) SEM images of
EA 50%; (G1,G2) SEM images of EA 100% crosslinked collagen hydrogels.

4. Conclusions

This study successfully presented fabricated collagen-based hydrogels cross-linked
with GA or EA and demonstrated remarkable physicochemical, thermal, structural, and
morphological properties. Cross-linking collagen-based hydrogels with GA and EA re-
sulted in considerable improvements in a range of physicochemical parameters. These
enhancements covered all the properties, such as the storage modulus, loss modulus, re-
sistance to enzymatic degradation by type I collagenase, heat stability, porosity, swelling
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response, and water retention. The GA/EA cross-linking method was crucial in retaining
the structural integrity of native collagen, as evidenced by XRD and FTIR spectroscopic
investigations. Furthermore, SEM analysis demonstrated that the surface morphology of
the GA/EA cross-linked hydrogels was improved when compared to the native hydrogels.
Collectively, the results indicated that the incorporation of GA and EA into collagen hy-
drogels resulted in significant improvements in their enzymatic, thermal, and structural
properties. These improvements were attributed to the formation of inter- and intramolecu-
lar cross-links between the collagen and GA/EA components. The cross-linked structure
resulted in improved functional properties of the hydrogels by providing increased sta-
bility and resistance to degradation. The results of the present study indicated that the
obtained GA /EA cross-linked collagen hydrogels are important for the design of collagen
biomaterials for different biomedical applications and provide a promising approach to
improve the properties and performance of collagen hydrogels for future studies.
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Abstract: Cellulose is the main polymer that gives strength to the cell wall and is located in the
primary and secondary cell walls of plants. In Cactaceae, there are no studies on the composition
of cellulose. The objective of this work was to analyze the crystallinity composition and anatomical
distribution of cellulose in Cactaceae vascular tissue. Twenty-five species of Cactaceae were collected,
dried, and milled. Cellulose was purified and analyzed with Fourier transform infrared spectroscopy,
the crystallinity indexes were calculated, and statistical analyzes were performed. Stem sections were
fixed, cut, and stained with safranin O/fast green, for observation with epifluorescence microscopy.
The crystalline cellulose ratios had statistical differences between Echinocereus pectinatus and Coryphan-
tha pallida. All cacti species presented a higher proportion of crystalline cellulose. The fluorescence
emission of the cellulose was red in color and distributed in the primary wall of non-fibrous species;
while in the fibrous species, the distribution was in the pits. The high percentages of crystalline
cellulose may be related to its distribution in the non-lignified parenchyma and primary walls of
tracheary elements with helical or annular thickenings of non-fibrous species, possibly offering
structural rigidity and forming part of the defense system against pathogens.

Keywords: crystalline cellulose; FTIR; fluorescence microscopy; crystallinity indexes; Cactaceae

1. Introduction

Plant cell walls give rigidity, delimit the cell space, and function as a physical barrier
against pathogens [1]. The main polymers of the cell wall are cellulose, hemicelluloses,
and lignin, in addition to other compounds such as pectins, structural proteins, and gly-
coproteins [2]. The cell wall is divided in two: the primary wall with abundant cellulose
microfibers, some hemicelluloses, xyloglucans, and pectins [3]. The primary wall develops
during cell growth and maintains some elasticity during the initial stage. The secondary
wall has three layers: S1, S2, and S3. A secondary wall develops once cell growth ends,
mainly lignin accumulates, and cellulose occurs in a lesser quantity than other polysaccha-
rides such as hemicelluloses [4].

Cellulose is the main component of the cell wall [1] and is a homopolysaccharide
composed of repeated glucose residues linked by 3-(1—4) bonds that generate long and
rigid microfibrils [5] made of 18 cellulose polymers [6]. The presence of cellulose microfibrils
in the cell wall confers mechanical and enzymatic resistance [7], structural rigidity in the
primary wall [2], and forms the scaffolding for binding with pectins and hemicelluloses [5].
Two types of cellulose are characterized by their orientation and packaging. The cellulose
formed by microfibrils is also called crystalline cellulose [8], which is packaged because
the microfibrils are linked by hydrogen 3-(1—4)-linked D-glucose units, making it more
compact, rigid, and ordered [9]. The cellulose matrix that has no order (amorphous) forms
a network where the hemicelluloses, pectins, lignin, and phenolic compounds are inserted
and joined [3,10].
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The importance of studying the crystalline composition of cellulose is due to its use in
the paper industry [8] and for the production of biofuels [11]. In addition, Cactaceae species
are considered second generation plants for biofuel production because, despite their slow
growth, they resist drought conditions and high temperatures, and are not an essential
part of human consumption [12]. The species with the highest amount of amorphous
cellulose [13] and the lowest presence of lignin or lignin, and with the highest accumulation
of syringyl monomers [14], are those that have potential for use in the previously mentioned
industries. On the other hand, cellulose studies also focus on anatomical-structural analysis,
to identify cell wall interactions with biotic and abiotic factors [15]. At this point, different
authors have analyzed the stress effects of the environment on cellulose accumulation [16]
and the interaction between cellulose and pathogens [17].

In succulent species, studies are scarce and most have focused on the genus Agave,
a member of the Asparagaceae family [18]. In the Cactaceae family, few studies have
identified the chemical composition of lignin [19-22]; furthermore, the crystallinity of
cellulose was only analyzed in Opuntia ficus-indica, due to the potential use of its cellulosic
compounds in the biofuel and paper industry [23]. However, of the other species of the
Opuntioideae, Pereskioideae, and Cactoideae subfamilies, there have been no studies on
the composition of cellulose and its distribution in the secondary xylem (wood), which
would allow us to understand the structure and functioning of cellulose in the cell wall of
the parenchyma, water conductive, and supporting cells. Therefore, this study aimed to
analyze the crystalline composition of cellulose and its distribution in wood. The hypothesis
was that there would be variation in the crystalline composition of cellulose among the
different groups of cacti, due to the type of wood present.

2. Materials and Methods
2.1. Crystalline Analysis of Cellulose

To analyze the crystalline cellulose of Cactaceae species, adult and healthy plants of
representative species of Cactaceae (Table 1) were collected. The vascular cylinder of all
species was isolated and dried for 72 h. After that, 2 g of each species was weighed, dried,
and ground. Subsequently, to obtain free-extractive wood, successive extractions were
applied with ethanol: benzene (1:2), ethanol 96%, and hot water at 90 °C, according to the
method proposed by Reyes-Rivera and Terrazas [24].

For the free-extractive wood, cellulose purification was performed using the procedure
of Maceda et al. [20] based on the Kiirschner-Hoffer method. Whereby, 0.5 g of extractive-
free wood was weighed and added to 12.5 mL of HNO3/ethanol (1:4 v/v), kept in a
reflux system for 1 h, allowed to cool to room temperature, and the sample was decanted.
Subsequently, 12.5 mL of HNOj3/ethanol was added and the process of reflux, cooling, and
decantation was repeated two more times. In the last process, 12.5 mL of 1% aqueous KOH
solution was added, kept under reflux for an additional 30 min, and finally filtered through
a fine-pore Biichner filter. The residue (cellulose) was dried at 60 °C for 12 h.

Obtainment of the crystalline and amorphous cellulose proportion was performed with
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), because the
covalent and non-covalent interactions of cellulose could be identified, and the crystallinity
of cellulose could be measured [25]. A small amount of dry cellulose from each species
was taken, readings in the spectrum range of 4000-650 cm ™! (30 scans with a resolution
of 4 cm~!, 15 s per sample) of each sample were made in an FTIR Spectrometer (Agilent
Cary 630 FTIR), and a baseline correction was made with MicroLab PC software (Agilent
Technologies, Santa Clara, CA, USA). The raw spectra were converted from transmittance
to absorbance, and the average of three spectra was obtained using the Resolution Pro FTIR
Software program (Agilent Technologies, Santa Clara, CA, USA).

The total crystallinity index (TCI) proposed by Nelson and O’Connor [26], or also
called the proportion of crystallinity [13], was calculated from the ratio between the intensity
absorption peaks 1370 cm~! and 2900 cm ™! [27]. The lateral order index (LOI) [26,27],
or the second proportion of crystallinity [13], was calculated from the ratio between the
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intensity absorption peaks 1430 cm~! and 893 cm~!. Hydrogen bonding intensity (HBI)
was calculated from the ratio between 3350 cm ! and 1315 cm ! [28].

The data obtained in triplicate for TCI, LOI, and HBI for each species were analyzed
with non-parametric statistics, due to the data having no normality with the Kolmogorov-
Smirnov and Shapiro-Wilk tests, even with the square root and log transformations. A
non-parametric Kruskal-Wallis test was used to determine if there were differences among

the species, followed by Dunn’s post hoc test.

Table 1. Morpho-anatomical characteristics of the 25 species of Cactaceae.

Subfamily Species Collection Number Wood Type Stem
Coryphantha clavata (Scheidw.) Backeb. BV2535 Non-fibrous Cylindrical
C. cornifera (DC.) Lem. BV2534 Non-fibrous Cylindrical
C. delaetiana (Quehl) A. Berger BV2542 Non-fibrous Globose
C. delicata L. Bremer SA1927 Non-fibrous Cylindrical
C. hintoriorum Dicht & A. Liithy BV2539 Non-fibrous Cylindrical
C. macromeris (Engelmann) Lemaire BV2600 Non-fibrous Globose
C. pallida Britton & Rose SA860 Non-fibrous Globose
C. pseudoechinus Boed. BV2543 Non-fibrous Cylindrical
C. ramillosa Cutak HSM3775 Non-fibrous Globose

Cactoideae C. retusa Britton & Rose SG55 Non-fibrous Globose
Echinocereus cinerascens (DC.) Lem. subsp. tulensis SA1744 Non-fibrous Cylindrical
E. dasyacanthus Engelm. SA2077 Non-fibrous Cylindrical
E. pectinatus (Scheidw.) Engelm. SA1918 Non-fibrous Cylindrical
E. pentalophus (DC.) Lem. SA1740 Non-fibrous Cylindrical
Mammillaria carnea Zucc. Ex Pfeiff. DA241 Non-fibrous Cylindrical
M. dixathocentron Backeb. Ex Mottram CPNL133 Non-fibrous Cylindrical
M. magnifica Buchenau UGI1411 Non-fibrous Columnar
M. mystax Mart. DA238 Non-fibrous Cylindrical
Neolloydia conoidea (DC.) Britton & Rose BV2595 Non-fibrous Cylindrical
Cylindropuntia imbricata (Haw.) F. M. Knuth TT990 Fibrous Tree
C. kleiniae (DC.) F. M. Knuth TT1000 Fibrous Shrub

Opuntioideae  C. leptocaulis (DC.) E. M. Knuth TT994 Fibrous Shrub
Opuntia stenopetala Lem. TT997 Fibrous Shrub
O. stricta (Haw.) Haw. TT998 Fibrous Shrub
Pereskioideae = Leuenbergeria lychnidiflora (DC.) Lodé TT967 Fibrous Tree

The vouchers were deposited in the National Herbarium of Mexico (MEXU). Initial collectors were BV, Balbina
Vazquez; SA, Salvador Arias; HSM, Hernando Sanchez-Mejorada; UG, Ulises Guzman; DA, David Aquino; CPNL,
Carmen P. Novoa; TT, Teresa Terrazas. SA, verified species identification.

2.2. Epifluorescence Microscopy

To analyze the anatomical distribution of cellulose in Cactaceae species, epifluorescent
microscopy was used. Epifluorescence is a technique used to identify the distribution
of structural components such as lignin, cellulose, phenolic compounds, starch, and pro-
teins [29]. In the particular case of epifluorescence, it allows the observation of thin
sections of plant samples, where the tissues are anisotropic [30]. The method used to
make the observations was based on the results obtained by De Micco and Aronne [31] and
Maceda et al. [21,22] with epifluorescence and safranin O/fast green staining (SF). However,
to confirm that the fluorescence emission by safranin/fast green staining corresponded to
the fluorescence of lignified tissues and cellulose, samples of Ferocactus latispinus (HAW.)
Britton and Rose were used as a model for comparison with two other typical stains for
fluorescence, such as acridine orange—Congo red (AO), in addition to calcofluor (CA), based
on the method proposed by Nakaba et al. [32].

Representative samples of wood from the base of the stem of the Cactaceae species
were obtained, fixed with a solution of formalin—acetic acid—ethanol (10:5:85) [33], and
washed, before dehydrating the samples [30]. The non-fibrous species samples were
embedded with paraffin and cut with a rotatory microtome, and the fibrous species were
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cut with a sliding microtome [20]. All the samples were stained with safranin O/fast green
and mounted in synthetic resin according to Loza-Cornejo and Terrazas [34].

Due to the different structural components of the cell wall, presenting autofluorescence
and fluorescence emission [29], three different excitation and emission bands were used
at the same time [21]. This process allowed obtaining images with a “true color” [29].
Therefore, a wide-field fluorescence microscope (Zeiss Axio Imager Z2) with Apotome 2.0
(Zeiss Apotome.2), an AxioCam MRc 5 (Zeiss), and a microscope metal halide fluorescence
light source (Zeiss HXP 120) were used. The multicolor images were obtained with a triple
excitation/emission bandwidth: DAPI (blue) with an excitation of 365 nm and emission of
445/50 nm, FITC (green) with an excitation of 470/40 nm and emission of 525/50 nm, and
TRITC (red) with an excitation of 546/12 nm and emission of 575-640 nm. Each sample
was exposed to fluorescence light with a low power for a maximum of one minute, as
proposed by Baldacci-Cresp et al. [35], to avoid overexposure of the samples and cause their
photobleaching. Images were obtained with the Zen Blue 2.5 lite (Zeiss, Jena, Germany)
program, and brightness adjustments were made to the entire image.

3. Results
3.1. Cellulose Composition

Figure 1 illustrates the cellulose spectra and Table 2 shows the allocation of the main
bands. The absence or presence of small bands at 1269 cm ! corresponding to lignin and
hemicelluloses; 1595 cm 1, 1512 ecm~!, and 1463 cm ™! assigned to lignin; and 1735 cm~!
corresponding to xylenes and hemicelluloses reflected the effectiveness of the extraction and
cellulose purification. The presence of 1640 cm ™! reflected the O-H vibration of absorbed
water. The parameters for crystallinity, TCI, LOI, and HBI, had statistically significant
differences (p < 0.05) with a non-parametric Kruskal-Wallis analysis (Table 3); and using
Dunn’s post hoc test, the species that were statistically different were identified (Table 4
and the website on Data Availability Statement contain the tables for each variable and the
comparison between species).

The TCI showed that all species had values above one, because cacti have a higher
proportion of crystalline cellulose than amorphous cellulose (Table 4). E. pectinatus had
the highest TCI values and had significant differences with C. pallida and C. clavata, which
presented the lowest values (Table 4). The lateral order index (LOI) reflected the degree of
order in cellulose and the presence of crystalline cellulose II or amorphous cellulose; all
species had similar values, except for E. pectinatus, C. pallida, and C. ramillosa, because the
last two presented significant differences from the first (Table 4). In HBI, which relates to
the crystal system and the bound water, the significant differences were between C. pallida
with the highest values, and E. pectinatus, which presented the lowest HBI of the cacti
(Table 4). The crystallinity indexes TCI and HBI were high in all Cactaceae species, but had
lower values in the LOI index, because the cacti species had a lesser order (disorder) in the
crystalline structure, but a higher proportion of crystalline cellulose.

Table 2. Assignment of FTIR absorption bands for the cellulose of Cactaceae species.

Wavenumber (cm—1) Assignments
3000-3600 OH stretching [27]
2900 CH stretching [13,27]
1430 CH,; symmetric bending (crystalline and amorphous cellulose)
[13,26,27]
1372 C-H and C-O bending vibration bonds [27]
1336 C-O-H in-plane bending (amorphous cellulose) [27]
1315 CH; wagging vibration (crystalline cellulose) [26]
1163 C-O-C asymmetrical stretching [36]
893 Out-of-plane asymmetrical stretching of cellulose ring [13]
670 C-O-H out-of-plane stretching [37]
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Figure 1. FTIR spectra for obtaining cellulose crystalline indexes for the 25 Cactaceae species.
(A) Non-fibrous species. (B) Fibrous species.
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Table 3. Kruskal-Wallis analysis for the crystalline indexes and hydrogen bond index.

Crystalline Indexes X-Square Df Significance
TCI 65.81053 24 9.25 x 107°
LOI 52.00702 24 7.81 x 1074
HBI 61.89333 24 3.44 x 107°

Table 4. Crystallinity indexes with standard deviations, to determine the crystalline cellulose of the
25 Cactaceae species.

Species TCI (A1370/A2900) LOI (A1430/A893) HBI (A3400/A1315)
C. pallida 1.118 £ 0.019 a 0.503 4+ 0.007 a 1.365 £ 0.032 a
C. clavata 1.126 4 0.012 ab 0.507 4+ 0.014 ab 1.301 £ 0.048 ab
C. delaetiana 1.263 4 0.020 abed 0.515 + 0.020 ab 1.148 £ 0.018 ab
C. delicata 1.227 £ 0.021 abcd 0.523 4+ 0.010 ab 1.231 £ 0.033 ab
C. hintoriorum 1.273 4 0.022 abed 0.561 4 0.009 ab 1.131 £ 0.024 ab
C. macromeris 1.291 4 0.023 abcd 0.565 + 0.009 ab 1.131 £ 0.024 ab
C. pseudoechinus 1.197 £ 0.030 abcd 0.540 4 0.009 ab 1.287 £+ 0.030 ab
E. cinerascens 1.198 4 0.026 abcd 0.538 + 0.011 ab 1.339 £ 0.037 ab
E. dasyacanthus 1.234 + 0.039 abed 0.535 £+ 0.014 ab 1.202 £ 0.034 ab
E. pentalophus 1.165 £ 0.018 abcd 0.540 4+ 0.012 ab 1.270 £ 0.028 ab
M. dixathocentron 1.243 4 0.021 abed 0.513 + 0.012 ab 1.279 £ 0.026 ab
M. magnifica 1.219 + 0.025 abed 0.532 £ 0.012 ab 1.289 4 0.025 ab
M. mystax 1.179 + 0.028 abcd 0.511 + 0.013 ab 1.252 +£0.017 ab
N. conoidea 1.212 4 0.015 abed 0.513 + 0.012 ab 1.280 £ 0.030 ab
C. imbricata 1.141 £ 0.021 abed 0.526 4+ 0.013 ab 1.277 £+ 0.021 ab
C. kleiniae 1.192 + 0.015 abcd 0.528 4 0.006 ab 1.293 + 0.034 ab
C. leptocaulis 1.242 4 0.021 abed 0.567 + 0.010 ab 1.250 £ 0.019 ab
O. stenopetala 1.299 + 0.028 abed 0.535 £ 0.011 ab 1.185 £ 0.042 ab
O. stricta 1.287 + 0.023 abcd 0.541 4+ 0.012 ab 1.139 £ 0.035 ab
L. lychnidiflora 1.202 4 0.034 abcd 0.510 + 0.010 ab 1.270 £ 0.037 ab
M. carnea 1.323 £ 0.024 abed 0.540 + 0.009 ab 1.097 £ 0.028 ab
C. ramillosa 1.362 + 0.027 abcd 0.472 £ 0.011 a 1.085 + 0.036 ab
C. retusa 1.486 £ 0.039 bed 0.569 + 0.017 ab 1.030 £ 0.019 ab
E. pectinatus 1.606 £ 0.042 cd 0.647 +0.015b 0.516 + 0.007 b

Different letters in each column indicate significant differences (p < 0.05). Mean = standard deviation (SD).

3.2. Staining Methods for Fluorescence

When comparing the bright-field images with the fluorescence images, it was observed
that in the bright-field images, the blue tones corresponded to the non-lignified tissue,
while the red tones corresponded to the lignified tissue. In the fluorescence images, the
green tones reflected the lignified tissue and the red the non-lignified (Figure 2A,B). In the
SF, AO, and CA stains (Figure 2) it was observed that the secondary walls of the vessel
elements (v) and wide-band tracheids (wbt) showed fluorescence emission in green to
bluish tones in all three types of staining. In non-lignified tissues, such as the parenchyma
or the primary walls of the vascular tissue, in the SF and AO stains, the cellulose fluoresced
in red tones, while, for CA, the tones were bluish to greenish (Figure 2D).
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Figure 2. Images of the vascular tissue of F. latispinus. (A) Bright-field image of SF. (B) Fluores-
cence image of SF. (C) Fluorescence image of AO. (D) Fluorescence image of CA. p = parenchyma,
v = vessel, wbt =wide-band tracheids. Scale: 100 um.

3.3. Cellulose Distribution in Cells of the Secondary Xylem

Figures 3-6 show representative species of fibrous (Pereskioideae and Opuntioideae)
and non-fibrous (Cactoideae) wood. In the bright-field microscopy images, the lignified cell
walls were observed in red tones, with the non-lignified in blue tones. With fluorescence
microscopy, the fibrous species reflected bluish-green to yellow tones; while in the non-
fibrous species, the tones of the lignified walls were greenish. The presence of cellulose
and other components of the non-lignified walls reflected reddish tones in all species.
Cylindropuntia leptocaulis (Figure 3A,B) had starch within some parenchyma (p) cells, which
were cyan-colored. The distribution of cellulose was different between the fibrous species
and non-fibrous species.
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Figure 3. Fluorescence emission of transverse sections of fibrous wood species of Cactaceae.
(A,B) Cylindropuntia leptocaulis. (C,D) Opuntia stenopetala. (E,F) Leuenbergeria lychnidiflora. f = fibers,
p = parenchyma, v = vessel. Scale: 20 um.
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In longitudinal sections of Cylindropuntia, Opuntia, and L. lychnidiflora, cellulose
was detected in the pits of the VEs (Figure 4A,B,D). In addition, the presence of cellu-
lose was mainly in the simple pits of the fibers (f) of Cylindropuntia and L. lychnidiflora.
(Figure 4A,B,D). The unlignified parenchyma of O. stenopetala in longitudinal sections
showed primary walls with the presence of cellulose (Figure 4C); whereas, in the lignified
parenchyma of Cylindropuntia and Leuenbergeria, lignin was mainly accumulated in the cell
wall, and cellulose was exclusively in the pits (Figure 4A,B,D).

In non-fibrous species (Figure 5), cellulose fluorescence emission was detected in
the primary wall of p, wbt, and v; unlike in fibrous species, where fluorescence emission
was not detected in the primary wall but in the S3 layer of the secondary wall adjacent
to the lumen. Furthermore, the non-fibrous species showed secondary walls as helical
and annular thickenings in v and wbt, so the primary wall was visible in the longitudinal
sections (Figure 6). In all non-fibrous species, the p was abundant and unlignified, in
addition to having a greater accumulation of cellulose (Figures 5B,D,FH and 6B).

Figure 4. Fluorescence emission of longitudinal sections of fibrous wood species of Cactaceae.
(A) Cylindropuntia kleiniae. (B) Cylindropuntia leptocaulis. (C) Opuntia stenopetala. (D) Leuenbergeria
lychnidiflora. f = fibers, p = parenchyma, v = vessel. Scale: 20 um: (A,C); 50 um: (B,D).
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Figure 5. Fluorescence emission of transverse sections of non-fibrous wood species of Cactaceae.
(A,B) Coryphantha clavata. (C,D) Echinocereus cinerascens. (E,F) Mammillaria dixathocentron. (G,H)
Neolloydia conoidea. p = parenchyma, v = vessel, wbt = wide-band tracheids. Scale: 20 um: (A,B,E H);
200 pm: (C,D).
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Figure 6. Fluorescence emission of longitudinal sections of non-fibrous wood species of Cactaceae.
(A) Carpathia delaetiana. (B) Neolloydia conoidea. p = parenchyma, v = vessel, wbt = wide-band
tracheids. Scale: 20 um: (A,B).

4. Discussion

All Cactaceae species had a higher cellulose crystalline proportion, and the distribution
of cellulose was in unlignified parenchyma, v, and wbt; all with secondary walls as helical
and annular thickenings.

4.1. Crystalline Indexes

The TCI index was based on the proportion between the intensity peaks of 1370 cm ™!
and 2900 cm !, according to Nelson and O’Conner [26]. The TCI is proportional to the
degree of crystallinity of cellulose; therefore, the higher the ratio, the higher the percentage
of crystalline cellulose, as reported by various authors for different species, fibers, and
materials [27,28,38]. In the case of the LOI index, the peak of 1430 cm ™! corresponds
to the presence of crystalline cellulose I, while the peak of 893 cm™! reflects the pres-
ence of crystalline cellulose II and amorphous cellulose [39]. LOI reflects the ordered
regions perpendicular to the chain direction, which is influenced by the chemical extrac-
tion and purification of cellulose [40]. The low values of LOI for Cactaceae species could
have been the result of the presence of crystalline cellulose II, which influences the peak
893 cm ! [41], or the effect of the temperature and concentration of the NaOH solution
during the purification of cellulose [39]. In the case of HBI, these values are useful for
interpreting qualitative changes in cellulose crystallinity; the lower values indicate the
presence of crystalline cellulose, and if the values are higher, this could indicate the presence
of cellulose II or amorphous cellulose. However, these values could represent the amount
of bound water in the fiber structure and the presence of extractives, hemicelluloses, and
lignin that increase HBI values [27].

The results observed in Table 4 reflect that all cacti species had high proportions of
crystalline cellulose, because they had high values of TCI and LOI, and similar values in HBL
The species E. pectinatus, C. retusa, and C. ramillosa (except in the LOI value) had the highest
crystalline proportions, due to having the highest values of TCI and LOI, and lower values
of HBI, which corresponds with the fibers and materials with high crystalline cellulose
proportions reported by Colom and Carrillo [42], Carrillo et al. [43], girok}'f etal. [39], and
Poletto et al. [27].

Comparing with the reports in the literature for other cacti species, the high proportions
of crystallinity cellulose were similar to most angiosperms reported by Agarwal et al. [44]
and to the bark of the cactus Cereus forbesii, which had a percentage of 82% crystalline
cellulose [45]. Opuntia ficus-indica is a species with varying crystalline cellulose percentages in
different parts of the plant: cladodes 27% [23] and 79% [46], spines 34-70% [47 48], vascular
tissue 22-28% [49], fruit epidermis 38% [50], and 60% in seeds [51]. Maceda et al. [46]
reported percentages of crystalline cellulose of 76% and 74%, respectively, for Opuntia
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streptacantha and O. robusta. These values are very similar to those reported in this study for
non-fibrous and fibrous species. Therefore, high proportions or percentages of crystalline
cellulose is a constant in different Cactaceae species, probably due to the presence of non-
lignified parenchyma or non-lignified primary cell walls, as observed in the anatomical
distribution. Further studies comparing the purity of cellulose using the Kiirschner-Hoffer
method with other methods, such as the Seifert [52] method, would allow corroborating
the proportions of crystalline cellulose in the Cactaceae species analyzed.

4.2. Staining Methods for Fluorescence

With the three staining methods (SF, AO, and CA; Figure 2), the distribution of
the lignified tissue from the non-lignified was identified. The tones in the fluorescence
emission for lignin in SF were similar to what was observed in AO and CA, and to what
was reported by other authors [22,29,30]. The use of SF for bright-field and fluorescence
is advantageous over AO and CA, because images can only be taken using fluorescence
microscopy. On the other hand, the AO and CA techniques are semi-permanent, so over
time the fluorescence is lost, when the dyes become diluted in the mounting medium used
(phosphate buffer:glycerol 1:1 v/v) [30]; while for SF, a permanent mounting medium is
used, so slides can be stored without loss of fluorescence.

Finally, the difference in lignin tones was visible in SF and CA, such as v, whose
intensity and fluorescence tonalities were different from wbt; while for AO, the tonalities
were similar in v and wbt. For the distribution of cellulose in the non-lignified parenchyma
and in the vascular tissue, SF was clearly observed in red tones; while in AO and CA, the
fluorescence emission of the parenchyma was obscured by the fluorescence of the vascular
tissue. Therefore, SF was an efficient method for determining the distribution of lignified
tissues and cellulose, as was previously reported in the literature [21,22].

4.3. Cellulose Distribution and Crystalline Composition

The tonalities observed in the fluorescence emission for cellulose and lignin correspond
to those reported in other similar studies with a safranin O/fast green staining technique
and three excitation bands [21,22,29-31]. This technique allowed the detection of differences
in the distribution of both structural compounds (cellulose and lignin), between non-fibrous
and fibrous species. The safranin O dye allows the detection of lignin autofluorescence and
fluorescence in analyzed tissues [30,31], with tonalities of blue to green [29,35]. In the case
of celluloses and hemicelluloses that do not have autofluorescence, such as lignin [29], with
safranin O/fast green staining, the fluorescence emission of cellulose can be detected at
570-620 nm and its tonalities were reddish, similarly to the results of Maceda et al. [21,22].
However, further studies with immunohistochemistry or specific fluorophores could help
confirm the distribution of cellulose [2,29].

When comparing the results with those reported by Maceda et al. [21] for the primary
xylem, cellulose accumulated in the primary walls and lignin in the secondary ones of
the helical and annular thickenings of the protoxylem and metaxylem of fibrous species,
similarly to what was observed in non-fibrous adult plants. Only in the metaxylem of
Leuenbergeria lychnidiflora was there a decrease in the accumulation of cellulose in the
primary walls and a greater accumulation in the intervascular pits, as obtained in the
secondary xylem of the fibrous species.

The presence of high proportions of crystalline cellulose in all studied cacti, mainly
in the non-fibrous species (E. pectinatus, C. retusa, and C. ramillosa), could be related to
the abundant unlignified parenchyma and the lower accumulation of lignin in the xylem,
as seen in Figures 4 and 5B. Even when including fibrous species of Cylindropuntia and
Opuntia, there was a high proportion of crystalline cellulose, similarly to non-fibrous
species, possibly because the xylem had a greater accumulation of lignin in the cell walls
of the v, f, and p [20]. This high proportion of lignin may function as a physical [53] and
chemical barrier against the attack of pathogens [54]. Zhao and Dixon [7] and Bacete and
Hamann [55] mentioned that the cell wall is a dynamic barrier in conditions of abiotic stress.
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Therefore, in some cells, the presence of increased lignin accumulation can be observed [56];
while in others, similarly to in the gelatinous layer (G), cellulose is mainly accumulated [8].

In the cells with non-lignified primary cell walls, the accumulation of crystalline
cellulose packed by hydrogen chain 3-(1—4)-linked D-glucose units [9] makes cellulose
more hydrophobic than amorphous cellulose [8], conferring structural support [9] and
causing a decrease in the efficiency of cellulase enzymes [57], by not presenting sites for
binding with enzymes and making it difficult to degrade [58]. In contrast, amorphous
cellulose is slightly hydrophilic [55], susceptible, and degrades rapidly, due to the action of
cellulase enzymes [59] and pH changes from pathogens [60].

Infection with some pathogenic fungi occurs when the hyphae invade the roots and
subsequently the vascular tissue [16]. In the fibrous species of Cactaceae, the accumulation
of lignin works as a physical barrier in Vs [61]. However, in non-fibrous species with little
accumulation of lignin in the helical or annular thickenings, the presence of crystalline
cellulose in the primary wall of the tracheary elements and the unlignified parenchyma
function as a physical barrier, to prevent the spread of the fungus by reducing the effective-
ness of cellulase enzymes [55]. For the species analyzed in this work, it has been reported
that they have higher percentages of cellulose than lignin in the vascular tissue [20]; thus,
possibly, the presence of crystalline cellulose reinforces and protects the vessels with helical
and annular secondary thickenings. In subsequent studies using transmission electron
microscopy techniques [62], the presence of crystalline cellulose in the primary wall of the
tracheary elements could be analyzed and characterized, which will support and confirm
this assertion.

The presence of high proportions of crystalline cellulose in fiber species could be
due to the succulence of their stems and their distribution in humid environments, such
as for Leuenbergeria lychnidiflora, [63] or in the extreme conditions of arid and semi-arid
climates with seasons of high humidity. The resistance of plants to stressful conditions is
energetically expensive, in addition to the constitutive expression of defense mechanisms,
such as the accumulation of callose [1,5], pectins [55], or secondary metabolites [64]. This is
not always the best strategy against the colonization of pathogens or diseases, because it can
restrict physiological processes and have negative impacts on the plant, such as a reduced
seed production and biomass [14]. Therefore, the presence of primary physical barriers,
such as lignin [65,66] and crystalline cellulose [9] that inhibit the spread of pathogens, could
decrease the expression of the defensive systems (callose, pectins, secondary metabolites)
and be energetically expensive [15]. The heterogeneity in the composition of cell walls
between species reflects the diversity of defensive mechanisms against the degrading
enzymes that pathogens have developed to break down plant cell walls, such as the
numerous cell wall-degrading enzymes (CWDEs), polygalacturonases, and xylanases [67].

In these Cactaceae species, as mentioned previously, cellulose may work to confer
structural support to the primary wall, without losing flexibility [68], and thus maintaining
the cell structure during periods of water stress and rain [69]. Furthermore, the increased
amount of crystalline cellulose could function as a defense against pathogens [57], by
providing resistance to degradation by glycosyl hydrolase enzymes [9] and enzymes
produced by pathogenic fungi [17]. Further analyses in a larger number of dimorphic and
non-fibrous cacti, together with other families of succulent plants, may confirm that the
presence of crystalline cellulose is due to the presence of non-lignified parenchyma, as was
observed in the species analyzed in this work.

In addition, the crystalline cellulose can be used for the production of microfibrillated
cellulose nanofibers that could be applied in the production of medical equipment [70,71]
or in paper recycling [72]. Amorphous cellulose could be enzymatically degraded for
the production of biofuels [23,73]; thus, cacti species have potential for future use [74].
However, it is essential to analyze the profitability in terms of cultivation and plant growth.
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5. Conclusions

The non-fibrous species presented a high proportion of crystalline cellulose, reflected
in their TCI, LOI, and HBI proportions. The distribution of the cellulose was in the primary
cell wall of the tracheary elements and the unlignified parenchyma. In fibrous species,
the distribution was in the cell wall near the lumen and the simple and alternate pits of
vessel elements and fibers. The high proportion of crystalline cellulose could be related to
resistance to pathogens, due to the presence of a non-lignified primary cell wall in all the
cacti species.
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Abstract: The pretreatment of pulp with enzymes has been extensively studied in the laboratory.
However, due to cost constraints, the application of enzymes in the pulp and paper industry is very
limited. In this paper, an environment-friendly and efficient pulping method is proposed as an
alternative to traditional pulping and papermaking methods. This new method overcomes the low
efficiency and extreme pollution problems associated with traditional pulping methods. In addition,
fitting equations for the new pulping method are constructed using data on enzyme treatments,
which reflect the effect of enzymes and enable the realization of real-time control of the pulping
process. The experimental results show that the efficiency of the pulping and papermaking process
can be improved using biological enzymes, and the separation of cellulose can be facilitated using
mixed enzymes, which have a better effect than single enzymes.

Keywords: wheat straw; lignin; Biopulping; xylanase; pectinase

1. Introduction

According to relevant statistics, the total output of paper and paperboard in the global
pulp and paper industry in 2022 is about 417 million tons, of which the total output of
the United States is about 65.95 million tons, and the total output of China is about 124.32
million tons [1]. As the world’s largest developing country, China’s total volume of paper
products ranks first in the world, but the per capita output of paper products is much
lower than that of developed countries. According to statistics, in 2022, China’s pulp,
paper and paper products industry achieved a total output of 283.91 million tons of pulp,
paper, cardboard and paper products, with an average annual growth of 1.32%. Among
them, the output of paper and paperboard was 124.25 million tons, an increase of 2.64%
over the previous year. Pulp output was 85.87 million tons, an increase of 5.01% over the
previous year. The output of paper products was 73.79 million tons, 4.65% less than the
previous year [1]. In 2022, there are about 2500 paper and cardboard production enterprises
in the country, and the national production of paper and cardboard is 124.25 million
tons, an increase of 2.64% over the previous year. Over the previous year, consumption
was 124.03 million tons, an increase of —1.94%, with a per capita annual consumption of
87.84 kg (1.412 billion people). According to the survey data of the China Paper Association,
the total pulp production in 2022 will be 85.87 million tons, an increase of 5.01% over the
previous year [2]. This includes 21.15 million tons of wood pulp, an increase of 16.92%;
59.14 million tons of waste pulp, an increase of 1.72% over the previous year; non-wood
pulp was 5.58 million tons, an increase of 0.72% over the previous year [3]. In 2022, there
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will be 4727 paper products production enterprises above designated size in China, with
a production capacity of 73.79 million tons, an increase of —4.65% over the previous year.
The consumption was 68.97 million tons, an increase of —5.89% over the previous year.
The import volume was 160,000 tons and the export volume was 4.98 million tons. From
2013 to 2022, the average annual growth rate of paper product production is 3.69%, and the
average annual growth rate of consumption is 3.45% [2].

Although the demand for paper and paperboards has remained high in recent years,
the shortage of raw materials has limited the development of the paper industry. The
production capacity of pulp, particularly wood pulp, is insufficient to compensate for the
high dependence on raw material imports. As a gramineous plant, wheat straw is an
important source of biomass, which is grown globally. It is one of the three largest cereal
crops in the world [4,5]. As agricultural waste, wheat straw employed in pulping not only
reduces environmental pollution but also maximize straw resources [6]. Wheatgrass is
an abundant crop by-product in China. With the continuous development of agricultural
production science and technology and the improvement of wheat yields, the annual
harvest of rice-wheatgrass has also increased [7]. Wheatgrass papermaking is an important
aspect to promote the development of China’s papermaking industry. Of China’s non-
wood pulp products, rice straw pulp and bamboo pulp make up the majority. In 2022,
the domestic wheat straw pulp output was 1.5 million tons, an increase of 0.72% over the
previous year, accounting for 26.9% of non-wood pulp output. The output of bamboo pulp
was 2.46 million tons, accounting for 44.1% [2,8].

The chemical components of common deciduous wood were 58.61% cellulose, 22.71%
pentosan, 17.04% lignin, 0.52% ash and 1.74% benzene-alcohol extract [8]. The chemical
composition and content of wheat straw stem were: cellulose 47.09%, pentosan 32.28%,
lignin 10.23%, ash 8.94% and benzene-alcohol extract 5.36% [9]. The average fiber length
of wheatgrass was 1.32 mm, which was larger than that of broadleaf wood (1.03 mm) and
smaller than that of coniferous wood (3.40 mm) [9]. Wheat straw has high cellulose content,
short and fine fibers, low lignin molecular weight and wood ratio, and contains a large
number of phenolic hydroxyl and ether bonds. It has strong lyophilic ability under alkaline
environments, and can dissolve lignin at low temperatures to reduce energy waste [7].

Pulping mainly refers to the production process of using certain means, such as
chemical reagents, papermaking machinery, or a combination of the two, to break down
wood or other plant fiber raw materials, so that the fibers are dissociated and become
unbleached color paste or bleached pulp [8]. The industry’s history dates back to ancient
times, but its modernization began in the mid-19th century. After entering the 20th century,
the pulp and paper industry began to widely use chemical pulping, mechanical pulping and
chemical mechanical pulping [10]. With the continuous development of the pulp and paper
industry, since entering the 21st century, the global pulp and paper industry has also begun
to develop in the direction of green environmental protection, promoting the recycling
of waste paper and green pulping technology to reduce the harm to the environment [9].
Traditional pulping methods include alkaline pulping and kraft pulping. To remove
lignin and separate cellulose, these processes must be conducted under high-temperature
conditions, requiring special equipment and long processing times [11]. Presently, sodium
hydroxide pretreatment is the most widely used pulping method. This is because OH™
can act on the ether and ester bond of lignin to separate lignin and hemicellulose [12-14].
The solubility of lignin in different environments depends on different precursors or
combinations of precursors [15]. Therefore, the enzyme activity should be considered when
using chemical reagents to treat wheat straw.

The existing problems in the paper industry also include high energy consumption and
environmental pressure. The chemical treatment of wheat straw will produce many harm-
ful substances, including chlorophenol, dioxin, furan, fatty acid, resin acid and chlorolignin
compounds. It has been confirmed that these chlorinated hydrocarbon organic pollutants
are mainly produced by changes to the chemical structure of lignin during cooking and
bleaching. These substances are harmful to the environment. Dioxins are easily produced
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when bleaching pulp with chlorine. These substances are detrimental to the environ-
ment [16]. Eventually, they will destroy the self-healing ability of the environment and
cause irreversible harm.

Wheat straw pretreatment can reduce the obstinacy of the cell wall and increase the
accessibility of enzymes to the carbohydrates in the cell wall [17]. Hydrothermal pretreat-
ment changes the structure and molecular weight of lignin, which is mainly because of the
breaking of chemical bonds and the formation of new carbon—carbon double bonds [18].
The hydrothermal pretreatment of lignin at high temperatures can exert a high-intensity
inhibition effect on the enzyme, which is mainly because of the nonproduction adsorption
and enzyme inactivation [17].

Studies have shown that the tensile index and energy absorption of the xylanase-
treated wheat straw do not increase; however, its tear index decreases significantly [19].
Xylanase enhances the bleaching process and has a positive impact on pulp, paper and
wastewater treatment, aiming to reduce the use of bleaching chemicals in the pulp refining
process [6,20]. Xylanase can be employed in the pulping process, and its application is
mainly facilitated by the existence of refractory lignin. The refractory property of lignin
residues is partly attributed to the existence of xylan in hardwood kraft pulp, which is
not easy to degrade and separate from the fiber [21,22]. The precipitated xylan forms a
barrier on the fiber surface, which prevents the residual lignin from diffusing from the fiber
wall. Moreover, hemicellulose combines with other fibrous substances and pectin through
noncovalent and covalent bonds, indicating that the application of xylanase in the pulping
process can improve the chemical extraction efficiency of lignin. Pectinase-treated pulp
fiber has the characteristics of long fiber length, small fine fiber length, and high flexible
fiber content, which are conducive for subsequent pulping.

In this paper, we propose a new strategy for improving the environmental impact of the
pulping and papermaking processes. We attempt to produce pulp in a neutral environment.
Through this approach, the production cost of the enzyme can be significantly reduced and
the conditions for obtaining high-quality and low-cost paper can be achieved. In addition,
pulping in a neutral environment reduces environmental pollution. In order to improve the
pulping efficiency of the factory, we consider combining a certain index in the pulp after
pulping with the degree of beater, exploring the law of the change of the index and the
degree of beater, and describing the change of the index and the degree of beater through
the fitting equation, so as to achieve the online control of biomechanical pulping [23,24].

2. Materials and Methods
2.1. Materials

The wheat straw used in this study was obtained from wheat fields in five different
regions of China (Dezhou City, Shandong Province; Linfen City, Shanxi Province; Huaihua
City, Anhui Province; Suqgian City, Jiangsu Province; Puyang City, Henan Province). After
the composition analysis of wheat straw, the wheat straw from Dezhou City, Shandong
Province was used for the follow-up experiment. Before pulping, the raw materials were
cleaned, cut and sampled with a length of approximately 1 cm, followed by drying under
the sun.

The xylanase and pectinase used in the experiments were provided by Shandong
Longkete Enzyme Preparation Co., Ltd. (Yishui, China). All the other reagents used were
analytically pure.

2.2. Pretreatment

The dried wheat straw and water in the ratio of 1:8 were placed in an 80 °C water bath
for 2 h for swelling treatment, and enzymes were added simultaneously. After 2 h, a 1.5%
potassium hydroxide (KOH) solution was added. The mixture solution was left to stand
for 1 h, after which the pH was adjusted to neutral with phosphoric acid.
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2.3. Enzymolysis

Under neutral conditions, enzyme treatment was conducted at different temperatures
(50-90 °C) for 1 h, after which the treated samples were ground using a refiner with
revolutions of 3000 rpm. After refining, the enzyme was inactivated by placing the pulp in
a water bath at 100 °C for 10 min, after which the samples were taken for analysis.

2.4. Analysis Method
2.4.1. Composition Analysis of Wheat Straw

The contents of cellulose, hemicellulose and lignin in the wheat straw samples were
determined according to the standard laboratory analysis procedure tp-510-42618 of the
Renewable Energy Laboratory (NREL) [25]. The percentages of cellulose, hemicellulose and
lignin in the samples were determined relative to the dry basis. The content of pectin was
determined by carbazole colorimetry. The wheat straw was dried to a constant weight at
(105 £ 2) °C, after which its water content was calculated. The wheat straw was placed in a
muffle furnace and burned at (550 + 10) °C for 2 h to determine its ash content (NREL /TP-
510-42622) [26]. The protein content of the wheat straw was measured by the Kjeldahl
method, according to NREL /TP-510-42625, and the nitrogen factor was 5.70 [27]. The fat
content was determined by alkaline hydrolysis.

2.4.2. Determination and Definition of the Enzyme Activity

The activities of xylanase and pectinase were determined using the standard 3,5-
dinitrosalicylic acid method [28]. The enzyme activity in the enzyme treatment is defined
as the amount of enzyme required to generate 1 pmol of the substrate in 1 min.

2.4.3. Determination of the Main Detection Indexes

The reducing sugar content was determined by Fehling’s Reagent Titration method [29].
Three parallel determinations were carried out in each group. The content of soluble solids
was measured by drying at 105 °C, and each experiment was carried out three times in par-
allel. The pulp’s Schober beating degree was measured using the IMT-DJD02 beating degree
tester (Dongguan international material tester precision instrument Co., LTD, Dongguan,
China); the data were kept to two decimal places, and each group of experiments was
conducted three times in parallel.

2.4.4. Establishment of the Fitting Equation

A Plackett-Burman test with Design-Expert 12.0 software was used to screen out three
significant influencing factors, and the evaluation index was selected as the beating degree.
The Box-Behnken response surface method was used to optimize the pulping process.
MATLAB R2017a software was used to nonlinear fit the change of reducing sugar content
and soluble solid content in the pulp after pulping and the change of beating degree.

2.4.5. Scanning Electron Microscopy (SEM) Analysis

Using the Thermo Verios XHR SEM model scanning electron microscope (Thermo
Fisher Scientific (China) Co., Ltd., Shanghai, China). The sample was freeze-dried to
remove moisture. A conductive adhesive tape was glued to the sample table, on which
the freeze-dried samples were dispersed. Due to the poor conductivity of the sample to be
observed, it was necessary to spray gold.

The morphology of the enzyme treated wheat straw was analyzed by SEM. The sec-
ondary electron resolution is 3.5 nm; acceleration voltage 200 V-30 KV; and magnification
20-200,000x.

2.4.6. Fourier Transform Infrared Analysis (FT-IR)

Using the BRUKER TENSOR Fourier infrared spectrometer (Bruker Corporation,
Billerica, MA, USA). The samples were ground after freeze-drying and analyzed using a
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FT-IR. The wavelength absorption range was 400-4000 cm !, the resolution was 0.5 cm ™!,

and the signal-to-noise ratio was 4000:1.

2.4.7. The X-ray Diffraction (XRD) Sample Preparation and Crystallinity Analysis

Using the Rigaku SmartLab SE X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan), cellulose of wheat straw was isolated following the method described in other
previous research. The freeze-dried material is ground into fine particles and subsequently
put in the sample tank. Diffraction patterns were obtained using an X-ray powder diffrac-
tometer, and a copper target was used; Cu K« generates X-rays under the conditions of an
acceleration voltage of 40 kV and a current of 40 mA. Th