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Preface

Polymer-based materials continue to evolve rapidly, responding to increasing demands for
sustainability, multifunctionality, and advanced manufacturing solutions. The contributions collected
in this Special Issue reflect the diversity and the multifaceted development of contemporary polymer
research, comprising molecular design, structural characterization, processing innovations and
application-oriented original solutions.

The fourteen papers of this Special Issue demonstrate how polymer science addresses modern
technological challenges through bio-based synthesis strategies, hybrid architectures, intelligent and
stimuli-responsive systems, additive manufacturing, and machine learning-assisted optimization. The
Issue also highlights the growing importance of non-destructive and in situ structural characterization
methods, as well as the careful balance between processability, performance and environmental
responsibility.

With more than 51,000 views and more than 130 citations so far, the first edition has attracted
significant international attention. A second edition of this Special Issue is currently open, aiming
to further expand the dialog on predictive modeling, real-time structural analysis, degradation
mechanisms, and lifecycle considerations in advanced polymer systems.

This Special Issue is addressed to researchers, engineers, and industrial practitioners working
in polymer chemistry, materials science, chemical engineering, and related interdisciplinary fields.
It is our expectation that it will continue to foster interdisciplinary collaboration and support the
rational design of next-generation polymer-based materials aligned with the global sustainability and

innovation goals.

Nadya Vasileva Dencheva and Zlatan Zlatev Denchev
Guest Editors






molecules ﬁw\p\py

Editorial
Synthesis, Characterization, and Application of Polymer-Based
Materials

Zlatan Zlatev Denchev * and Nadya Vasileva Dencheva *

IPC—Institute for Polymers and Composites, School of Engineering, Campus of Azurém, University of Minho,
4800 Guimaraes, Portugal
* Correspondence: denchev@dep.uminho.pt (Z.Z.D.); nadiad@dep.uminho.pt (N.V.D.)

1. Introduction

The field of polymer-based materials is advancing rapidly, driven by the growing
demand for sustainable technologies, enhanced functionalities, and cutting-edge manu-
facturing methods. This Molecules Special Issue, titled “Synthesis, Characterization, and
Application of Polymer-Based Materials”, presents a selection of contributions—research
and review articles—that reflect both recent developments and persistent challenges in
this dynamic area of materials science. The first edition of this Special Issue was closed on
30 September 2024.

Comprising three review articles and eleven original research papers, this first edition
covers a broad range of topics spanning from eco-friendly synthesis and hybrid polymer
systems to machine learning—assisted material design and performance optimization. A
total of 67 authors from research centers in China, the USA, Japan, Portugal, and Poland
contributed to this collaborative effort.

2. Coverage of Emerging Trends

A prominent theme throughout the Special Issue is the development of sustain-
able and environmentally conscious polymer synthesis strategies. For instance, Agbo et al.
[Contribution 1] report the incorporation of a microalgae-derived bio-binder into epoxy
composites, promoting the integration of renewable resources into high-performance poly-
mer matrices. Similarly, Souza et al. [Contribution 2] investigate biomass mastication as a
pre-treatment method to improve the downstream processing of polyhydroxyalkanoates
(PHA) synthesized by mixed microbial cultures. Complementing these experimental stud-
ies, the review by Getya and Gitsov [Contribution 3] offers an in-depth overview of hybrid
polymer networks constructed from natural macromolecules such as cellulose, chitin, al-
ginic acid, gellan gum, lignin, and their derivatives. Collectively, these contributions align
with global efforts to transition toward biodegradable, bio-based polymer systems, as
recently reviewed by Chauhan et al. [1].

This Special Issue also highlights advances in functional and stimuli-responsive poly-
mers. Motoyanagi et al. [Contribution 4] demonstrate the synthesis of cyclic poly(N-
isopropylacrylamide)s via Ring Expansion Reversible Addition-Fragmentation Chain
Transfer (RE-RAFT) polymerization, enabling precise control of thermo-responsive behav-
ior. Wilczewski et al. [Contribution 5] present a curcuminoid-functionalized graphene
system that enhances dispersion within PVC-based nanocomposites, improving stability
and uniformity. Braz et al. [Contribution 6] introduce hybrid nanoflowers anchored on
polyamide microparticles for efficient cascade biocatalysis. This work notably employs

Molecules 2025, 30, 3244 1 https://doi.org/10.3390/molecules30153244
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wide- and small-angle X-ray scattering, illustrating the power of advanced characterization
techniques using synchrotron radiation and spectroscopy for investigating soft matter
that includes polymer-based materials—an approach recently emphasized by Takahara
et al. [2]. Contributions 4 through 6 collectively underscore a growing focus on “intelligent”
polymers with adaptable and multifunctional properties, consistent with the recent review
by Jingcheng et al. [3].

Several studies in this Special Issue focus on application-driven innovations across critical
technological sectors. Wang et al. [ Contribution 7] develop a solvent-free method for
coating polyacrylonitrile onto Lig.4LaszZr;.4Tag.¢O12 (LLZTO), a garnet-type solid-state
electrolyte known for its high ionic conductivity and thermal stability in lithium batteries.
Ranaiefar et al. [Contribution 8] combine additive manufacturing and machine learning to
optimize the mechanical performance of carbon-reinforced ABS honeycomb composites,
demonstrating the relevance of polymer-based materials in lightweight structural engi-
neering. Kamo and Matsumoto [Contribution 9] investigate the role of pore size in epoxy
monoliths designed for use as sheet-type adhesives—an area where polymer architecture
critically influences bonding strength and durability. Contributions 7-9 reflect the broad
utility of advanced polymer materials in energy, structural, and adhesive applications.

Additional contributions explore the design of polymer composites with enhanced dura-
bility and tailored properties. Smejda-Krzewicka et al. [Contribution 10] formulate butyl
rubber nanocomposites filled with phyllosilicates, improving chemical resistance and bar-
rier performance. Cao et al. [Contribution 11] describe a fluorinated flow modifier for
boron nitrite/polyphenylene sulfide (BN /PPS) composites, yielding materials with high
thermal conductivity, favorable dielectric behavior, and excellent processability via melt
blending. These two studies reaffirm the importance of polymer systems with engineered
molecular architectures and processing routes, enabling customized performance for a
wide range of applications.

An unconventional yet notable contribution is the work by Wu et al. [Contribution 12],
who apply silicone oil emulsion polymerization to the conservation of waterlogged wooden
artifacts. This study demonstrates the expanding role of polymer science in cultural her-
itage preservation.

The two concluding review articles in this Special Issue extend its thematic reach into
the innovative polymer processing domain. Mahmood et al. [Contribution 13] provide a
comprehensive overview of polymer composites in 3D /4D printing, including discussions
of materials, printing strategies, and structural design. Zhan et al. [Contribution 14]
review advances in polymer-reinforced SiO, aerogels, emphasizing improvements in both
mechanical performance and fabrication processes.

Taken together, all contributions to this Special Issue reflect the decisive and multifaceted
role of polymer-based materials in addressing current scientific and industrial challenges.
This Special Issue also touches on several cross-cutting themes, including the application of
machine learning in material design [Contribution 8], trade-offs between processability and
performance (as seen in LLZTO-based systems and some adhesives [Contributions 7 and 9]),
interface engineering in hybrid composites [Contributions 8-10], and the increasing use of
advanced, non-destructive structural characterization [Contribution 6].

3. Editorial Perspective and Future Outlook

The fourteen papers contributed to this first edition of this Special Issue provide a
representative snapshot of ongoing progress in polymer science and engineering. They
effectively address critical challenges in polymer synthesis, material characterization, and
the deployment of polymer-based systems in real-world applications. Strengths of this
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Special Issue include a clear emphasis on sustainability [Contributions 1-3], functional
versatility [Contributions 4-6], and advanced processing techniques [Contributions 7-11],
including also the 4D printing [Contribution 13], in which the 3D printed object changes its
shape, properties, or functionality over time in response to external stimuli.

Nonetheless, a closer examination reveals opportunities for further exploration in
future editions or new dedicated Special Issues. In particular, the integration of predic-
tive modeling frameworks, as recently reviewed by Li et al. [4], along with the broader
use of in situ and real-time characterization techniques (such as synchrotron radiation,
neutron scattering, and reflectometry), and more comprehensive studies on degradation
pathways [5] and lifecycle assessments [6], are essential for enabling the rational design,
scalable production, and environmental responsibility of advanced polymer systems.

As of approximately one year after its closure, the first edition of this Special Issue has
received over 50,000 views and 89 citations, reflecting substantial interest and engagement
from the scientific community. A second edition of this Special Issue is currently open, with
a submission deadline in April 2026, and is available on the following page: https:/ /www.
mdpi.com/journal /molecules/special_issues/UKD1605FON. (accessed on 1 August 2025)

We hope that both editions of this Special Issue will continue to stimulate interdisci-
plinary research, strengthen collaboration between academia and industry, and support the
advancement of next-generation polymer materials aligned with global sustainability and
innovation goals.

Author Contributions: Z.Z.D. and N.V.D.: methodology, validation, formal analysis, investigation,
data curation, writing—original draft preparation, and writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Conflicts of Interest: The authors declare no conflicts of interest.

List of Contributions:

1. Agbo, P; Mali, A.; Kelkar, A.D.; Wang, L.; Zhang, L. Injecting Sustainability into Epoxy-Based
Composite Materials by Using Bio-Binder from Hydrothermal Liquefaction Processing of
Microalgae. Molecules 2024, 29, 3656. https:/ /doi.org/10.3390 / molecules29153656.

2. Souza, H.K.S.; Matos, M.; Reis, M.A.M.; Covas, J.A.; Hilliou, L. Can Biomass Mastication Assist
the Downstreaming of Polyhydroxyalkanoates Produced from Mixed Microbial Cultures?
Molecules 2023, 28, 767. https:/ /doi.org/10.3390/molecules28020767.

3. Getya, D.; Gitsov, I. Synthesis and Applications of Hybrid Polymer Networks Based on Renewable
Natural Macromolecules. Molecules 2023, 28, 6030. https:/ /doi.org/10.3390/molecules28166030.

4. Motoyanagi, J.; Bessho, K.; Minoda, M. Smart and Efficient Synthesis of Cyclic Poly(N-
isopropylacrylamide)s by Ring Expansion RAFT (RE-RAFT) Polymerization and Analy-
sis of Their Unique Temperature-Responsive Properties. Molecules 2024, 29, 5392. https:
//doi.org/10.3390/molecules29225392.

5. Wilczewski, S.; Skérczewska, K.; Tomaszewska, J.; Osial, M.; Dabrowska, A.; Nikiforow, K.;
Jenczyk, P.; Grzywacz, H. Graphene Modification by Curcuminoids as an Effective Method
to Improve the Dispersion and Stability of PVC/Graphene Nanocomposites. Molecules 2023,
28, 3383. https:/ /doi.org/10.3390/ molecules28083383.

6. Braz, J.F; Dencheva, N.V.; Malfois, M.; Denchev, Z.Z. Synthesis of Novel Polymer-Assisted
Organic-Inorganic Hybrid Nanoflowers and Their Application in Cascade Biocatalysis.
Molecules 2023, 28, 839. https:/ /doi.org/10.3390/molecules28020839.

7. Wang, X.; Zhang, K.; Shen, H.; Zhang, H.; Yao, H.; Chen, Z,; Jiang, Z. Solvent-Free Method of
Polyacrylonitrile-Coated LLZTO Solid-State Electrolytes for Lithium Batteries. Molecules 2024,
29, 4452. https:/ /doi.org/10.3390/ molecules29184452.



Molecules 2025, 30, 3244

8. Ranaiefar, M.; Singh, M.; Halbig, M.C. Additively Manufactured Carbon-Reinforced ABS
Honeycomb Composite Structures and Property Prediction by Machine Learning. Molecules
2024, 29, 2736. https:/ /doi.org/10.3390/molecules29122736.

9.  Kamo, Y,; Matsumoto, A. Control of Pore Sizes in Epoxy Monoliths and Applications as Sheet-
Type Adhesives in Combination with Conventional Epoxy and Acrylic Adhesives. Molecules
2024, 29, 2059. https:/ /doi.org/10.3390/molecules29092059.

10. Smejda-Krzewicka, A.; Irzmariska, E.; Mrozowski, K.; Adamus-Wlodarczyk, A.; Litwicka, N.;
Strzelec, K.; Szynkowska-J6zwik, M.I. The New Elastomeric Compounds Made of Butyl Rubber
Filled with Phyllosilicates, Characterized by Increased Barrier Properties and Hydrophobic-
ity and Reduced Chemical Degradation. Molecules 2024, 29, 1306. https:/ /doi.org/10.3390/
molecules29061306.

11.  Cao, B.; Huang, X.; Zhang, W.; Wu, P. Fluorine-Containing Flow Modifier for BN/PPS Com-
posites Enabled by Low Surface Energy. Molecules 2022, 27, 8066. https://doi.org/10.3390/
molecules27228066.

12. Wu, M,; Han, X,; Zhang, Z.; Wang, ]. Effectiveness Evaluation of Silicone Oil Emulsion In Situ
Polymerization for Dehydration of Waterlogged Wooden Artifacts. Molecules 2024, 29, 4971.
https://doi.org/10.3390 /molecules29204971.

13.  Mahmood, A.; Perveen, E; Chen, S.; Akram, T.; Irfan, A. Polymer Composites in 3D /4D
Printing: Materials, Advances, and Prospects. Molecules 2024, 29, 319. https:/ /doi.org/10.3390/
molecules29020319.

14.  Zhan, W,; Chen, L.; Kong, Q.; Li, L.; Chen, M; Jiang, J.; Li, W.; Shi, F.; Xu, Z. The Synthesis
and Polymer-Reinforced Mechanical Properties of SiO, Aerogels: A Review. Molecules 2023,
28, 5534. https:/ /doi.org/10.3390/ molecules28145534.

References

1. Chauhan, K.; Kaur, R.; Chauhan, I. Sustainable bioplastic: A comprehensive review on sources, methods, advantages, and
applications of bioplastics. Polym.-Plast. Technol. Mater. 2024, 63, 913-938. [CrossRef]

2. Takahara, A.; Higaki, Y.; Hirai, T.; Ishige, R. Application of Synchrotron Radiation X-ray Scattering and Spectroscopy to Soft
Matter. Polymers 2020, 12, 1624. [CrossRef] [PubMed]

3.  Jingcheng, L.; Reddy, V.S,; Jayathilaka, W.A.D.M.; Chinnappan, A.; Ramakrishna, S.; Ghosh, R. Intelligent Polymers, Fibers and
Applications. Polymers 2021, 13, 1427. [CrossRef] [PubMed]

4. Li, Q.;; Zhan, S.; Liu, Z.; Dong, C.; Zhao, H.; Yue, T.; Zhao, Q.; Zhang, L.; Li, Y.; Liu, J. Developing Hybrid Machine Learning
Frameworks for Polymer Property Prediction Based on Composition and Sequence Features. ]. Chem. Inf. Model. 2025,
65, 1549-9596. [CrossRef] [PubMed]

5. Kari, FEG.; Delgado, A.G.; Nghiem, L.D. A critical review of the application of polymeric materials in environmental protection.
Environ. Sci. Process. Impacts 2015, 17, 1259-1273. [CrossRef]

6.  Ramesh, P; Vinodh, S. State of art review on Life Cycle Assessment of polymers. Int. J. Sustain. Eng. 2020, 13, 411-422. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



molecules MoPY

Article

Injecting Sustainability into Epoxy-Based Composite Materials
by Using Bio-Binder from Hydrothermal Liquefaction
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Abstract: We report a transformative epoxy system with a microalgae-derived bio-binder from
hydrothermal liquefaction processing (HTL). The obtained bio-binder not only served as a curing
agent for conventional epoxy resin (e.g., EPON 862), but also acted as a modifying agent to en-
hance the thermal and mechanical properties of the conventional epoxy resin. This game-changing
epoxy/bio-binder system outperformed the conventional epoxy/hardener system in thermal stability
and mechanical properties. Compared to the commercial EPON 862 /EPIKURE W epoxy product,
our epoxy/bio-binder system (35 wt.% bio-binder addition with respect to the epoxy) increased
the temperature of 60% weight loss from 394 °C to 428 °C and the temperature of maximum de-
composition rate from 382 °C to 413 °C, while the tensile, flexural, and impact performance of the
cured epoxy improved in all cases by up to 64%. Our research could significantly impact the USD
38.2 billion global market of the epoxy-related industry by not only providing better thermal and
mechanical performance of epoxy-based composite materials, but also simultaneously reducing the
carbon footprint from the epoxy industry and relieving waste epoxy pollution.

Keywords: microalgae; epoxy resin; hydrothermal liquefaction; sustainability; composite

1. Introduction

Epoxy resin is a class of thermosetting pre-polymers that possesses excellent physical
properties, such as good processability, excellent mechanical strength, great chemical
resistance, high adhesion strength, superior thermal stability, and outstanding insulation
capability after curing [1]. Epoxy resin is extensively used in a wide range of commercial
products, including coatings, adhesives, and particularly polymer composite materials,
in applications such as transportation, construction, aerospace, electronics, etc. Epoxy
resin is generally derived from fossil fuel and produced through a series of chemical
reactions. The most popular epoxy resin is diglycidyl ether of bisphenol A (DGEBA),
which constitutes more than 75% of the epoxy market [2]. DGEBA is produced by a
condensation reaction between bisphenol A and epichlorohydrin with a catalyst such
as sodium hydroxide [3]. Epoxy resin must go through a curing process to solidify and
achieve its final mechanical properties. In the curing process, a chemical compound termed
as a curing agent or hardener with two or more functional groups (e.g., -NHj) that can

react with the epoxide functional groups () in epoxy resin is added and reacts with
epoxy resin at an elevated temperature, forming a 3D crosslinked molecular network. It is

Molecules 2024, 29, 3656. https:/ /doi.org/10.3390/molecules29153656 5 https://www.mdpi.com/journal /molecules
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noteworthy that the production of conventional epoxy resin and its curing agent requires a
large amount of fossil fuel that can significantly contribute to greenhouse gas emissions
and climate change. Furthermore, the epoxy products are not biodegradable, and they can
stay in our environment for hundreds of years without significant degradation, posing a
risk of contamination to air, soil, and water.

Sustainable or green epoxy resin has attracted significant attention in recent years [4,5],
and has emerged not only in scientific publications [6,7], but also in real market such as Eco
Green Resin from A. C. Composite Resins (Sacramento, CA, USA), Entropy Resin from Entropy
Resins Inc. (Bay City, MI, USA), and Ecopoxy Resin from EcoPoxy Inc. (Morris, MB, Canada).
Although the sources of these epoxy products are from biomass and sustainable, such as
sugar [8], vegetable oil [9], and fatty acid [10], there are a few common limitations, including
a requirement of a paired conventional curing agent, high cost of the epoxy resin, high
viscosity of the epoxy resin in processing [11], and particularly low mechanical and thermal
performance of the cured products compared to their conventional epoxy counterparts [12,13],
which can be ascribed to the relatively flexible molecular backbone in those epoxy molecules.

Our research targeted the development of a sustainable epoxy system from renewable
resources with high mechanical performance. It is known that algae are a renewable
bioresource because of their high photosynthetic efficiency and high growth rates. It is
reported that algae can be converted to bio-oil using a hydrothermal liquefaction (HTL)
process in which algal biomass directly decomposes in water at a moderate temperature
and pressure level [14,15]. The algal bio-oil has been described as similar to conventional
petroleum and can be upgraded and used as transportation fuel [16]. However, the bio-oil
contains a high nitrogen content, which derives from the protein component of algae. The
nitrogen content imparts several undesirable properties for fuel purposes and needs to be
reduced [17]. It is noteworthy that the nitrogen content in the bio-oil, such as amine (-NHy)
functional groups, could react with conventional epoxy resins just like their hardeners. In
this research, we acquired a bio-oil from Chlorella vulgaris, a single-celled freshwater green
microalga that grows naturally in lakes and ponds worldwide, through HTL processing
and placed the bio-oil into a brand-new field, i.e., epoxy resin and composite materials. To
differentiate its use from biofuel uses, we use the term bio-binder herein to refer to the bio-
oil from HTL processing of microalgae. In this research, we incorporated the bio-binder into
a representative conventional epoxy resin (EPON 862), investigated the thermal stability
and mechanical properties of the epoxy/bio-binder system, and compared the results with
those of EPON 862 with a paired hardener (EPICURE W). Our results indicated that the
integration of the bio-binder from HTL processing of microalgae with conventional epoxy
resin is a game-changing way to inject sustainability into current epoxy-based commercial
products, aiming towards future environmentally friendly and high-performance epoxy
resin-based composite materials.

2. Results and Discussion
2.1. Composition and Curing

To learn the composition of the bio-binder obtained from HTL processing of the green
microalgae, we performed GC-MS and FTIR analysis (Figure 1). GC-MS analysis indicated
that the bio-binder was a complicated mixture of alkanes, amides, esters, alcohols, amines,
etc., as primary constituents. The characteristic FTIR spectrum of the bio-binder indicated
certain functional groups that were consistent with the GC-MS analysis results. Specifically,
the broad IR peak in the range of 3200 cm~! to 3700 cm~! could be attributed to mixed
stretching vibrations involving both O-H and N-H bonds. The IR peaks in the region of
3000 cm ! and 3200 cm ™! could be assigned to C-H stretching from the aromatic ring
and alkene, while the peaks in the region of 2800 cm~! to 3000 cm~! represented C-H
stretching vibrations in alkane. The IR peaks centered at ~1707 cm ™!, ~1650 cm !, and
~1553 cm ! indicated C=0 stretching in carboxylic acid, C=0 stretching in amide (Amide
I)/N-H bending, and C-N stretching/N-H bending (Amide II) along with aromatic ring
stretching (C=C-C), respectively. The IR peaks around 1454 cm~! and 1362 cm ! could be
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assigned to C-H bending in alkane. The IR peak at 1219 cm ™! could be ascribed to aromatic
and aliphatic C-O/C-N stretching. The IR peaks centered at 968 cm~! and 700 cm~! could
represent C=C bending and C-H out-of-plane bending in the benzene ring. All these FTIR
peaks indicated the presence of alkane, alkene, and aromatic compounds with hydroxyl,
amide, amine, and carboxylic acid functional groups, which can react with the epoxide
functional groups in epoxy resin [18].
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Figure 1. Chemical constituents from GC-MS (area percentage) and FTIR spectra of the bio-binder
from HTL processing of the green microalgae.

Accordingly, we studied the composition of the epoxy/bio-binder systems with EPON
862, a popular conventional epoxy for composite use. It is well known that the curing cycle
of epoxy resin plays a key role in achieving its desired mechanical property and long-term
durability. Following the recommended curing cycle of EPON 862 from the manufacturer,
we realized a practicable epoxy system with bio-binder compositions at 30 wt.%, 35 wt.%,
and 40 wt.% of EPON 862. With extremely low percentages of the bio-binder, like 10 wt.%
and 20 wt.% of the epoxy, the product is not usable (sticky). With high percentages of the
bio-binder, like 45 wt.% and 50 wt.% of epoxy, the product is also not usable (too soft and
cannot maintain integrity in mechanical tests).

Then, we used DSC to determine the optimal curing cycle for the epoxy/bio-binder
system (Figure 2). Based on the recommended curing cycle of EPON 862, we studied
five curing temperatures for our epoxy/bio-binder system, i.e., 200 °F, 250 °F, 300 °F,
350 °F, and 400 °F (93.3 °C, 121.1 °C, 148.9 °C, 176.7 °C, and 204.4 °C, correspondingly)
and four different curing times, i.e.,, 1 h, 2 h, 3 h, and 4 h. The degree of cure of each sample
was determined by using Equation (1) that took into account the total curing heat and the
individual sample’s curing heat in the curing process through DSC [19].

o B DHR

o Cure = (1 — DHT> x 100 1)
where DHR represents the heat of cure calculated from the area under the curing exothermic
peak of the DSC curve of each individual cured epoxy/bio-binder sample, while DHT
represents the total heat of cure calculated from the total area under the curing exothermic
peak of the DSC curve of the correspondingly uncured epoxy/bio-binder sample. Across
our epoxy/bio-binder system, the degree of cure increased with both the curing time and
the temperature. The epoxy/bio-binder samples cured at 204.4 °C for 4 h exhibited the
highest degree of cure, nearly reaching 100%. In the meantime, we acquired the glass
transition temperatures (Tg) of all the cured epoxy /bio-binder samples under the studied
curing temperatures and times (Table 1). Compared to the cured conventional counterpart,
i.e.,, EPON 862 with the regularly paired EPIKURE W hardener (EPON 862 + EPIKURE

1
500
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Degree of Cure (%)

W), all the cured epoxy /bio-binder samples came with much lower Tgs, which could be
attributed to the small molecules in the bio-binder that led to the plasticizer effect and,
thus, reduced the Tgs of the correspondingly cured epoxy [20]. Nevertheless, the maximum
Tgs of the cured epoxy/bio-binder samples were observed under the curing condition of
204.4 °C for 4 h. Therefore, we adopted this curing condition to prepare all the samples for
the following tests.
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Figure 2. Degree of cure of the epoxy/bio-binder samples at bio-binder loadings of 30 wt.%
(A), 35 wt.% (B), and 40 wt.% (C) of epoxy under different curing conditions.

Table 1. Glass transition temperatures (Tg) of conventional epoxy counterpart (EPON 862 + EPIKURE
W) and the epoxy/bio-binder samples at bio-binder loadings of 30 wt.%, 35 wt.%, and 40 wt.% of
epoxy under different curing conditions.

Bio-Binder Curing Time Curing Temperature
Loading (wt.%) (b 933°C  121.1°C  1489°C 176.7°C  204.4°C
1 24.8 475 72.4 84.8 129.2
. 2 313 493 88.0 126.0 134.1
3 36.8 56.3 97.3 135.8 141.0
4 396 96.6 112.9 1385 142.0
1 26.1 26.5 285 299.0 30,5
2 264 28.4 28.6 324 332
30 3 28.0 259 30.1 39.2 424
4 284 28.8 333 39.9 454
1 27.1 293 29.4 30.4 312
2 29.2 30.4 314 385 38.6
3 3 30.8 313 38.1 39.4 424
4 355 373 413 482 55.0
1 29.0 30.5 348 454 477
2 30.1 32.7 395 429 51.2
40 3 313 335 413 432 53.7
4 38.0 476 4838 495 56.3

2.2. Thermal Stability

We used thermogravimetric analysis (TGA) next to study the thermal stability of
the epoxy/bio-binder system and compared it with the conventional counterpart (EPON
862 + EPIKURE W) (Figure 3A). The three epoxy/bio-binder samples with bio-binder
loadings at 30 wt.%, 35 wt.%, and 40 wt.% of epoxy exhibited almost identical thermal
behavior. Compared to the counterpart, the epoxy/bio-binder system showed a similar
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weight loss rate from room temperature to 250 °C, a slightly faster weight loss from 250 °C
to 375 °C, and slower weight loss thereafter. The 60% and 80% weight loss temperatures
increased from 394 °C and 450 °C for the conventional counterpart to 428 °C and 545 °C,
respectively, for the epoxy/bio-binder sample with 35 wt.% bio-binder incorporation. We
further performed derivative thermogravimetric analysis (Figure 3B). For the conventional
epoxy counterpart, a peak representing the temperature of the maximum decomposition
rate was observed around 382 °C. In the case of the epoxy/bio-binder sample with the
bio-binder at loading of 35 wt.% of epoxy, the temperature of the maximum decomposition
rate increased to around 413 °C. The faster weight loss of the epoxy/bio-binder samples
from 250 °C to 375 °C could be attributed to small molecules in the bio-binder, while
the crosslinking reaction between the bio-binder and epoxy resin enabled higher thermal
stability afterwards.
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Figure 3. Weight loss (A) and derivative weight loss (B) against temperature of the conventional
epoxy counterpart (EPON 862 + EPIKURE W) and the epoxy/bio-binder samples with bio-binder at
loadings of 30 wt.%, 35 wt.%, and 40 wt.% of epoxy after curing from TGA analysis.

2.3. Mechanical Performance

To evaluate the mechanical performance of the epoxy/bio-binder system, we per-
formed tensile and flexural tests on the cured epoxy/bio-binder composite materials to
characterize their strength, stiffness, ductility, and toughness under conditions of ten-
sile/stretching force, bending load, as well as sudden impact. With respect to the conven-
tional counterpart, our epoxy/bio-binder samples, in most cases, showed improvements
in all the mechanical properties (Figure 4). The epoxy/bio-binder sample with bio-binder
at 35 wt.% of epoxy possessed the best mechanical properties. This epoxy/bio-binder
sample exhibited tensile strength of 67.2 MPa, a Young’s modulus of 3.44 GPa, elongation
at break of 10.8%, and work of fracture of 1596 kJ/m?> from the tensile test, which were
improvements of ~16%, ~15%, ~39%, and ~63%, respectively, with respect to those of
the conventional counterpart. This epoxy/bio-binder sample also demonstrated flexural
strength of 118 MPa, a flexural modulus of 3.13 GPa, flexural strain at failure of 5.49%, and
flexural work of fracture of 3718 kJ/m3, which were improvements of ~14%, ~19%, ~22%,
and ~64%, respectively, with respect to those of the conventional counterpart, as assessed
through a 3-point bending test. Furthermore, this epoxy/bio-binder sample also showed
an [zod impact strength of 21.9 ] /m, an improvement of ~32% with respect to that of the
conventional counterpart.
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Figure 4. Tensile strength (A), Young’s modulus (B), elongation at break (C), work of fracture (D),
flexural strength (E), flexural modulus (F), flexural strain (G), flexural work of fracture (H), and
Izod impact strength (I) of the conventional epoxy counterpart (EPON 862 + Epikure W) and the
epoxy/bio-binder samples at bio-binder loadings of 30 wt.%, 35 wt.%, and 40 wt.% of epoxy after
curing from tensile, three-point bending, and Izod impact tests, respectively.

To further understand the mechanical performance of the epoxy/bio-binder system,
we investigated the fracture surface of the epoxy/bio-binder samples from the tensile test,
three-point bending test, and Izod impact test using SEM (Figure 5). For the conventional
epoxy counterpart, the fracture surface was relatively smooth with few fracture lines,
indicating less energy consumption in the process of break and correspondingly low
toughness. In comparison, the epoxy/bio-binder sample with the bio-binder at 35 wt.%
of epoxy exhibited a much rougher surface, indicating more energy consumption during
the fracture process and improved toughness from the bonding between the molecules of
epoxy and the bio-binder.

As indicated earlier, the bio-binder is a mixture of various molecules, including
both small-molecular-weight molecules and large-molecular-weight molecules, with some
containing functional groups that can react with the epoxide functional groups in epoxy
resin, participating in the crosslinking reaction in the process of curing. In the epoxy/bio-
binder system, the final mechanical performance of the cured product is determined by
the number of functional groups for robust epoxy curing (crosslinking) and the number of
small molecules that can degrade mechanical properties of the cured epoxy/bio-binder. As
a result, the best mechanical performance in the epoxy /bio-binder system was observed
with the sample containing the bio-binder at 35 wt.% of epoxy.

10

40




Molecules 2024, 29, 3656

Figure 5. SEM of fracture surfaces of cured epoxy and epoxy/bio-binder after mechanical tests:
conventional epoxy counterpart (EPON 862 + Epikure W) (A) and the epoxy/bio-binder sample at
bio-binder loadings of 35 wt.% of epoxy (B). Labels “1”, “2”, and “3” indicate the samples from the
tensile test, three-point bending test, and Izod impact test, respectively.

3. Material and Methods
3.1. Materials

A conventional epoxy resin (EPON 862, a phenol formaldehyde polymer glycidyl
ether) and its curing agent, EPIKURE W (an aromatic amine), were purchased from Miller
Stephenson (Danbury, CT, USA). A green microalga (Chlorella vulgaris) was acquired from
nuts.com (Cranford, NJ, USA). Anhydrous acetone was purchased from Fisher Scientific
(Waltham, MA, USA).

3.2. Bio-Binder Production

A 1L Parr reactor (Parr Instrument Company, Moline, IL, USA) was loaded with
the microalgae and DI water with a mass ratio of 1:9.6. The reactor was heated to 300

11
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°C with a heating rate of 5 °C/min. The reaction was carried out for 30 min at 300 °C
under a pressure of 1500 psi. The bio-binder was extracted from the oil phase, followed by
centrifugation and filtration to remove the aqueous phase and solid particles (Figure 6A).
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Hydrothermal Liquefaction
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for 10 min at 60 °C ' at 200 W for 10 min
;j Degassing for @
B 10 min g =
) =
u ) P
Epoxy/bio-binder composite Pour in mold and oven curing Stirring (epoxy resin + bio-binder) for 10 min

Figure 6. Schematic demonstrations for preparation of bio-binder from microalgae through hy-
drothermal liquefaction (A) and fabrication of epoxy/bio-binder composite (B).

3.3. Fabrication of Epoxy/Bio-Binder Composite

The bio-binder was added to EPON 862 at 30 wt.%, 35 wt.%, and 40 wt.% with
respect to the epoxy, then subjected to vigorous ultrasonication using a 500 W QSONICA
(Newtown, CT, USA) ultrasonic probe sonicator at 40% power for 10 min. A homogeneous
mixture was achieved, and the mixed resin was degassed at 60 °C under a vacuum for
10-15 min to remove air bubbles. The degassed epoxy/bio-binder system was poured
into a 6 in. X 6 in. mold and cured in an oven for the set curing cycle (Figure 6B). For
comparison, a conventional counterpart was prepared from EPON 862 with the regularly
paired EPIKURE W hardener using the same approach and cured under the recommended
condition by the manufacturer.

3.4. Characterization

The functional groups of the bio-binder were characterized by an Agilent
(Santa Clara, CA, USA) Varian 670 Fourier-transform infrared (FTIR) spectrometer. TA
Q200 differential scanning calorimetry (DSC) and a TA instruments (New Castle, DE, USA)
Q500 thermogravimetric analyzer (TGA) were used to study the curing cycle and the
thermal stability of the epoxy/bio-binder systems, respectively. Tensile, flexural (three-
point bending), and Izod impact tests were carried out using a universal material testing
machine (UTM Instron 3384, Norwood, MA, USA) and an Izod impact tester (Tinius Olsen
IT 503, Horsham, PA, USA) according to ASTM (West Conshohocken, PA, USA) standards
D638-Type IV, D790, and D256, respectively.

12
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4. Conclusions

In this research, we successfully improved the sustainability of epoxy resin by inte-
grating the bio-binder from hydrothermal liquefaction processing of green microalgae.
It is clear from our fundamental research that the epoxy/bio-binder system, particularly
the epoxy/bio-binder sample with bio-binder loading at 35 wt.% of epoxy, outperformed
the conventional epoxy resin with a paired curing agent in terms of thermal stability and
mechanical property after curing. Compared to the neat epoxy resin (EPON 862), incorpo-
ration of the bio-binder at 35 wt.% of epoxy significantly enhanced the thermal stability of
the resultant epoxy/bio-binder composite, as demonstrated by the rise in temperatures
at 60% and 80% weight loss from 394 °C and 450 °C to 428 °C and 545 °C, respectively,
as well as the increase in temperature at the maximum decomposition rate from 382 °C
to 413 °C. In the meantime, the tensile strength, stiffness, ductility, and toughness of the
epoxy/bio-binder composite increased by 16%, 15%, 39%, and 63%, respectively, and the
flexural strength, stiffness, ductility, and toughness improved by 14%, 19%, 22%, and 64%,
respectively. Furthermore, the 1zod impact strength of this epoxy/bio-binder sample was
boosted by 32%.

Undoubtedly, our epoxy/bio-binder system overcame the brittleness of conventional
epoxy resins and has great potential to replace them in applications that are associated
with mechanical performance and thermal stability, such as structural composite uses, on
top of potentially lower cost and sustainable component. Unlike the existing green epoxy
products, the highlight of our epoxy/bio-binder system is that this system eliminates the
use of regular hardeners of epoxy resin, while it has an even higher mechanical performance
than that of conventional epoxy resin, which will be competitive in the market.

With employment of the nanoarchitectonics method in our future research to tune
the physical properties of our epoxy/bio-binder system, we anticipate that the application
of our microalgae-derived bio-binder with epoxy resin will contribute to broader goals
of sustainable epoxy-based composite development and greenhouse gas mitigation. Our
epoxy/bio-binder system holds tremendous promise across various industries, such as
automotive, aerospace, and construction, where sustainable materials with comprehensive
mechanical performance are increasingly valued.
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Abstract: Polyhydroxyalkanoates (PHAs) are natural polyesters which biodegrade in soils and oceans
but have more than double the cost of comparable oil-based polymers. PHA downstreaming from its
biomass represents 50% of its overall cost. Here, in an attempt to assist downstreaming, mastication
of wet biomasses is tested as a new mechanical continuous biomass pretreatment with potential for
industrial upscaling. Downstreaming conditions where both product recovery and purity are low
due to the large amount of treated wet biomass (50% water) were targeted with the following process:
extraction of 20 g in 100 mL solvent at 30 °C for 2 h, followed by 4.8 h digestion of 20 g in 0.3 M
NaOH. Under the studied conditions, NaOH digestion was more effective than solvent extraction in
recovering larger PHA amounts, but with less purity. A nearly 50% loss of PHA was seen during
digestion after mastication. PHAs downstreamed by digestion with large amounts of impurities
started to degrade at lower temperatures, but their melt elasticity was thermally stable at 170 °C. As
such, these materials are attractive as fully PHA-compatible processing aids, reinforcing fillers or
viscosity modifiers. On the other hand, wet biomass mastication before solvent extraction improves
PHA purity and thermal stability as well as the melt rheology, which recovers the viscoelasticity
measured with a PHA extracted from a dried biomass.

Keywords: polyhydroxyalkanoates; extraction; digestion; bioplastic; mechanical pretreatment;
rheology

1. Introduction

Polyhydroxyalkanoates (PHAs) are a family of natural polymers which are biosynthe-
sized as energy and carbon storage granules with size of 0.2 to 0.5 micron [1] in the cells
of many naturally occurring microorganisms. In contrast to other natural and abundant
polymers, such as cellulose or starch, PHA are thermoplastic polyesters just like poly(lactic
acids) (PLAs). In contrast to PLA, which requires industrial composting for biodegradation
as defined by established standards [2], PHA is a more attractive biosourced polyester, as
it naturally biodegrades in land, fields or the ocean [3]. However, by 2021, PHA produc-
tion is a tenth of PLA production, and it remains a very marginal player in applications
such as plastic packaging [4]. Plastic packaging is indeed a relevant application example
for biosourced and biodegradable polymers: in the OECD countries, 31% of the plastics
consumption is for packaging, which generates 40% of the total plastic waste [5], whereas
packaging represents 50% of the biodegradable plastics market [4].

PHAs exhibit properties that hamper their acceptance by the plastic industry. First,
PHAs are rather brittle, as they break at strains as low as 1 to 20% depending on their
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chemical structures [6,7], which prevents them from being used in many flexible packaging
applications. Second, industrial polymer processing technologies require specific melt
properties, such as viscosity and melt strength, in order to yield products with sufficient
performance [8]. PHA melt viscosity is low, which suits injection molding of, for example,
rigid packages such as jars, but its melt strength is not large enough to withstand more
rheologically demanding processes such as extrusion film blowing [9]. More importantly,
the PHA market price is two to five times the price of polyethylene [10,11], which makes
nearly 50% of plastic packaging waste [5].

The recently established pilot scale production of PHA based on mixed microbial
cultures (MMC) fed with carbon-rich industrial wastes (see [12] and references therein)
gives good prospects for production cost reductions when compared to pure cultures
grown on specific clean substrates. However, the extraction of MMC PHA from the
fermented biomass takes a big share of the overall production cost. For instance, a technoe-
conomic analysis of the downstreaming of MMC polyhydroxybutyrate (PHB) produced
from wastewater calculated that the extraction step can be two to four times more expen-
sive than the fermentation step, contributing to a total production cost ranging from 1.5
to 2 €/kg PHB [13]. Therefore, the downstreaming of MMC PHA has received growing
interest, as illustrated by the number of reviews published in the literature over the last
couple of years (see e.g., [14-17]).

Among the various MMC PHA downstreaming processes that have been investigated,
two are highlighted in Table 1: solvent extraction and NaOH digestion of the biomass. In
solvent extraction, chemicals are used to weaken the cells’ membrane and then solvate the
PHA granules. The obtained PHA-rich liquid phase is then separated from the solid cell
residues, and PHA is eventually recovered either by solvent evaporation or precipitation
of the PHA solution into an antisolvent. Extraction with CHCl3 has become a benchmark
for evaluating new PHA downstreaming processes in laboratories because it guarantees
the recovery of nearly pure MMC PHA (from 82.5 to 100% purity; see Table 1) with large
molecular mass (no PHA degradation) from nearly all kinds of microbial strains [18].
However, because concentrated PHA solutions in CHCl3 show large viscosities [19], a
small amount of biomass must be treated in large volumes of solvents for achieving
large recovery yields, as shown in Table 1. The water content in fresh biomasses also
significantly lowers the solvent quality of PHA, which may explain a biopolyester recovery
yield as low as 18% reported for wet biomasses containing 25 wt% PHA and treated with
CH,Cl, [20]. Indeed, very few studies targeted the enhancement of CHCl3 extraction
of MMC PHA using, for example, mechanical pretreatment of biomasses [21,22]. This
is perhaps because extraction with chlorinated solvents is usually tagged as not suitable
for industrial PHA production [14-18]. NaOH digestion of Ralstonia eutropha biomasses
with rich PHA content has long been recognized as a PHA downstreaming route with
industrial relevance [23]. However, this approach has been poorly tested for the recovery
of MMC PHA, as seen in Table 1. A possible explanation for this is that cell breakage or
hydrolysis in MMC is thought to be more difficult to achieve than in pure cultures [11,20]
where cells can be selected for their fragility and high PHA content. Nevertheless, one may
build on previous work performed on pure cultures treated with NaOH before continuous
mechanical disruption [24] in an attempt to increase both the PHA purity and the recovery
yield reported so far for MMC biomasses containing lower amounts of PHA [25-27].
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Table 1. Product recovery and PHA purity reported for the MMC PHA biomass downstreaming
with chlorinated solvents or NaOH digestion. The PHA content (PHA) in the initial biomass is given
in weight percent (wt%), and the proportion of 3-hydroxyvalerate (HV) in the recovered poly(3-
hydroxybutyrate-co-3-hydroxyvalerates) (PHBV) is given in %. The concentration c of dry biomass
in chloroform is given in weight per volume percent (% w/v) in the corresponding solution (with
CHCI3, CH,Cl, or NaOH with the corresponding molar concentration) and was computed from
the reported type of biomass: dried (d), lyophylized (I) or wet (w), as computed from the referenced
water content. The parameters of the downstreaming process are temperature (T in °C) and time (¢ in
hours). PHA recovery and purity are given in %. “n.a.” indicates data are not available.

Extraction .
PHA (wt%) HV Recovery  Purity Reference
¢ (% wlv) T t
Chlorinated solvent extraction
70 31 4 (1) CHCl3 80 48 822 954d [28]
66 18 2 (I) CHCl3 80 (Soxhlet) 24 66" 914 [29]
40 24 2.5 () CH,Cly 50 4 522 94 [11]
25 5.6 n.a. (CH,CL, + water) 61 0.5 18-302 n.a. [20]
72 0 1 () CH,Cl, 25 12 564 98 d [25]
2 ¢ (w) CHCl3 31e 9454
Sonication 7¢ 90.6 4
e
72 66 Beads mill 61 2 24° 93,34 [21]
Mechanical homogeneisation 44 ¢ 88.3d
5 (I) CHCl3 36°¢ <964
n-a. 17:5 Microwave 100 2 1.5-38 ¢ >96 d [22]
50 12 2.5 (I) CHCl3 38 72 63.52 n.a. [30]
38.7-56.1 7.7-20.2 2.9-7.1 (d) CHCl3 61 (Soxhlet) 24 75'4?97'9 83-100 [31]
n.a. 4-5 5 (d) CHCls 60 2 324 >99 d [32]
54 0 6.7 (d) CHCl5 60 2 69 2 1004 [33]
32 50 1 (I) CHCl3 60 (reflux) 1 37.5b 82.5 [34]
56 17 n.a. (d) CHCI; a
62 1 na. (w) CHCl 61 (Soxhlet) 8 96 98 [35]
20 (d) CHCl; 46.7 2 95.6
50 25 10 (w) CHCl3 30 2 1742 96.6 This study
10 (w) CHCl3 and mastication 7.6-19.42  88.9-97.1
NaOH digestion
70 31 2(d)in0.3M 30 4.8 1002 100 [28]
2(w)in0.02Mto 1M 0.3-3 86-98.52 77-92
65-73 0 2()in02M 30 1 9552 9 [25]
46 13 na.in1lM n.a. 3-24 80-872 75 [26]
64 13 25()in0.3 M 30 1 904 76 [27]
20 (d)in 0.3 M 952 79
50 25 10 (w) in 0.3 M and 30 4.8 This study
. 35.84 73.1
mastication

2: pure PHA recovered over the PHA content in the biomass. b. pure PHA recovered over the biomass treated.

¢: extracted product over the biomass treated. 9: after precipitation in nonsolvent. ¢: fresh (wet) biomass weight;
PHA content in biomass and PHA recovery were computed from the ATR-FTIR analysis of the biomass after
extraction. : computation not detailed.

Here, the mastication of fresh MMC before biomass digestion by NaOH was tested.
This continuous and upscalable process has never been used for the mechanical disruption
of wet PHA biomasses before PHA recovery [14-18]. Furthermore, a recent evaluation
of the environmental performances of different PHA downstreaming processes showed
that mechanical disruption and the use of NaOH are more promising [36]. The aim of
this study was to explore mastication as a new route to enhance the fragility of the cells,
thereby facilitating the digestion of the non-PHA material by NaOH. To do this, a biomass
containing 50% (weight basis) of MMC PHA produced from fruit waste at pilot scale was
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selected. The masticating of biomasses with different water contents was first tested for
evaluating the feasibility of a continuous mastication process. Then, wet biomasses were
masticated with NaOH before digestion. Next, the downstreaming performance of this new
approach was compared with the performance of a NaOH digestion of the dried biomass.
Additional extractions with CHCls were performed for two purposes: (1) to understand
the impact of using wet biomass, mastication or both on downstreaming performance and
(2) to benchmark the MMC PHA'’s properties. Polymer characterization was focused on
the thermal and melt properties in view to assess the melt processability of the produced
biopolyesters. Results from this explorative study suggest that, although mastication does
not assist the digestion of the specific biomass tested here, it permits the solvent extraction
of PHAs with improved thermal and rheological properties.

2. Results and Discussion
2.1. Rheological Assessment of Biomass Mastication Ability

The purpose of the masticating unit used in the present study was to process solid-like
materials. The screw and squeezing chamber dimensions, as well as the screw profile of
the masticating unit, were thus designed to process solids. Therefore, the PHA enriched
biomass should exhibit specific rheological properties to be efficiently masticated. Prelimi-
nary trials were performed with dried biomass (overnight at 60 °C in air ventilated oven)
mixed with different amounts of distilled water in order to screen for the processability of
the feeding material. Indeed, dried biomass cannot be processed in the masticating unit, as
the powder could not be conveyed by the screw in the feeding zone. The best results were
achieved with a feed consisting of 50 g dried biomass mixed with 50 mL water (50 wt%
feed). The proper transport of material by the screw was limited either by larger biomass
content because the material would stick to the barrel wall, or by smaller solid content,
as the liquid would not flow through the squeezing zone at the tip of the screw. Figure 1
displays the rheological properties of the feed that showed the best processability, together
with a feed formulated with 30 wt% dried biomass that could not be processed.
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Figure 1. Mechanical spectra (a), dynamic stress sweeps (b) and flow curves (c) performed on
biomass premixes with distilled water: 50 g with 50 mL (triangles) and 30 g with 70 mL (squares). In
(a,b): G’ is displayed as open symbols; G” is displayed as filled symbols. Arrows in (b) indicate the
strains where slurries are fluidized, whereas lines in (c) are fits of Equation (1) to the data.

Both feeds displayed a viscoelastic and predominantly solid character. Both mechani-
cal spectra showed a storage modulus G’ larger than the loss modulus G” over the whole
range of tested frequencies and with a pronounced frequency dependence for G’. The feed
with 50 g/50 mL biomass was nearly 10 times more elastic (Figure 1a). The shear-induced
fluidization of these solids was measured during the dynamic stress sweep, and it is rep-
resented by the crossover point between G” and G”. The results show that less strain is
needed to break up the 50 wt% feed into a fluid when compared with the more diluted
feed (see arrows in Figure 1b), but the latter is still significantly less viscoelastic in the
shear-induced liquid phase. Overall, the flow curves displayed in Figure 1c confirm this
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rheological behavior. For both feeds, the stress showed a plateau at lower shear rates,
which is indicative of a solid with yield stress, whereas a non-Newtonian flow showed up
at larger shear rates. This behavior is modeled by the Herschel-Bulkley equation, which
reads as follows [37]:

o =0y +Ky" 1)

where ¢ is the shear stress, and oy is the stress where the solid yields and then flows
with the shear rate 7y with a flow consistency coefficient K and a shear thinning index
n. The fits of Equation (1) to the data plotted in Figure 1c (before the shear rate regime
where instabilities showed up, see below) returned yield stresses oy = 95 &+ 33 Pa and
oy = 39 & 25 Pa for the feeds formulated with 50 wt% and 30 wt%, respectively. More
importantly, the fits returned a K ~ 3.5 x 10° Pa-s™™ for the 50 wt% feed, which is four
orders of magnitude larger than that for the 30 wt% feed, and a thinning indexn = 0.9 0.1
against n = 0.3 &= 0.1 for the 30 wt%, indicating a more viscous material but with more flow
ability for the 50 wt% feed. Overall, the rheological characterization is in harmony with the
expected behavior for dense suspensions with various volume fractions of solids. Figure 1
indicates that 50 mL water added to the 50 g dried biomass is sufficient to act as a binder
between biomass particles for the efficient conveying of the viscoelastic feed via the screw
through the squeezing chamber. Adding larger amounts of water is detrimental to K and #,
which become too low to allow continuous mastication.

Figure 1 also offers all of the rheological information needed to estimate the mechan-
ical work transmitted to the 50 wt% biomass during mastication. The mechanical work
per unit volume of biomass, W, is given by the product of stress and strain at play in the
masticating unit, that is, W = oy = 0yt,, where ¢ is the shear stress and 7 is the average
shear rate in the squeezing chamber, whereas t, is the residence time in the masticating
unit. With the 50 wt% biomass and a feeding rate of 10 mL per minute, the residence time
of the material in the masticating unit was between 3 and 4 min, whereas the average shear
rate in the squeezing unit is given by the following estimate [38]: ¢ = %, where N is the
screw speed (in rpm) and D the external diameter of the screw in the masticating unit. Due
to the conical shape of the screw in the squeezing chamber, a maximum and a minimum
shear rate can be computed as 71 s~! and 46 s}, respectively. Inserting these two shear
rates in Equation (1), the corresponding shear stresses can be computed, and considering
the residence times given above, a mechanical work W of the order of 1 x 10° ]~kg_1 can
be estimated for 1 kg of masticated biomass. This mechanical work seems, however, over-
estimated when compared to those delivered by mechanical homogenizers, bead mills or
ultrasonicators, which have been used to assist PHA extraction [21,22] or digestion [24]. W
is on the order of 106 J-kg ! for the bead milling of NaOH digested biomasses [24], whereas
mechanical works of 107 and 10° J-kg~! were reported for mechanical homogenization and
ultrasonication, respectively [39]. A possible explanation for the overestimation of W is
given in Figure 1c. At shear rates corresponding to those taking place in the squeezing
chamber of the masticating unit, the slurry with 50 wt% dried biomass actually did not
flow as predicted by Equation (1). Instead, strain localization and nonhomogeneous flow,
which are ubiquitous in the rheology of dense suspensions, took place as suggested by the
stress plateau at larger shear rates in Figure 1c. Thus, a stress value on the order of 1 to
10 kPa should be considered to compute the mechanical work, which would then reach
values between 7.5 and 126 k]-kg ! and compare to mechanical works computed for the
melt mixing of, for example, polymer composites [40].

2.2. Effect of Biomass Mastication on PHA Recovery

Figure 2 presents a scheme summarizing the workflows used for the screening of wet
biomass mastication to assist digestion with NaOH and for benchmarking with solvent
extraction using CHCl;. Mastication was tested with the productions of samples B, C1, C5,
D1 and D5, whereas samples A, E and F were produced for benchmarking.
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Figure 2. Flow chart of the downstreaming protocols used for digestion with 0.3 M NaOH or
extraction with CHCl3. The dried biomass (MMC) containing 50 wt% PHA was processed using
routes A to F, yielding eight samples in the form of pellets (digestion, samples A and B) or films
(extraction, samples C to F). Samples C1 and D1 were masticated with n = 1, whereas samples B, C5
and D5 were masticated with n = 5.

Figure 3 compares the product recovery achieved for all processed biomasses. We
can conclude that mastication had a negative impact on the recovery of products obtained
by digestion because the recovery for sample B was nearly half of that for dry biomass
A. However, because the recovery for sample A was larger than 1, one may suspect that
the corresponding pellet was made of a significant amount of non-PHA material. Indeed,
pellets containing as much as 20% impurities were recovered recently from biomasses
containing 52% of PHA using a digestion protocol where much less biomass was treated
in 100 mL of NaOH [28]. The authors further reported that the digestion of fresh biomass
resulted in a drop in product recovery, which is in harmony with the recovery achieved
using sample B, i.e., a “reconstituted fresh biomass” containing 50 wt% water.

In order to assess whether mastication or handling of wet biomasses was responsi-
ble for the drop in product recovery, samples C1 to F were produced using the solvent
extraction route. Nearly 20% recovery was achieved for sample C1, which matches the
recovery obtained for the nonmasticated wet biomass E and for the masticated biomasses
D1 and D5. This suggests that mastication does not impact on solvent extraction from wet
biomasses. However, recovery drops below 10% for sample C5, indicating that longer wet
biomass mastication in the presence of NaOH is responsible for the loss of downstreamed
PHA. The mastication-assisted digestion of the wet biomass allowed downstreaming as
much product as the solvent extraction from the dried biomass, as seen by comparing
samples B and F in Figure 3. This suggests that for the present MMC biomass containing
50% PHA and for the large amount of biomass processed (between 10 and 20 g in 100
mL CHCls or NaOH), a better product recovery rate was achieved via digestion of wet
biomasses rather than extraction of a dried biomass. This result is solid, as experiments
performed with dried biomasses show that product recovery was doubled when digestion
was preferred to solvent extraction with CHCI3 (see samples A and F). This is an important
result considering the lower economic and environmental costs of NaOH digestion [36].
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Figure 3. Product recovery achieved for all processed biomasses. Samples produced for benchmark-
ing are: A for digestion with NaOH, and E and F for extraction in CHCl3. Inset: product recovery as
a function of the dried biomass weight used for the extraction with CHCl3 of MMC PHA.

The levels of recovery reported in Figure 3 for extraction with CHClj3 are significantly
lower than those reported in Table 1. This was expected given the conditions of the bench-
mark extraction selected here, which target higher biomass concentration in chloroform,
lower temperature and shorter extraction times compared to those listed in Table 1. The in-
set in Figure 3 clarifies this point because it shows that adding more biomass in chloroform
is detrimental to the amount of PHA recovered. This limiting factor is usually explained
by the increase in the viscosity of the PHA-rich solution in CHCl; [1]. Using biomass
premixed with water had a negative impact on the amount of polymer recovered, which
is possibly because water significantly lowers the quality of the solvent mixture (water
plus chloroform) with respect to PHA. In addition, the ability of the water—chloroform
mixture to make the cells’ membranes more fragile to give access to the PHA granules may
have been weakened as more water was added to the biomass. However, an important
result from the inset in Figure 3 is the saturation in the recovery at nearly 20 % when water
was added to the biomass. Thus, when more than 5 g of dry biomass were extracted with
100 mL CHClI3, the water content in the biomass premix was no longer a limiting factor
due to the plateauing of the recovery.

As for the mastication itself, though it did not assist the extraction in CHCl3, no
negative impacts were shown on the recovery rates reported for biomass sonication, bead
milling [21] or microwave assisted extraction [22]. This can be explained by the mechanical
work associated with mastication, which is orders of magnitude smaller than the mechan-
ical works involved during ultrasonication or bead milling (see Section 2.1). In spite of
mastication not being effective in enhancing product recovery, one may question how the
characteristics of recovered films and pellets compare with those of the three benchmarked
products A, E and F.

2.3. PHA Films and Pellets Characteristics

The chemical composition of films and pellets recovered after the downstream of the
biomasses was assessed with FTIR spectroscopy. The spectra are displayed in Figure 4. All
samples exhibited qualitatively similar DRIFT spectra (see Figure 4a) or FTIR spectra (see
Figure 4b), which show the symptomatic bands for PHA (see e.g., [41,42] and references
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therein), namely the functional carbonyl bonding (C=0) at 1720 cm~!, the ethyl (CHy) and
the methyl (CH3) functional groups between 1458 cm~! and 1380 cm ™! (which also show
contributions from non-PHA residues such as collagen [20]) and the C-O-C stretching band
in the region between 1279 cm ! and 1182 ecm ! [43].
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Figure 4. DRIFT spectra of pellets recovered from the digestion with NaOH compared to an MMW
PHA produced from cheese whey and digested with NaClO (CW) (a) and FTIR spectra of films
recovered from extraction in CHClj (b).

In addition, a band at 1540 cm~! assigned to amide IT and found in several MMC
PHA biomasses [20,44] showed up in all spectra presented in Figure 4. This band is a
clear indication of the presence of non-PHA residues in the recovered films and pellets.
This band and the C=0 band were indeed used to estimate the PHA content (Apga) in
biomasses, which was then validated by the PHA content measured from the TGA of the
same biomasses [44]. Taking on board the approach reported by Matthew Chan et al. [44],
the PHA content in the films and pellets can be computed as:

2 — lOgT1720

2
4 — lOgT1720 — lOgT1540 ?

Apga =

where T17, is the intensity of the C=0 band and Ts4 is the intensity of the amide II band.
The Appa of all films and pellets are reported in Table 2. As expected from the recovery
data (see Figure 3), the lowest Apys values were computed from the DRIFT spectra of
samples A and B. Thus, digestion with NaOH produced PHA with significant amounts of
residues, which was expected because similar trends were noted for wet biomasses [35] or
other biomasses with similar PHA content [26]. The FTIR analysis shows that mastication
was effective in reducing the amount of non-PHA residues in the extracted films. This
was not simply due to the presence of water in the biomass because sample E does not
show a better App4 than sample F. Pretreating the biomass with NaOH prior to mastication
led to a significant drop in the purity of the recovered PHA films. Note here that the low
Appa values are not related to the use of DRIFT to acquire the spectra. Figure 4a shows a
DRIFT spectrum of an MMC PHA produced from cheese whey using the same protocol
as the one used in the present study [45]. This spectrum (labelled as CW in Figure 4a) is
qualitatively similar to the other two DRIFT spectra, and the ratio Apys computed from
the bands’ intensities is 0.82. The latter is comparable to the Apy4 values computed from
the FTIR spectra of samples E and F and is in line with the 89 % purity estimated from the
TGA of this biopolyester [45].
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Table 2. Samples produced from the downstreaming of corresponding biomasses with parameter
n, with their purities quantified by FTIR (App4) and TGA (wt%) as well as their melt properties
(temperatures Ty, Tg, Tc and Ty, in °C, and dynamic shear viscosity 14*1 in Pa-s).

Purity Melt Properties
Biomass n Sample
ApHA wt% Tdeg Tg T, T | n* |d
Digestion with NaOH
A 0 A 0482 792+17 253.8 +1.4 - - 110€/159 © 71,560
B 5 B 0.532 73.1+19 241 +1 - - 106 €/151 ¢ 23,350
Extraction in CHCl3
C 1 C1 0.94 96.5 + 0.1 258.0 + 1.3 —8.5 80.4 110/133 0.9
C 5 C5 0.94 889+05 2385+16 —~14b 740 100°/132 204
D 1 D1 0.95 971 +0.3 299.1 + 0.6 —7.6 50.2 129/156 1241
D 5 D5 0.96 971 +0.3 301.7 +£1.1 7.2 49.2 130/157 1954
D 1 D1 0.95 971 +0.3 299.1 £ 0.6 —7.6 50.2 129/156 1241
E 0 E 0.87 96.6 + 1.0 258.4 4+ 0.9 —-9.6 45.2 124/156 239
F 0 F 0.88 95.6 £0.7 306.0 & 2.5 -9.9 435 128/156 2320

2: Computed from DRIFT spectra. b. Errors are 1,2 and 5 °C for Tg, Tc and first Tm, respectively, whereas errors
are 0.5 °C for all other samples. ©: Measured from the first heating of the pellets, with an error of 1 °C. 9: Measured
at 170 °C and a frequency of 1 Hz.

The purity of all films and pellets was assessed using TGA. The curves of the selected
samples are shown in Figure 5. For all of the film samples produced for benchmarking,
the TGA curves show a single degradation process that started at 200 °C, whereas a
second process initiated above 250 °C for the pellets (see Figure 5b). Based on the DRIFT
information, this second process can be assigned to the rather large amount of non-PHA
residues recovered after centrifugation and the washing of the pellets.
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Figure 5. TGA curves of recovered films extracted with chloroform (a) and of pellets recovered
after biomass digestion with NaOH (b). The inset in (b) relates the PHA purity inferred from both
FTIR (squares) and DRIFT (triangles) analyses to the purity measured in weight percent (wt%) by
using TGA.

The purity of pellets and films is indeed inferred from the amount of weighted material
(wt%) at the end of the first drop in the TGA curves, which corresponds to PHA thermal
degradation. These values are reported in Table 2, whereas the inset in Figure 5b presents
a graphical comparison between such purity and the ratios of Apys computed from both
FTIR and DRIFT analyses. The lower purity of the pellets correlates with lower values of
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Apna, but for highly pure PHA samples (films with more than 90 wt% PHA), no correlation
was found between Apya and TGA data. This is in contrast with the linear correlations
found for PHA biomasses [44], which suggests that the FTIR methodology is not valid for
assessing the purity of PHA materials showing less than 10 wt% purity (films recovered in
the present study). This is understandable, as the two methods rely on sensitivities towards
different types of impurities: infrared spectrometry detects proteins as residues, in contrast
to the residual weight made of other nonvolatile (nonorganic) impurities measured with
TGA. Nonetheless, the TGA analysis confirms the information conveyed via both FTIR and
DRIFT analyses. The mastication of wet MMC PHA biomasses prior to CHCl3 extraction
enhanced the purity of the recovered polymer, whereas the use of NaOH during mastication
or for biomass digestion was accompanied by a significant drop in product purity.

The TGA curves can also be used to estimate the thermal stability of the films and
pellets by comparing the temperatures T, at which the rate of weight loss is at its maxi-
mum. Temperatures Tj,, are listed in Table 2. Clearly, biomass digestion with NaOH gave
products with bad thermal stability when compared to the benchmark, as shown by how
samples A and B exhibited temperatures that were 50 to 60 °C below the T};,, measured
for sample F, which shows the highest Tj,,. Masticating with NaOH prior to extraction in
CHCl; did not promote the thermal stability of the recovered products because the Tj,,
for samples C1 and C5 were in the same range as those exhibited by samples A and B.
The larger amounts of non-PHA residues in these samples can explain the earlier onset for
thermal degradation as reported elsewhere for MMC PHA produced from cheese whey
and extracted with different amounts of impurities [45]. Smaller PHA molecular masses
resulting from the chain’s hydrolysis during NaOH digestion have also been pointed out
to explain weaker thermal stability [25] because lower temperatures are needed to generate
volatile products from the bond-breaking of smaller PHA chains [46]. In addition, differ-
ences in the HV content of downstreamed MMC PHA could be another reason for thermal
degradation at lower temperatures due to the lower melting point of HV crystals, which
triggers an earlier degradation of HV-rich PHA [47]. As for the solvent extraction, the use
of a wet biomass (sample E) impacts negatively on the thermal stability of the extracted
PHA film. However, biomass mastication reverts this trend, as samples D1 and D5 show a
T geq closer to the temperature measured for sample F.

The thermal properties measured with DSC are illustrated in Figure 6, which displays
representative second heating curves. These curves present all thermal transitions reported
for PHBV copolymers (see [45,48] and references therein), and the corresponding temper-
atures are reported in Table 2 for all samples. Starting from the lower temperatures, the
glass transition ranged between Ty = —14 °C and Tq = —7 °C, the crystallization from the
amorphous phase formed during the quenching of the melt was observed for all samples
except the pellets at temperatures between T, = 43 °C and T, = 80 °C and the melting of the
HYV and HB crystals (2 distinct peaks) was seen at temperatures ranging from T, = 100 °C
to Ty = 157 °C.

As expected from an earlier study focused on the impact of impurities on MMC
PHBV’s thermal properties [45], the presence of non-PHA residues in its films and pellets
shifted the glass transition and melting to lower temperatures, whereas crystallization
occurred at higher temperatures. Note that the magnitudes of the shifts were consistent
with the amount of impurity found in the samples to the point that the DSC curves for
the pellets are featureless. In fact, pellet aging is needed for crystallization, and only the
curves measured during the first heating of the pellets show the two melting processes
(see the inset to Figure 6a). Overall, the temperatures listed in Table 2 suggest that the
presence of impurities slows down crystallization and facilitates melting, which is probably
because impurities act as defects that weaken the crystalline structure and decrease overall
crystallinity [45]. However, it is known that larger HV content in the copolyester leads to a
similar effect [49] and that PHBV with shorter chains equally drifts T}, to lower tempera-
tures [50]. As such, one cannot exclude the possibility that digestion and mastication with
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Figure 6. DSC curves (measured during the second heating and vertically shifted for better visualiza-
tion of the results) of samples recovered from the biomass digestion in NaOH (a) or extracted with
CHCl; (b). The inset in (a) shows the DSC curves acquired during the first heating of the pellets.

Based on the data reported in Figure 6, the rheological response of the molten films
and pellets was measured at 170 °C. Starting with samples produced for benchmarking,
Figure 7 illustrates the thermal stability of the samples extracted in chloroform with no
alkali pretreatment. The time dependence of the complex viscosity |#*| measured at
1 Hz is displayed in a semilogarithmic plot to highlight the Arrhenius type of the drop in
viscosity at a later time after the initial temperature stabilization in the rheometer oven.
The Arrhenius behavior of the viscosity relates to the random chain scission degradation
mechanism of PHA [51], which describes a linear decrease over time of the PHA molecular
mass. Because |77*| is a power law function of the polymer macromolecular mass, an
exponential decrease of |#*| with time was recovered.
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Figure 7. Time dependence of the dynamic shear viscosity |#*| measured at 1 Hz and 170 °C.
(a): Sample F (squares), sample E (circles), sample D1 (up triangles) and sample D5 (down triangles);
(b): sample F (squares), sample C1 (circles), sample C5 (right triangles), sample B (stars) and sample
A (crosses). Lines are Arrhenius fits to the data.
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An Arrhenius fit to the data reveals that samples D1 and D5 were slightly more
stable than sample F. This was expected because TGA results showed that sample F was
recovered with a few more impurities, and these are known to be detrimental to the
thermal stability of PHA melts [51,52]. Sample E degraded twice as fast, which is in
harmony with the TGA indicating that it started to degrade at a much lower temperature.
Thus, degradation at 170 °C was sped up for sample F as compared to other films. Biomass
mastication with NaOH before extraction in chloroform allowed for the recovery of a
virtually thermally stable product because |#*| was nearly constant for samples C1 and
C5, whereas the viscosity of molten pellets A and B decayed at a much slower pace than
sample F (see Figure 7b). This confirms that the nature of the impurities contained in the
downstreamed products was more important than their amount when considering melt
thermal stability [45], as all samples in Figure 7b were produced with much more impurity
than sample F. In this respect, it is interesting to correlate the presence of fewer proteins in
the impurities of samples D1 and D5 when compared to sample E, which otherwise shows
the same level of impurity, with the improved thermal melt stability of D1 and D5.

However, such thermal enhancement comes at a high cost as shown in Figure 8, which
presents the mechanical spectra of all products at 170 °C, and in Table 2, which reports the
corresponding values of |77*| measured at 1 Hz. All of the mechanical spectra in Figure 8
were corrected for sample degradation using the Arrhenius equation and parameters
computed from the fits performed in Figure 7. The mastication of the wet biomass before
extraction in CHCI3 had a positive effect on PHA’s melt properties. The dynamic shear
viscosity at 1 Hz was eight times larger after five passes in the masticating unit (compare

I#*| for samples B and C5 in Table 2), and the apparent shear thinning with frequency of
the PHA extracted from the dried biomass was recovered.
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Figure 8. Mechanical spectra (dynamic shear viscosity |7*| as a function of frequency) measured at
170 °C. (a): Sample F (squares), sample E (circles), sample D1 (up triangles) and sample D5 (down
triangles); (b): sample F (squares), sample C1 (circles), sample C5 (left triangles), sample B (stars) and
sample A (crosses). Inset in (a): mechanical spectrum (storage modulus G’ (solid symbols) and loss
modulus G”(empty symbols) as a function of the frequency) of sample F. Inset in (b): mechanical
spectrum of sample C5.

The good matches between the mechanical spectra of samples F and D5 in Figure 8a
suggests that the PHA in both samples showed nearly similar molecular mass distributions.
Thus, the rheological data, together with the temperatures measured with DSC and TGA,
indicate that samples D1, D5 and F contained essentially the same PHA. The use of NaOH
during the downstreaming of PHA had a dramatic effect on their melt rheology because a
significant drop in the dynamic shear viscosity accompanied by a change from a Rouse-like
to a gel-like dynamic was seen (compare the spectra of samples F and C1 in Figure 8b).
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A PHB produced from a biomass digested with NaOH was reported as not suitable for
thermoplastic application because its molecular mass was smaller than that of a PHB
extracted with chloroform from the same biomass [25]. Results for sample C1 confirm the
negative effect of NaOH because the lower melt viscosity can be related to a significant drop
in the PHA molecular mass. Sample C5 and the pellets extracted from the biomass digestion
in NaOH exhibited a gel-like behavior. This is highlighted in the inset to Figure 8b for
sample C5 with a storage modulus G’ larger than the loss modulus G” at lower frequencies.
This behavior contrasts with the terminal fluid-like behavior displayed by sample F in
the inset to Figure 8a. To assign the gel-like behavior to the large amount of impurities in
samples C1, B and A is straightforward because they could act as reinforcing solids that
fill up the melt and, at the same time, impart thermal stability to the product’s viscosity.
Nonetheless, the rheology cannot discriminate between the reinforcing effect of impurities
and a possible additional crosslinking between PHA chains triggered by NaOH, which
further imparts an elastic behavior at lower frequencies.

Putting the rheological characteristics presented in Figures 7 and 8 into the perspective
of an application such as melt extrusion, samples F, D1 and D5 showed viscoelastic behav-
iors which resembled those found in commercial PHB and PHBV [7,40,53] but with slightly
improved thermal stability for materials produced using mastication. In contrast to this, the
use of NaOH during mastication, biomass digestion, or both led to very thermally stable
materials that seemed too elastic or not viscous enough to be extruded. Additional rheo-
logical testing under large deformation rates or melt extrusion trials should be performed
before definitively disqualifying samples C5, B and A for such applications. However, they
could be used as additives for PHA, in particular as fillers for melt reinforcement (samples
A, B and C5) or as processing aids and plasticizers (samples D1 and C1) that are chemically
similar to and thus compatible with other extrusion-grade PHAs.

3. Materials and Methods
3.1. MMC PHA Biomass Production

A biomass containing 50.0 & 2.4% MMC PHA was produced from fruit waste using
mixed microbial cultures in a three-stage pilot plant installed at NOVA.ID facilities. The
fruit waste used for PHA production was supplied by a Portuguese juice fruit company,
Sumol+Compal S.A., and it was collected from fruit pulp barrels that did not comply with
the criteria to be processed by the company. This residue was characterized by having a
high total COD content (174.9 4- 13 gCOD-L~!) and essentially being made up of readily
biodegradable sugars (84.8% of soluble COD), which is an important factor to increase
acidogenic potential and, thus, polymer production. The feedstock was first fermented into
PHA bioprecursors in a 60 L up flow anaerobic sludge blanket (UASB) reactor as described
by Matos et al. [12]. This reactor was continuously operated using an organic loading rate
(OLR) of 28 -2 gCOD-L~!-d~!, a pH of 5.4 + 0.3, a hydraulic retention time (HRT) of 1 d
and a temperature of 30.1 & 0.2 °C. The fermented end-stream produced was subsequently
fed to two reactors, and it was mainly comprised of lactate (1.0 4 0.3 gCOD-L™!), acetate
(54 + 0.7 gCOD-L 1), propionate (2.1 & 0.2 gCOD-L™!), ethanol (0.8 & 0.3 gCOD-L 1),
butyrate (9 £ 1 gCOD'L_l) and valerate (2.7 + 0.3 gCOD'L_l).

An aerobic 100-L sequential batch reactor (SBR) was assembled to select an MMC
with a high PHA storage capacity. The culture was fed with the fermented fruit waste
under 12 h feast and famine cycles, as detailed elsewhere [12]. The HRT and sludge
retention time (SRT) were set at 1 and 4 days, respectively, and the OLR was maintained
at 7.3 gCOD-L~1.d~!. The selective pressure favoring the enrichment of the culture in
PHA-storing organisms was ensured by first applying the sequential feast-famine cycles,
and second by uncoupling the nitrogen source from the carbon feeding. Semiquantitative
fluorescence in situ hybridization (FISH) analyses performed throughout the SBR operation
confirmed the enrichment of the community in Paracoccus, which is a well-known bacterial
genus with PHA-storing capacity [12].
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The PHA-enriched biomasses were finally produced in accumulation assays per-
formed in a 60 L fed-batch reactor inoculated with the MMC selected in the second stage of
the process, which was pulse-wise fed with the fermented stream produced in the acido-
genic reactor. After reaching maximum PHA accumulation, sulfuric acid was added until
pH 2 was reached in order to quench biological activity, the biomass was then centrifuged
to remove the maximum water content, and then it was freeze-dried. The process produced
1.5 kg dried biomass with a PHA content of 50.0 &+ 2.4 wt%. The polymer contained 75%
HB and 25% HYV, as reported elsewhere [12].

3.2. Biomass Mastication

A modified masticating unit (model HR1886, Philips, Eindhoven, Netherlands) was
used to process the biomass. The unit consisted of a squeezing chamber made of a conical
screw (minimum and maximum external diameters D of 34.5 mm and 44 mm, respectively)
embedded in a conical barrel with filter (with a gap h between screw and barrel varying
from 4.5 to 2 mm from feeding to screw tip) and terminated by a pulp outlet. The unit
operated at a constant screw speed of 80 rpm. A syringe pump (model NE-300 “Just
Infusion”TM, from New Era Pump Systems Inc.) operating at 10 mL per minute was used
to feed the biomass in the unit. The dried MMC PHA biomass was premixed with either a
fixed amount of distilled water (different premixes ranging from 30 wt% to 70 wt% biomass
were tested) or with 2 M NaOH (to reach a premix of 50 wt%) before filling in a 100 mL
syringe. The masticated biomass was either collected at the pulp outlet and fed again to
the syringe pump for successive passes in the unit or directly used for PHA extraction
and digestion. The residence time of the biomass in the masticating unit was between
2 and 3 min for the set feeding conditions and the biomass premix containing 50 wt%
distilled water.

3.3. PHA Extraction and Digestion

For NaOH digestion, a protocol optimized elsewhere for biomasses containing differ-
ent amounts (from 35 to 70%) of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
with HV content varying from 18% to 31% [28] was employed with a modification. Instead
of 2 g of biomass (dried, lyophilized or fresh [28]), 20 g of biomass (dried or masticated) was
mixed under agitation with 100 mL of 0.3 M NaOH at 30 °C for 4.8 h. The mixture was then
centrifuged (11,000 rpm, 10 min), and the recovered PHA-rich solid was washed several
times with distilled water. The PHA-rich solid was then dried overnight at 60 °C in a
ventilated oven (model FD 115, Binder GmbH, Tuttlingen, Germany), weighed to compute
PHA recovery and then stored in black plastic bags until PHA characterization. Figure 2
presents a scheme summarizing the workflows used for both extraction and digestion.
For PHA extraction, dried biomass (sample F), wet biomass (sample E) or the masticated
biomass (with 2 M NaOH, samples C1 and C5, or with water, samples D1 and D5) were
mixed with 100 mL of CHCl3 under agitation at 30 °C for 2 h. The PHA-rich solution
was then separated from the solid biomass residues via filtration using a metal screen (1
micron). The filtrate was poured into a Petri dish and dried in a ventilated oven at 60 °C
overnight. The resulting PHA films were weighed to compute PHA recovery and then
stored in black plastic bags until PHA characterization.

The product recovery, recovery, is defined by the following ratio:

mPRODUCT

recovery = L BIOMASS x 0.5

®)

where mPRODULCT is the weight of film or pellet recovered from the downstreaming of a
dried biomass with a weight of mBIOMASS and initial PHA content of 50.0 & 2.4 wt%.

3.4. Characterization of the Recovered Products

A TGA Q500 apparatus (from TA Instruments New Castle, DE, USA) was used to
perform the thermogravimetric analysis (TGA) of extracted PHA films and digested PHA
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pellets. Typically, around 10 mg of film or pellets were loaded in the sample pan and were
heated from 40 °C to 600 °C at a rate of 10 °C/min using nitrogen as a purge flow at a
flow rate of 200 mL/min. TGA curves were acquired in triplicate. Differential scanning
calorimetry (DSC) was performed with a 200 F3 Maia® instrument (from Netzsch- GmbH,
Kelb, Germany). The samples were placed in a closed aluminum pan and subjected to
three scans. A first heating (25-180 °C at 10 °C/min) was performed to erase the thermal
history of the sample. Then, a cooling ramp was conducted at a rate of —10 °C/min down
to —25 °C, where the sample was maintained for 5 min. Finally, a second heating was
applied under the same conditions as the first heating. The second heating was used to
determine all DSC output gathered in Table 2. All DSC experiments were done under
nitrogen purging. The FTIR spectra of film samples and powdered pellets were acquired
with an FTIR Spectrometer (Spectrum100, PerkinElmer Inc., Waltham, MA, USA) equipped
with an attenuated total reflectance (ATR) accessory for measuring films and a diffuse
reflectance (DRIFT) accessory for measuring the pellets. For each sample, 32 scans were
recorded between 4000 and 400 cm~! and averaged to give spectra with a resolution of

1em—1L.

3.5. Rheology

A stress-controlled rotational rheometer (ARG2, TA Instruments, New Castle, DE,
USA) was used with 25 mm parallel plates and a gap varying between 0.55 and 1.02 mm
for the characterization of biomass premixes in water (slurries). All tests were performed
at room temperature. Right after loading a slurry between the plates of the rheometer, a
dynamic time sweep using a small amplitude oscillatory shear (SAOS) with a frequency
of 1 Hz and an amplitude of 0.05% was performed for 5 min to monitor the structural
recovery of the slurry after loading. A stress sweep in oscillatory mode at 1 Hz was then
performed from 100 to 5000 Pa to determine the regime of linear viscoelasticity (LVE). In a
second set of experiments, another sample was loaded, and the same dynamic time sweep
was performed as above. This was followed by a frequency sweep from 100 Hz down to
0.01 Hz performed with a SAOS of 0.05%, which belongs to the LVE regime determined in
the previous experiment. Finally, a third experiment was carried out with a third sample.
After performing the same dynamic time sweep, a flow curve was measured by ramping
the steady shear stress from 10 Pa to 5000 Pa, applying each stress during 10 s and reading
the shear rate during the last two seconds of the applied stress to compute an average shear
rate. The experimental protocol used for characterizing the PHA films and pellets at 170 °C
with 40 mm parallel plates encompassed a dynamic time sweep (at 1 Hz with a SAOS
varying from 0.1% to 10% depending on the LVE regime of the tested sample) applied
for 8 min to monitor the thermal degradation of the film or pellets after loading between
the preheated plates. Then, a frequency sweep was performed from 100 to 0.03 Hz with a
SAQS varying between 0.1% and 10% depending on the PHA sample. The LVE regime was
ensured by monitoring the sinusoidal traces of both dynamic stress and strain recorded
online by the rheometer. The frequency sweep was repeated several times to further probe
the thermal degradation of the samples.

4. Conclusions

The masticating device used in the present study was not effective in assisting the
digestion of a wet mixed microbial biomass in NaOH for the recovery of more PHA. The
recovered products contain significant amounts of impurities and thus may only find
application as rheological modifiers or thermal stabilizers for PHA. In spite of the too-
small improvement in the recovery of pure PHA with CHCl3, the new tested continuous
mechanical pretreatment is attractive when large amounts of wet biomass are processed.
Indeed, the product recovered with mastication shows better melt stability and melt
viscoelasticity. There is still ample room for exploring routes to improve the mastication
of wet PHA biomasses in future studies. Mastication parameters and unit designs can be
changed to increase mechanical energy and allow the processing of biomasses containing
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more water. It will be of interest to check whether mastication can boost both PHA recovery
and thermal properties for biomasses with higher PHA content. Alternatively, testing
biomasses with lower PHA content and higher water content with a modified prototype
enabling biomass dewatering before mastication will be challenging, as such feeds are
known to be very difficult to downstream. Finally, future studies should also screen
biomasses containing other types of PHA, e.g., PHBV with different HV contents, and
extend to economically and ecologically attracting solvents to confirm the results achieved
here with CHClj3.
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Abstract: Macromolecules obtained from renewable natural sources are gaining increasing attention
as components for a vast variety of sustainable polymer-based materials. Natural raw materials
can facilitate continuous-flow production due to their year-round availability and short replenish-
ment period. They also open new opportunities for chemists and biologists to design and create
“bioreplacement” and “bioadvantaged” polymers, where complex structures produced by nature
are being modified, upgraded, and utilized to create novel materials. Bio-based macromonomers
are expected not only to compete with but to replace some petroleum-based analogs, as well. The
development of novel sustainable materials is an ongoing and very dynamic process. There are
multiple strategies for transforming natural macromolecules into sophisticated value-added products.
Some methods include chemical modification of macromolecules, while others include blending
several components into one new system. One of the most promising approaches for incorporating
renewable macromolecules into new products is the synthesis of hybrid networks based on one or
more natural components. Each one has unique characteristics, so its incorporation into a network
brings new sustainable materials with properties that can be tuned according to their end-use. This
article reviews the current state-of-the-art and future potential of renewable natural macromolecules
as sustainable building blocks for the synthesis and use of hybrid polymer networks. The most recent
advancements and applications that involve polymers, such as cellulose, chitin, alginic acid, gellan
gum, lignin, and their derivatives, are discussed.

Keywords: sustainable; renewable; natural macromolecules; hybrid networks; cellulose; chitin;
alginic acid; gellan gum; lignin

1. Introduction

Humanity has been using natural polymers since day one of civilization. Cotton plant
cultivation (~90% cellulose, a polysaccharide) has been verifiably practiced for 7800 years,
with 6000-year-old cotton fabrics found during archaeological excavations in Peru [1].
Wool (a protein mixture with low lipid content) appeared as clothing material around the
same time [2]. Wood (a composite of natural macromolecules cellulose, chemi-cellulose,
and lignin) was used to make tools and provide shelter. For millennia, these natural
materials have been exploited to cover various needs, and naturally, with the increase in
population and the need for more reliable and stronger tools, humans started to explore
ways of modifying and improving what was easily available from nature. The onset of the
deliberate modification of those renewable natural polymers and macromolecules can be
traced to the mid-19th century with the invention of cellulose nitrate, made by treating
cotton with nitric and sulfuric acids [3]. Regrettably, the first envisioned use of the new
material was for military purposes as “Schiesswolle” (gun cotton) [4]. Further adjustments
to the method yielded a new material called “celluloid” (CLD), a colloidal mixture of
nitrocellulose and camphor. This invention is mostly associated with the name of John
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Wesley Hyatt, who introduced it for numerous everyday uses, from hair combs (Figure 1A)
to billiard balls (Figure 1B), collars, cuffs, and shirtfronts [5]. CLD was also the mainstay of
the film industry until the 1920s, when it was replaced with cellulose acetate (CA) as the
film base. First prepared in 1865, CA turned out to be a commercial success and played
an important role in material manufacturing for cinematographic and photographic films,
frames for eyeglasses (Figure 1C), packaging containers, and more. CA was also combined
with other polymers. An example is shown in Figure 1D.

Figure 1. (A) Dupont comb, cellulose nitrate; (B) Billiard balls in original packaging, cellulose
nitrate-based composite; (C) Sunglasses, cellulose acetate; (D) Dr. West’s miracle-tuft toothbrush,
cellulose acetate and nylon. Plastics Artifact Collection, Special Collections Research Center, Syracuse
University Libraries.

The petrochemical revolution in the 20th century introduced new precursors for
polymers that led to the creation of a wide variety of oil-based materials. By the year
1930, practically every branch of human activity took advantage of the remarkably ver-
satile properties and longevity of synthetic polymers [6]. However, with the gradual
depletion of nonrenewable resources and environmental concerns caused by increased
non-biodegradable waste, the research focus turned again to renewable biomass resources
for the development of hybrid materials [7,8]. These raw materials are beneficial due to the
short period of their replenishment cycle, which leads to the continuous flow of production
supplies. Renewable feedstock resources include a wide variety of materials, such as carbon
fibers, clay, plant-based oils, lignin, vanillin, tannin-based materials, and even pineapple
leaf fibers [9]. Hybrid materials combine natural and synthetic macromolecules into one
system, making up a rapidly emerging structural class in material science [10]. These
systems possess properties superior to the sum of their components. One particularly
intriguing group of hybrid materials is physically or chemically cross-linked gels and
hydrogels. They have been extensively studied and used in diverse applications [11]. Many
of them contain natural polymers with functional groups along their backbone suitable
for multi-molecular assembly. While the combinations of natural and wholly synthetic
network components are numerous, this review will focus only on those that involve
polysaccharides (cellulose, chitin, alginic acid, gellan gum) and polyphenols (lignin).
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2. Networks: Classification and Applications

Networks are complex systems classified into three main groups: “entanglement
networks” (Figure 2A), chemically cross-linked networks (Figure 2B), and physical gels
(Figure 2C). In the case of carbohydrates, entanglement networks are also often considered
physical gels since, when dissolved, they actively participate in various interactions, such
as hydrogen bonding and static interactions. This process is commonly called gelation and
is described for various biopolymers, such as gelatin [12], gellan gum [13], alginic acid [14],
and starch [15]. Chemically cross-linked networks are multi-molecular systems where
polymer chains are covalently bound via a cross-linker [16]. In physical gels, cross-links
do not form through chemical bonds on the polymers’ backbone but occur by so-called
“junction zones”—a lateral aggregation of chains [17].
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Figure 2. Classification of networks. (A) Entanglement networks; (B) Covalently cross-linked
networks; (C) Physical gels with multiple chain junction zones.

Gels based on biopolymers are typically hydrophilic and, therefore, can bind and
retain large quantities of water without dissolving. Such gels are called hydrogels, and in
general, they consist of cross-linked polymers with 3-dimensional (3D) network structures.
It is known that the cross-linking method affects the morphology of hydrogels and their
physicochemical properties [18]. Physical hydrogels are reversible and tend to respond
to stimuli rapidly, but they are often fragile and sensitive to the chemical environment.
Covalently cross-linked hydrogels, on the other hand, are solid and stable, but they are
more rigid and cannot rapidly respond to stimuli due to their highly cross-linked structure.
Therefore, the type and conditions of synthesis must match the envisioned application of
the resulting material [19]. Networks can be synthesized via various strategies and methods.
When utilizing a natural macromolecule, one must take into consideration its solubility;,
reactivity, and processability. If any of these properties are not suitable for the method
chosen, the macromolecule must undergo a chemical modification or physical treatment.
The deliberate combination of the above-described cross-linked systems produces new
types of polymer gels labeled as semi-interpenetrating polymer networks (SIPNs) and
interpenetrating polymer networks (IPNs) [20]. In SIPN, the first polymer is cross-linked
(blue dots in Figure 3A), and the second polymer (doted lines in Figure 3A) is linear and
non-crosslinked; therefore, it can be extracted and washed off [21,22]. Within the IPN,
one network consists of chains of polymer 1 cross-linked with cross-link 1 (blue dots
in Figure 3B). Separately, chain 2 is cross-linked with cross-link 2, shown as black dots
in Figure 3B. An important characteristic of the IPN is the absence of a covalent bond
between the two distinct networks [23]. Depending on the type of polymers that form the
IPN or SIPN, their applications vary and range from industrial and military [24,25] uses
(sound and vibrational damping materials [26,27], shape-memory foams [28]) to biomedical
uses [29], such as tissue engineering [30,31], drug delivery [32], wound dressing [33], and
even dentistry [34].
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Figure 3. Schematic representation of SIPNs (A) and IPNs (B).

Natural polymers are typically limited in their reactivity and processability, and
corresponding physical gels usually lack mechanical strength and thermal stability. That
is why their inclusion into IPNs is often the best method to overcome those limitations,
as IPNs possess reduced interfacial tension and increased adhesion between the phases
that lead to more stable morphology [35]. Such new hybrid materials have advantageous
chemical, physical, and biological properties. Among the most widely used sustainable
IPN and SIPN building blocks are carbohydrates, such as cellulose in its various forms
and states, chitin as a cellulose analog, alginic acid, and gellan gum. The second most
abundant natural macromolecule, lignin (a polyphenol), is extensively incorporated, as well.
This review describes hybrid networks (entanglement networks, covalently cross-linked
networks, and physical gels) containing those natural polymers and the recently reported
synthetic routes for achieving the synthesis of various sophisticated hybrid networks.

3. Cellulose-Based Networks

Cellulose is the most abundant polymer on Earth and is considered one of the most
important structural elements in plants and other living species. Each day a tree produces
about 10 g of cellulose, making the global annual production of cellulose 1.5 x 10'2 tons [36].
Cellulose is an unbranched polymer-homopolysaccharide composed of (3-1,4-linked glucose
residues. It is linear, and every other glucose unit is rotated approximately 180° with respect
to its neighbors, giving cellulose a 2-fold axis. The physical properties such as crystalline
state, degree of crystallinity, and molecular weight may be highly variable and depend on
the source from which it was obtained [37]. Figure 4 shows the structural formula for the
3-14-glucan polymer chain (cellulose). The repeating unit is called cellobiose and has a length
of 1.03 nm. Its n—degree of polymerization—can reach up to 15 k in natural cellulose.

OH — —
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0o HO OH

OH )
OH
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Figure 4. Structural formula of the 3-1,4-glucan polymer chain. Cellobiose is shown in brackets.
n—degree of polymerization.

The biggest limitation of using cellulose in organic reactions is its solubility. Typically,
to create an entanglement network, cellulose must be dissolved completely to ensure
its homogeneity in the system. Its dissolution is quite challenging due to the partial
crystallinity and a high degree of polymerization (DP). Cellulose is not soluble in water,
nor in the majority of organic solvents, so multiple other systems are used, such as ionic
liquids, LiOH /urea, NaOH /urea, NaOH /thiourea, and others [38].
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Physical gels of cellulose can be created using the freeze-thaw (FT) method, where
growing ice crystals upon freezing create the irreversible aggregation of physically confined
cellulose nanocrystals between ice domains, and upon thawing, a network of aggregated
cellulose fibers is formed (Figure 5). The described FT procedure yields a gel in liquid
nitrogen at relatively low concentrations (~4 wt%) either in water or in polar organic
solvents, producing hydrogels and organogels, respectively [39]. The FT method works for
carboxymethylcellulose (CMC), as well. CMC is readily soluble in water, so to decrease the
solubility, the ionized carboxyl groups must be protonated. Treatment with sulfuric acid
yields insoluble and flexible transparent CMC-based films, allowing for the creation of a
water-impermeable layer. When adhered to a filter paper, the hydrogels kept the surface on
top of the paper waterproof for more than 24 h [40]. When an aqueous solution of citric acid
was used, edible, highly biodegradable hydrogels with high compressive recoverability

could be prepared [41].
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Figure 5. Preparation of physical gels of cellulose nanofibers using the freeze-thaw (FT) method.

Covalently cross-linked networks based on unsubstituted cellulose can be prepared
when cross-linked via epichlorohydrin [42] or N,N’-methylene bisacrylamide [43]. An
interesting case of a co-polymerized cross-linked hydrogel of microcrystalline cellulose and
polyvinyl alcohol was reported by combining both physical and chemical cross-linking
methods. This hydrogel was tested for the loading and release of a 5-fluorouracil drug in
phosphate-buffered saline [44].

Chemical modification of cellulose fibers seems to be the most common approach to
cellulose integration into gels and composites. Altering the surface of cellulose fibers helps
to change the hydrophobicity, reactivity, and solubility of chains [45]. There are multiple
ways to chemically modify the surface of cellulose, but grafting methods remain the most
common. Figure 6 represents the two most frequently used approaches, called “grafting
to” and “grafting from”. These methods are employed to modify the backbone of other

carbohydrates as well.

Grafting can also produce reactive cellulose-based macromonomers. The reaction
between the hydroxyl groups on the surface of cellulose fibers and 4-vinylbenzyl chlo-
ride enables the formation of cellulose-based cross-linkers, called “cellu-mers”. They can
undergo radical copolymerization with either styrene to form SIPNs (Figure 7A) [46].
This strategy allows for the synthesis of versatile homogeneous sustainable networks,
where incorporated cellulose fibers do not agglomerate, and synthesized materials have
improved mechanical and thermal properties. The method was further extended with
modified poly(ethylene glycol), PEG, to form hydrogels in high yields (Figure 7B) [47].
The PEG/ cellu-mer hydrogels were able to bind and remove several organic dyes from
an aqueous solution, showing potential for water remediation. Olad et al. described
the synthesis of an amphiphilic SIPN nanocomposite where sulfonated carboxymethyl
cellulose-g-poly(acrylic acid-co-acrylamide)/ polyvinyl alcohol /montmorillonite was syn-
thesized using free-radical graft copolymerization in an aqueous solution (Figure 7C).
The hydrogels showed excellent swelling ability, indicating their potential application in

agriculture [48].
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Figure 7. Various cellulose-based networks. (A) SIPN prepared after copolymerization of cellulose
macromonomers (“cellu-mers”) and styrene [46]; (B) Hydrogel based on cellu-mers and modified
PEG [47]; (C) Carboxymethyl cellulose-based SIPN nanocomposite [48].

Some other examples include the preparation of a hydrogel based on quaternary
cellulose via an amino-anhydride “click” reaction between maleic anhydride copolymer
and poly(acrylamine hydrochloride) [49]. The synthesis was performed in a “green” solvent
(water), and the SIPN was tested as a super adsorbent for wastewater remediation purposes.
Another strategy to synthesize cellulose-based IPN was reported, where doubly cross-
linked graphene oxide modified cellulose nanocrystal/poly(N-isopropylacrylamide) IPN
was prepared using an ultrasound one-pot strategy. The material was able to adsorb and
remove organic dyes such as Congo red (CR) and methylene blue (MB) from the solution.
They showed excellent water-swelling properties and good mechanical properties, making
them a low-cost material for the purification of dye wastewater [50].

These research reports, selected among many, prove the importance and continuous
development of cellulose-based networks and gels via multiple strategies and approaches.
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4. Chitin-Containing Networks

Chitin is the second most abundant polysaccharide in nature after cellulose and is
considered analogous to it as a structural material [51]. It is usually obtained by extraction
from arthropods, nematodes, and fungi. The polymer is insoluble in common solvents
and cannot be extracted by a solvent extraction method, which makes the process tough
and laborious. Chitin tends to form microfibrils (also referred to as rods or crystallites)
of around 3 nm in diameter that are stabilized by H-bonds involving the N-glucoacetate
residue and hydroxyl groups (Figure 8). This acetamide group in its structural repeating
unit makes the H-bonding in chitin even more complex and strong than that in cellulose.

OH
o) [¢]
HO
NH n
O%

Figure 8. Chitin repeating unit. n—degree of polymerization.

Due to its limited solubility in most organic solvents, the use of chitin is significantly
limited to a few applications [52]. Ionic liquids are used to dissolve chitin and prepare
relatively weak gels, but they still require high concentrations to form a gel [53]. Ionic
liquids such as 1-butyl-3-methylimidazole acetate (BmimAc) dissolves native chitin and,
upon regeneration, form a gel-like substance [54]. There are multiple other examples of
physical gel formation by dissolving chitin from different sources in ionic liquids [55]. One
of them is a preparation of a tannic acid-mediated self-assembled chitin hydrogel that has
improved strength (8.18 MPa) and Young’s modulus (0.36 MPa) compared to pure chitin
hydrogel. Due to the high noncovalent cross-linking density, the hydrogel enabled effective
energy dissipation and high toughness, Figure 9 [56].

a e
Chitin-polyphenol solution Chitin-polyphenol hydrogel
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Figure 9. Preparation of the chitin-polyphenol hydrogel. (a) Processing principles; (i) Partial noncova-
lent network; (ii) Final formation of a multiple noncovalent network; (b) Chitin-polyphenol hydrogel.
Modified with permission from [56]. Copyright 2023, published by Royal Society of Chemistry.

Kasprzak and Galiniski have recently reported the synthesis of a chitin-based elec-
trolyte with a solution-casting technique using ionic liquids. This method allowed the
creation of highly efficient hydrogels in terms of specific capacitance, power density, and
cyclability. In addition, this approach can also be used to synthesize chitin/cellulose-
based hydrogel electrolytes. Specific capacitance values were in the range of 92-98 F-g~ !,
with excellent capacitance retention (97-98%) after 20,000 galvanostatic charge and dis-
charge cycles. Such results show that chitin is a promising component to be used in the
electrochemical industry to produce green electrochemical capacitors, Figure 10 [57].
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Figure 10. (A) The preparation of hydrogel electrolytes. Modified with permission from [57]. Copy-

right 2023, published by Springer Nature.

Natural chitin-polyphenol hydrogels were reported to be highly biocompatible and
biodegradable, making them promising materials for future tissue engineering [58]. Typ-
ically, chitin-based physical gels have low gel stability with weak strength, and an irre-
versible covalent cross-linking alleviates the above-mentioned problems. In 2019, Chen
et al. reported the synthesis of hydrogels based on quinone-crosslinked chitin nanofibers
using amino groups. There, surface-deacetylated chitin nanofibers (S-ChNF) formed a
hydrogel after a reaction in hydroquinone (HQ)/copper (Cu(Il)) solutions. Compared to
non-surface-deacetylated, S-ChNF-based hydrogel displayed almost 10-fold higher tensile
strength because of the extended cross-linking effect between quinone and amino groups,
Figure 11 [59].
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Figure 11. Comparison of chitin—based hydrogels prepared with chitin nanofibers (ChNFs) and
surface—deacetylated chitin nanofibers (S-ChNF). Reproduced with permission from [59]. Copyright
2023, published by Elsevier.

Other examples of recently reported chitin-based gels are the double cross-linked
chitin/KH560 networks [60]. Such systems have two types of cross-links: physical and
chemical. They can be synthesized when dissolving chitin in an aqueous solution of
KOH/urea with a freeze—thaw process followed by using KH560 (an epoxy-functional
silane) as a cross-linking agent and coagulating in ethanol solution at low temperature.
The material was biocompatible, with excellent mechanical properties and a high swelling
ratio. The presence of two types of cross-links makes this hydrogel an excellent damping
material since cross-linking bonds can serve as “sacrificial bonds”, effectively dispersing
the stress and withstanding large deformations, Figure 12.
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Figure 12. Preparation of double cross-linked chitin/KH560 hydrogel. Reproduced with permission
from [60]. Copyright 2023, published by Elsevier.

A similar approach was used for the synthesis of injectable thermosensitive hydro-
gels. Double cross-linked furyl-modified hydroxypropyl chitin polymer was synthesized
homogeneously in an aqueous solution. Firstly, physically cross-linked hydrogel based on
furyl-modified hydroxypropyl chitin was formed upon cooling to 4 °C. Then, irreversible
cross-linking with maleimide-terminated PEG 2k Da using the Diels-Alder reaction was
achieved under physiological conditions. Potentially, during the second step, there was
sufficient time to stir-in various therapeutic molecules and/or cells, making these gels
an excellent material for drug delivery, three-dimensional cell culture, and tissue repair.
Additionally, dually cross-linked hydrogels have enhanced mechanical strength compared
to physically cross-linked ones [61].

A SIPN hydrogel could also be prepared via radical polymerization. Unsaturated
poly(vinyl alcohol) /maleic anhydride-based macromonomer was cross-linked with acrylic
acid in the presence of water-soluble chitin to generate a SIPN. Linear chains of chitin
were homogeneously dispersed throughout the network. Such a completely sustainable
synthetic method allowed for the preparation of non-toxic, biocompatible, and robust
hydrogels [62]. Along with other natural polymers, chitin composite hydrogels were
evaluated for the effective adsorptive removal of textile dyes from water [63,64].

Chemical or enzymatic deacetylation of chitin leads to the creation of a new
biopolymer—chitosan, Figure 13 [65]. When the degree of deacetylation (DA) is higher
than 50 mol%, the product is soluble in dilute acid solutions. This approach is frequently
used to create advanced products based on chitin and chitosan. Their biological activity
and antimicrobial properties make them perfect candidates for various applications, such
as cell culture media [66] and antimicrobial materials [67].

Networks based on chitosan are being investigated for various other purposes. Yang et al.
in 2023 described the development of a robust, anti-freezing, and conductive double-network
for a stable-performance flexible electronic device. Various chitosan—polyacrylamide double-
network ionic hydrogels were chemically cross-linked with different substrates. The chitosan
physical network enabled effective energy dissipation, while the covalent linkage between
the polyacrylamide network and the substrate surface provided interfacial adhesion. The
hydrogel-substrate combinations were reported to maintain high interfacial toughness at low
temperatures. In addition, the high conductivity of the hydrogel-metal interface makes it a
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promising material for developing a flexible sensor to detect strain and pressure within a broad
temperature range, Figure 14 [68].
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Figure 14. Chitosan—polyacrylamide double-network ionic hydrogel for flexible electronics. Modified
with permission from [68]. Copyright 2023, published by Elsevier.

Several other interesting examples of sophisticated chitosan-based systems were
recently reported. Wan et al. reported a synthesis of poly(acrylic acid)/chitosan-g-poly
(vinylamine) composite hydrogel for efficient adsorption of methylene blue dye from
aqueous solutions. It was reported that the hydrogel achieved 85.24% removal of dye
even after five adsorption cycles [69]. Another report announced the synthesis of chitosan-
based hydrogel containing in situ bio-reduced silver nanoparticles for accelerated healing
of infected full-thickness skin defects. This material could enable a ground-breaking
sustainable anti-infection, anti-inflammation, collagen-stimulating treatment that promotes
the formation of epithelia and blood vessels [70].

5. Alginic Acid Networks

Alginic acid (AA) is a natural polysaccharide produced by brown seaweeds such as
kelp and macroalgae or produced by microbial fermentation using special bacteria [71].
Alginate consists of two basic building blocks, x-1-guluronic acid (G) and 3-d-mannuronic
acid (M) residues, linearly linked together with 1-4 linkages (Figure 15A). The composition
and distribution of these M /G residues impact the properties and functionalities of alginate.
Due to the nontoxicity and biocompatibility of this natural polymer, the most common use
of AA-based networks is in biomedical, agricultural, and food-packaging industries [72].
Sodium alginate (SA) is the sodium salt form of alginic acid, frequently used for the
synthesis of gels and networks (Figure 15B).

The “egg-box” model is a classic model describing the gelation mechanism of alginates.
The most recent studies show that the chains pair into dimers cooperatively when the ratio
of Ca* jons to G units in alginate Ric, /g is 0.25 for higher G alginate and 0.50 for lower
G alginate. At higher R, the “egg-box” dimers act as a structural basis for further lateral
aggregation by successively doubling dimers into tetramers, octamers, and hexadecamers
(Figure 15C) [73,74].
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Figure 15. (A) Structural formula of alginic acid; (B) Structural formula of sodium alginate; (C) The
“egg-box” model for alginate gelation with calcium ions. Ca?* ions bind to the carboxyl groups of the
guluronic acid residues of two neighboring alginate chains. Reproduced with permission from [74].
Copyright 2023, published by John Wiley and Sons.

“Entanglement networks” based on alginates can be formed at lower pH when the
chains associate. However, the gel is weak, soft, and soluble in alkaline solutions. Therefore,
it does not find much practical use. Casting aqueous AA solutions leads to the creation of
transparent and flexible films, but these films are water-soluble unless they are immersed
in a multivalent ion salt solution [75]. In the presence of divalent cations like calcium (Ca%*)
and magnesium (Mg?*), alginate chains cross-link and form water-insoluble physical
gels [76]. Most recent reports include various other metals, such as strontium (Sr?*), zinc
(Zn?*), and even aluminum (AI**). Depending on the metal, hydrogels exhibit different
properties that lead to various applications [77], but the drawback of the use of these
materials is their low dimensional stability. Pure alginate gels formed with calcium ions
have high porosity and are known for their healing potential and prospects in anti-tumor
applications. However, they are unstable at physiological pH or in environments with a
high concentration of phosphate or citrate ions because Ca®* ions can be extracted from the
hydrogel structures, leading to their collapse [78].

Covalently cross-linked alginate gels are more mechanically stable compared to phys-
ically cross-linked ones [79,80]. If the material is intended to be applied for biomedical
purposes, biocompatible cross-linkers should be used. For example, glutaraldehyde was
utilized as a cross-linking agent in the preparation of sodium alginate/poly(vinyl alcohol)
IPN [81]. Although tests have indicated that the prepared IPN hydrogel membranes were
safe for drug delivery applications, some concerns related to glutaraldehyde cytotoxicity
remain, as it is a contact irritant and dermal sensitizer [82].

Biocompatible chemically cross-linked gels based on modified sodium alginate/poly
(vinyl alcohol) using poly(ethylene glycol) diacrylate as a cross-linking agent were re-
cently reported. The authors have compared the mechanical strength of chemically cross-
linked hydrogels with those prepared via a physical cross-linking mechanism using Ca2*
(Figure 16) [18]. They also studied the drug release profile using Echinacea purpurea (EP)
extract as a model compound. Results indicated that hydrogels prepared via ionic cross-
linking had better swelling than those prepared via chemical cross-linking. However,
chemically cross-linked ones had enhanced mechanical strength, and the surface of the
hydrogels was more regular and denser than in physical gels. Analysis of release profiles of
the model drug showed that EP could be delivered in a controlled manner for an extended
time, but only with the alginate-based hydrogels synthesized using chemical cross-linking.
In the case of physical gels, an undesirable phenomenon called a “burst effect” was ob-
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served, which is a very rapid release of the active substance due to rapid surface desorption
instead of slow and steady release.
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Figure 16. Preparation of physically— (Method 1) and chemically (Method 2) crosslinked gels. Repro-
duced with permission from [18]. Copyright 2023, published by MDPL

Chemically cross-linked alginate hydrogels were reported to recover gold nanoparti-
cles from wastewater effectively. Particles of sericin and alginate chemically cross-linked
by proanthocyanidins were synthesized and characterized. Sericin is usually discharged
in wastewater as a silk manufacturing by-product; therefore, the synthesized hydrogel is
interesting not only as a system able to recover gold from aqueous media but also as a
possible solution to problems with sericin disposal [83].

Kim et al. proved that the formation of IPN or SIPN not only improves the mechanical
and thermal stability of alginate-based gels, but this improvement happens without losing
the advantages of polysaccharides. A series of SPNs were prepared with 75:25, 50:50, and
25:75 ratios of alginate to poly(vinyl) alcohol, where there is only one cross-linked network
inside—alginate. Results revealed that by utilizing the same components but altering the
method of hydrogel preparation, pH-responsive behavior, stability, and water retention
properties can be controlled and altered according to the desired uses [19].

Alginate IPNs and SIPNs can be utilized for other interesting applications. For exam-
ple, Wang et al. synthesized reusable porous alginate/poly(vinyl alcohol) SIPN hydrogel
to remove Pb(Il) from aqueous solutions [84]. They used a natural biopolymer sodium
alginate (SA) as the main chain, sodium acrylate (NaA) as the monomer, and poly(vinyl
alcohol) (PVA). NaA monomers were grafted onto the SA chains, while PVA chains were
interpenetrated and entangled within the cross-linked network. This facile grafting poly-
merization in an aqueous medium created hydrogels with excellent adsorption properties
and removal efficiency toward Pb(II). Incorporated PVA polymer chains improved the reg-
ularity of the network and, therefore, increased the mechanical strength and hydrophilicity.
More importantly, ~94% of the bound Pb(II) can be de-adsorbed and recycled using an
acid-leaching process. The system can be regenerated five times, with the possibility to
de-adsorb and recycle about 89.9% of the initially sequestered Pb(II). In addition, the ad-
sorption capacity for Pb(II) could reach up to 502.5 mg/g after being reused for five cycles.
Figure 17 shows the structure of the SIPN and its adsorption actions for Pb(II).
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Figure 17. Structure of the network and its adsorption actions for Pb(II). Reproduced with permission
from [84]. Copyright 2023, published by Frontiers in Chemistry.

Notably, the most common use of alginate-based IPNs is for biomedical purposes.
When they are used for controlled drug-release, the loaded substance can be retained
to the maximum extent without negatively affecting its pharmacological effect due to
the excellent biocompatibility and stable porous structure of the network [85,86]. For
example, controlled delivery of aspirin using IPN hydrogels based on sodium alginate
and nanocellulose was reported recently [87]. The first framework network made with
sodium alginate and nanocellulose was built after acetic acid coagulation, followed by
CaCl, chelation. Ions of Ca?* can exchange ions with sodium alginate and chelate with
carboxyl groups on the surface of cellulose to form a uniform interpenetrating network
structure. The resulting hydrogel showed good cytocompatibility and nontoxicity, was
mechanically robust, and had a prolonged aspirin release time of ~ 80 h, making it an ideal
system for prolonged aspirin release (Figure 18).

IPN hydrogel

!
Nanocellulose N L

e Double

crosslinking

°—>

Sodium alginate

300 um

Cytocompatible

Figure 18. Synthesis of sodium alginate/nanocellulose-based IPN for controlled aspirin release.
Reproduced with permission from [87]. Copyright 2023, published by Elsevier.

Alginate-based hydrogels have gained increased interest as an alternative to the
existing clinical methods for treating cartilage injuries [88]. Injectable in situ forming
hydrogels as carriers for drug delivery or scaffolds for tissue engineering applications offer
multiple benefits as they require a minimally invasive procedure for implantation. The
cross-linkers used for this application should be carefully selected, as they should show no
cytotoxicity towards encapsulated cells and should provide an appropriate gelation time
after the injection. An example of a suitable cross-linker was recently reported describing
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a synthesis of an injectable IPN based on modified cartilage extracellular matrix (ECM)
and alginate [89]. Horseradish peroxidase (HRP) in the presence of hydrogen peroxide
was used as a cross-linking mediator after the extracellular matrix was functionalized with
phenol groups (ECM-ph). The synthesized injectable hydrogel was then impregnated with
silk fibroin nanofibers (SEN). It was evaluated for articular cartilage tissue engineering
applications. The material provided a suitable microenvironment for cell growth and
viability. Collagen content measurements showed that this hydrogel has great potential
and capability to mimic natural cartilage. Mechanical strength, however, needed further
improvement [89].

6. Gellan Gum-Derived Networks

Gellan Gum (GG) is a linear electronegative exopolysaccharide produced by Pseu-
domonas elodea. Its main chain consists of four repeating carbohydrate units: two D-glucose,
one L-rhamnose, and one D-glucuronic acid (Figure 19A). On average, about 25% of
repeating units contain an o-acetyl group linked to the C-6 position of one of the 5-D-
glucopyranosyl units [90,91]. GG is in coil form at elevated temperatures in solution,
but upon cooling, the coil transforms into a thermally-reversible double helix. These
anti-parallel double helices self-assemble and form oriented bundles that are connected
via untwined regions of polysaccharide chains (Figure 19B) [92]. GG is biodegradable
and nonpathogenic (approved by the FDA) and allowed for use as a food additive [93].
However, it is investigated for other applications, as well [94]. The most investigated use
of GG hydrogels for biomedical purposes is for drug delivery [95]. Physical hydrogels
based on GG that can bind and release glucose can be easily prepared by dispersing the
hydrocolloid powder in water at 90 °C. Recently, hydrogels based on high acyl (HA) and a
modified version—low acyl (LA)—GG have been studied and compared [96]. HA GG has
acetyl and glyceryl substitutions on the first glucose of the repeating unit at the O-2 and
O-6 positions, while in LA, GG acyl groups are removed (Figure 19(A1,A2)). Synthesized
HA hydrogels had a much greater swelling ratio than LA hydrogels, and both had more
significant swelling in DI water than in 50 mM KCl solution. Swelling slows the release
of glucose by decreasing the diffusion flux, which must be considered when developing
GG-based hydrogels. However, the hydrogels were brittle; to improve the mechanical
strength, chemical cross-linking must be considered as an alternative synthesis. An exam-
ple of this approach was recently published. Covalently cross-linked redox-responsive
implantable hydrogels were synthesized and used as paclitaxel carriers for HER2-positive
breast cancer therapy [97]. These systems can be prepared using two types of buffers:
acetate buffer and phosphate buffer, cross-linked with different concentrations of 1-cysteine
(Figure 20). The hydrogels were loaded with paclitaxel:3-cyclodextrin, and in vitro tests
indicated that they expressed great anti-tumor activity. Rheological analysis showed that
samples had characteristic strong gel behavior and could withstand the load over a broad
range of frequencies. Potentially, they could be used in the post-surgical treatment of
HER2-overexpressing breast tumors [97].

Three-dimensional (3D) printing is increasingly used to produce hydrogel structures
with increased complexity and recoverable mechanical properties [98]. GG-based hydrogels
are increasingly popular as novel biocompatible inks for printing, as evidenced by a recent
review [99]. Here, only a few newly published articles will be discussed in detail.

Duffy et al. reported using poly-e-lysine/GG hydrogels for the 3D reactive inkjet
printing of corneal constructs [100]. It is possible to modify the structure of the printed
hydrogels to include pores if desired. The printed hydrogels were 80% transparent, cyto-
compatible with corneal epithelial and endothelial cells, and facilitated cell attachment to
their surface (Figure 21).
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gellan gum (B). Reproduced with permission from [91]. Copyright 2023, published by Elsevier.
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Figure 20. Preparation of GG-based hydrogels loaded with paclitaxel for local breast cancer therapy.
Reproduced with permission from [97]. Copyright 2023, published by Elsevier.
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Three-dimensional printing was also used to enhance the mechanical strength of the
final IPNs product. For example, a starch-based excipient known as PREGEFLO®PI10 was
used to reinforce a GG—collagen IPN hydrogel [101]. A geometric addition method was
developed for a new biocompatible bio-ink by incorporating PREGEFLO®PI10 into the
IPN loaded with adipose-derived stem cells. A multi-printhead pneumatic extrusion-based
3D bioprinter was used to bio-print the improved IPN ink to demonstrate the potential for
on-site fabrication (Figure 22).
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Figure 22. Schematic representation of printing the improved IPN hydrogel ink formula using a
multi-printhead 3D bioprinter. Reproduced with permission from [101]. Copyright 2023, published
by Elsevier.

Environmental cleanup is another emerging field where GG-based IPNs were used.
The failure to treat industrial waste before it is discharged into water streams is a significant
problem for the industrial, agricultural, and health sectors. The removal of various organic
dyes used industrially in food, pharmaceuticals, paper, and textiles is one of the most
demanding water remediation tasks [102]. The presence of dyes in wastewater poses a
great threat to living organisms as it prevents the passage of sunlight into the depths of
water bodies, but also it is harmful to humans and animals who consume such water for
their life needs [103,104].

GG is a great material for wastewater remediation [105]. A multifunctional cross-
linker with increased surface hydrophobicity was synthesized by grafting styrenic moieties
onto the surface of GG [106]. These modified GG polymers could be co-polymerized with
styrene, forming a SIPN network (Figure 23). These networks were mechanically robust,
and their binding ability towards several organic dyes was high, showing that they could
be used as potential materials in environmental cleanup [105].
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Figure 23. Synthesis of GG/PSt SIPN [106].
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7. Lignin-Based Networks

Lignin accounts for approximately 30% of all organic carbon and plays three main
roles in plants: (a) it provides structural integrity to the cell wall and strength to the stem
and root; (b) it waterproofs the cell wall to make the transport of water and solutes through
the vascular system possible; (c) it protects plants against pathogens [107]. This complex,
irregular, three-dimensional, amorphous, and interlinked biomacromolecule consists of
phenylpropane units linked by C-C and C-O-C bonds. There are three monolignol moieties
that exist as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, Figure 24 [108].
Lignins in softwoods (SWs) are mainly composed of Pg-units (with minor amounts of
H-units), while hardwood (HW) lignins are mainly composed of G- and S-units. H-units’
content may be slightly higher in grasses [109].
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Figure 24. Lignin methoxyl substituted S-, G-, and H- moieties as generic Pg, Pg, and Py units. See
also reference [110].

The most frequent lignin linkage is the 3—O-4-(3-aryl ether), and it is one of the most
easily chemically cleaved (Figure 25A). The other linkages presented in that figure are more
resistant to chemical degradation.
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Figure 25. Various C-C and C-O-C bonds found in lignin structure. The main linkages are (A) 3-aryl
ether 3—O—4; (B) diphenyl ethane 3-1; (C) x-aryl ether «—O-4; (D) diphenylether 4-O-5 (from
oligomer-oligomer couplings); (E) pinoresinol $—f; (F) phenylocumaran -5 (from monomer—
oligomer couplings); (G) biphenyl 5-5; (H) dibenzodioxicine 5-5.
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Lignin is the main by-product of the pulp and paper industry, and interest in its
reutilization has dramatically increased. Two methods are generally used to repurpose
technical lignin. The first one is the depolymerization of lignin, breaking it down into
monomeric units with further modification to form functional materials. The second
approach is a chemical modification of the existing polymer to obtain a functionalized
polymer. The first method is more common since lignin has excellent potential as a
renewable source of aromatic compounds in lieu of petroleum. Therefore, recently, many
reports have related to the cleavage of the C-O and C—C linkages. For example, the
most recent one is on the cleavage of C—C/C-O bonds in lignin using dye-sensitized
photoelectrosynthetic solar cells. This method presents a promising direction for the
sustainable production of chemicals based on lignin [111,112].

The incorporation of lignin in functional hydrogels is another direction for the up-
cycling of this natural macromolecule [113]. Physical networks are typically prepared
by blending /mixing two or more polymers to immobilize lignin within the existing ma-
trix of the polymer [114]. This leads to the creation of an IPN or a SIPN, where lignin
provides mechanical strength, processability, and toughness to the network, just like it
does for plants. These systems are being used for various applications, including but
not limited to agriculture [115], wastewater treatment [116], biomedical [117], and energy
storage fields [118]. A supercapacitor energy storage IPN device was produced using a
one-pot electrosynthesis of polyaniline and sulfonated lignin [119]. The nanocomposite
formulation was prepared on an electrochemically etched carbon fiber electrode (Figure 26).
The constructed device displayed great energy/power performance and flexibility. This
approach allows for the synthesis of metal-free electrode active materials from green and
cost-effective sources and marks an essential step toward green energy technology.
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Figure 26. A supercapacitor energy storage device based on polyaniline and sulfonated lignin;
(a) The preparation of biopolymer doped polyaniline nanofiber; (b) Faradaic charge transfer and
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electrical double layer charge accumulation at the electrode/electrolyte interface; (c) Structure and
the interaction within the components in the nanocomposite; (d) SEM images of the carbon fiber
substrate before (left) and after (right) electrochemical etching along with TEM image of the resulting
PANI-LS nanocomposite. Reproduced with permission from [119]. Copyright 2023, published by
American Chemical Society.

Lignin can also be used for environmental remediation purposes, for example, as
“super-swelling” hydrogels for dye removal. In this case, technical lignins were cross-
linked with poly(methyl vinyl ether-co-maleic acid), PMVE/MA, Figure 27 [120]. The
results indicated that the adsorption of methylene blue from solutions was comparable
to that reported for activated charcoals. An interesting and important fact is that these
renewable and biocompatible hydrogels were prepared via a “green” approach, with no
organic solvents or potentially toxic reagents used, and water was the main reaction by-
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product. This strategy produced a system that was not only prepared under conditions
with minimal harm to the environment but was also able to remove contaminants from

it [120].
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Figure 27. Proposed chemical reactions taking place during the cross-linking of different technical
lignins with PMVE/MA via ester linkages. Reproduced with permission from [120]. Copyright 2023,
published by Elsevier.

Multiple polar sites in lignin’s framework can be used for the physical cross-linking
of hydrophilic polymers via H-bonding. Wang et al. utilized lignin in lieu of traditional
bisphenol A to prepare lignin-based epoxy resin adhesives with double-interpenetrating
network structures [121]. In their work, lignin was modified with methacryloyl chloride
and epichlorohydrin, introducing double bonds and oxirane rings into the macromolecule
to form the network (Figure 28). In that way, the free volume inside the gel can be reduced
and prevent the infiltration of external water molecules. The final product could be used as
a high-quality water-resistant adhesive.
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Figure 28. Schematic preparation of the double-IPN lignin-based epoxy resin adhesives resistant
to extree environments. Reproduced with permission from [121]. Copyright 2023, published by
American Chemical Society.
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8. Other Hybrid Networks

In recent decades, metal-coordinated networks (MOFs) and frameworks have been
rapidly developing. MOFs are porous coordination polymers that have both organic and
inorganic components. Metal cations such as Ag™, 7Zn%*, Co?*, Cu?*, and Mo®* can be
easily introduced to the frameworks, and their antibacterial activity is proven [122]. Metal-
phenolic networks (MPNs), on the other hand, are non-toxic and more environmentally
friendly due to the milder conditions of their synthesis. Polyphenols and metal ions readily
dissociate at low pH, enabling the controlled release of a metal ion, with Fe being the most
common metal. MPNs have great potential in chemotherapy, as they can produce highly
toxic hydroxyl radicals (¢OH) that effectively help the drug kill tumor cells [123].

The few examples discussed so far clearly indicate that work on sustainable hybrid
networks is rapidly evolving and growing. Various renewable natural macromolecules can
serve as sustainable building blocks for these materials. New complex systems are being
developed and synthesized with properties designed and adjusted for specific applications.
Reports that were not mentioned in the main text are listed in Table 1.

Table 1. Additional examples of sustainable networks, their synthesis, and applications.

Natural Precursor Potential Use Synthesis Method Reference

Suspensions of locust bean gum and cellulose
microfibers are mixed and homogenized.
Cellulose and locust Prepared hydrogel is inserted into Luer Lock

bean gum 3D printing syringes and refrigerated for complete gelation. [124]
Inks are printed using a 3D bioprinter and stored
at ambient temperature.
Chitin is dissolved in an 8% NaOH/6% urea
Chitin Potential tissue engineering solution using the freezing/thawing method and [125]

then blended with sodium alginate solution,
attapulgite powder, and epichlorohydrin.

Self-healing hydrogels are prepared by
cross-linking acrylamide-modified p3-chitin
(Am-p-Chn) with alginate dialdehyde (AD).
Chitin and alginate Wound healing Chitin solution (2%) is prepared, and a fixed [126]
volume of various AD concentrations are added
to yield pre-hydrogel mixtures. Solutions are left
to gel completely.

GG is dissolved in deionized water at 80 °C.
Graphene oxide is dispersed in deionized water
using ultrasonication. Bio-inks are formed by
mixing GG and GO aqueous solutions in [127]
different concentrations. Prepared GG/GO 3D
scaffolds are then soaked in CaCl, solution.
Final hydrogels are obtained after freeze-drying.

Tumor therapy and bone

Gellan gum (GG) reconstruction

Spherical diclofenac sodium-loaded
carboxymethyl tamarind gum-GG IPN
microbeads are prepared using AlCl3 as an ionic
cross-linker. Aqueous GG and CTG solutions are
mixed, and the diclofenac sodium is added. The
homogeneous drug—polymer mixtures are added
dropwise into 3% w/v AlClj solution, resulting
in the formation of rigid spherical microbeads.

Gellan gum Sustained drug release [128]
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Table 1. Cont.

Natural Precursor Potential Use Synthesis Method Reference
Hydrogel formulations are prepared by mixing
GG water solution and a suspension of
Gellan gum and cellulose 3D bioprinting of skin cells nano-fibrillated cellulose. Hydrogels are fully [129]
cross-linked in 30 min by immersion in a CaCl,
1% (w/v) bath for mechanical characterization.
Polylactic acid, chitosan, . . . An ar.ltlbacterlal food.packa.gmg material with a
Antibacterial food packaging trilayer structure is obtained through the
cellulose nanocrystals, and . L. . ¢ [130]
. material combination of extrusion, coaxial
ethyl lauryl alginate o . .
electrospinning, and coating techniques.
Cellulose nanofiber/polyvinyl (;ellulose .nanoflbers and p.olyvmyl alcohol are
. . . dispersed into water and stirred. HNOj catalyst
alcohol with aldehyde Highly temperature-resistant . .
. is added to the mixture, and the hydrogel [131]
cellulose nanofiber as hydrogels . .
cross-linker precursor is transferred into a sealed transparent
mold. Hydrogel is placed in an oven for 24 h.
. . Material with excellent A dual—cros.shnkeld gel is formed by sodium
Sodium alginate and water-induced shape memor alginate reaction with glutaraldehyde (GA) and [132]
carboxymethyl cellulose roperti eI; y Ca?*. Carboxymethyl cellulose (CMC) is
prop introduced into the cross-linked network.
Lignin is used as a toughening component for
polyether-based polyurethane (HPU) hydrogels.
L Tough, thin, printable Various concentrations (0, 0.5, 1, and 2.5 wt%)
Lignin and polyurethane hydrogels are prepared from lignin stock solutions and [133]
added to HPU at pH 7-8. Samples are cast and
dried at 60 °C for 3 days.
Hyperbranched copolymers are prepared by
Lignin, poly(ethylene glycol) . . atom transfer radical polymerization to form
methyl ether methacrylate Mechanically responsive and supramolecular hydrogels with a very low [134]

self-healing hydrogels

(PEGMA)-grafted lignin critical gelation concentration of 1 wt% in the

presence of a-cyclodextrin.

Advantages of Hybrid Networks and Remaining Challenges

Renewable natural macromolecules used for the synthesis of hybrid polymer networks
offer a range of advantages. They are non-toxic, biocompatible, biodegradable, and, more
importantly, available all year round [135]. In addition, they vary in molecular mass,
chemical structure, and reactive groups available. Those reactive groups often serve
as helpful anchors for direct cross-linking, chemical modification, or chelation. Thus,
natural macromolecules are good candidates to substitute or aid petroleum-based polymers,
leading to minimizing the ecological footprint related to the extraction and processing of
oil itself. Important future use might be in the biomedical field for vital cases such as tissue
regeneration or the restoration of physiological functions [136].

There are, however, certain limitations related to the commercial use of natural poly-
mers and their hybrid networks. A few of them are discussed here. The first problem
is the lack of mass production due to modest efficiency in extraction and purification.
This increases the final price of the natural polymers and macromolecules, making the
materials based on them not economically practical in several key markets [137]. To al-
leviate this problem, many countries are trying to implement environmental laws that
aim to increase mass production and use of sustainable raw materials [138]. The second
problem stems from limitations in compatibility with synthetic polymers [139] and a lack
of stability, reactivity, and processability [21]. Chemical modification is one of the most
effective methods to modify the surface properties of natural materials and make them
more compatible and disperse better within other polymers [140-142]. However, on an
industrial scale, such modifications might not be cost-sustainable. Not only the modifi-
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cation agents can be harmful, but the solvents, as well. The third problem is associated
with the characterization of the natural polymers and macromolecules due to the great
dispersity in molecular mass, diversity in repeating units, and solubility before and after
modification [143]. Nuclear Magnetic Resonance (NMR) is a powerful spectroscopic tech-
nique for the structure elucidation of small and large molecules but has certain limitations
when used to characterize polysaccharides due to their poor solubility in most common
NMR solvents and signal overlap from structurally similar moieties and fragments. That
is why two- and three-dimensional techniques are increasingly used [144]. Since NMR
is a colligative method, it cannot differentiate between macromolecules with different
degrees of modification and shows merely the total content of newly incorporated reactive
functionalities. Matrix-assisted laser desorption and ionization time-of-flight (MALDI-TOF)
is a precise non-destructive mass spectrometry method that is increasingly paired with
NMR to associate the degree of modification within a specific population (fraction) or
even individual macromolecules [145]. However, it also has limitations associated with
the choice of matrix and the inability of the high molecular mass fractions to fly. Thus,
despite recent advances, more research is needed to improve the analytical precision and
characterization efficiency of those natural polymers and macromolecules incorporated in
the hybrid networks.

9. Conclusions

Significant research efforts to reduce humans’ ecological footprint have produced an
increasing number of hybrid networks containing one or more natural polymers and macro-
molecules. Despite the dispersity in size and molecular mass of the natural components
(a fundamental limitation), they display new or improved properties that render them
attractive for a broad array of applications, including but not limited to environmental
cleanup, biotechnology, the food industry, and medicine. Two new directions are currently
emerging in this area of study. The first one is the search for new bioderived building
blocks. While most studies utilize the polymers discussed in this review—cellulose, chitin,
alginic acid, gellan gum, and lignin—more efforts are being devoted to the exploration
of other natural macromolecules such as starch [146], hyaluronic acid [147], and spider
silk [148,149]. Many of those studies employ environmentally friendly solvents, low energy,
and biocatalysis, which constitute the second direction for the utilization of “green” cross-
linking processes. The work by Kaplan’s group and others is a good illustrative example
of the attempts in this area [150,151]. Additive manufacturing is the latest innovative
technology that will greatly improve the synthesis of multifunctional polymer networks.
Due to increasing speed and printing resolution, a new generation of bioinks is expected to
emerge shortly [152]. Three-dimensional printing will be broadly used to generate hybrid
networks in three-dimensional form as analogs or semi-artificial substitutes for human
organs and tissues [153].

All these recent developments trace a tendency of ever-increasing usage of natural
polymers and macromolecules and their incorporation in new versatile networks through
innovative, environmentally friendly technologies.
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Abstract: Cyclic polymers have many interesting properties compared to their linear analogs, but
there are very few examples of their synthesis. This is because most cyclic polymers have been syn-
thesized by stepwise processes, including synthesizing homo- or hetero-telechelic end-functionalized
precursor polymers and consecutive intramolecularly coupling of both ends of the polymers. This
requires a complicated synthesis, and the product yields are very low because the target cyclic
polymers are usually synthesized under highly dilute conditions, consequently, making it difficult to
systematically analyze the properties of cyclic polymers. In the present research, we have synthesized
cyclic polymers using a ring expansion polymerization method. Particularly, the ring expansion RAFT
polymerization (RE-RAFT polymerization) that we have developed using a cyclic chain transfer agent
is a smart method that can synthesize cyclic polymers very efficiently. In this paper, we successfully
synthesized cyclic-poly(N-isopropylacrylamide), which is widely known as a thermo-responsive
polymer, by RE-RAFT polymerization. Furthermore, we have compared the thermo-responsive
properties of the cyclic-poly(N-isopropylacrylamide)s with those of their linear analogs.

Keywords: RAFT polymerization; cyclic polymer; poly(N-isopropylacrylamide); ring-expansion
RAFT polymerization; cyclic trithiocarbonate derivative; thermo-responsive property

1. Introduction

In recent years, cyclic polymers with no chain ends have exhibited many interesting
properties compared to their linear analogs, such as distinguished glass transition tem-
perature, viscosity, diffusion behavior, and hydrodynamic volume [1-5]. However, the
synthesis of cyclic polymers with external stimuli-responsive polymers as the backbone
moiety has been very limited because the synthesis is only possible through stepwise meth-
ods, resulting in very low yields [6,7]. The present study focuses on the thermo-responsive
polymer among external stimulus-responsive polymers and aims to develop an efficient
synthetic method for cyclic temperature-responsive polymers. In previous research, linear
and cyclic poly(N-isopropylacrylamide) (polyNIPAM), which is one of the representative
thermo-responsive polymers, have been demonstrated to display disparate aggregation
and phase transition behaviors [8-10]. Because the phase transition temperature of polyNI-
PAM is proximate to body temperature [11,12], polyNIPAM and its derivatives have been
well recognized as promising materials in biomedical and biotechnology fields [13-15].
Moreover, Tezuka has demonstrated that the thermal stability of self-assembling polymeric
micelles is significantly influenced by topological factors [16-18]. The designed amphiphilic
linear triblock copolymers and their cyclization products were observed to self-assemble
into flower-like micelles. However, the cloud point (CP) of the cyclic polymers was found
to increase by over 40 °C in comparison to the linear polymers, despite no significant
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change in chemical composition [17]. Thus, cyclic polymers exhibit distinctive properties
that diverge from those of linear counterparts in response to external stimuli, and they are
highly anticipated as new functional materials.

Over the past few decades, numerous researchers have endeavored to synthesize
cyclic polymers. The most prevalent synthetic methodology is the end coupling method.
First, homo- or hetero-telechelic polymers are synthesized by introducing reactive groups
at both ends of a linear polymer using living polymerization, and then cyclic polymers are
synthesized by intramolecular coupling of the terminal functional groups [3]. Therefore,
this synthetic method requires a multi-step synthetic process and the coupling reactions
usually need to be carried out under highly dilute conditions to favor intramolecular
reactions, resulting in very low product yields. It was therefore a cumbersome task to
systematically synthesize cyclic polymers and investigate the correlation between their
structure and properties. On the other hand, ring-expansion polymerization (REP) has
been developed as an alternative method for the synthesis of cyclic polymers. REP is
superior to the end-coupling methods mentioned above because it is a smarter, more
straightforward synthetic approach and allows for the yielding of large amounts of cyclic
polymers [19,20]. In REP, the utilization of designed cyclic initiators that can generate a
couple of active sites within a molecule allows the synthesis of cyclic polymers; therefore,
the cyclic topology is maintained throughout the polymerization by successive insertion of
monomers. The earliest examples of REP work include the synthesis of cyclic polycapro-
lactones using cyclic alkoxytin derivatives as initiators by Kricheldorf [21]. Additionally,
Grubbs has demonstrated the successful synthesis of cyclic polyolefins by ring-opening
metathesis polymerization employing designed cyclic carbene-ruthenium complexes as
initiators [22,23]. In addition, Ouchi used a cyclic hemiacetal ester compound as an initia-
tor for living cationic polymerization and succeeded in the synthesis of cyclic polyvinyl
ethers [24,25]. Moreover, the synthesis of cyclic polylactides by ring-opening polymeriza-
tion of lactides using nitrogen-containing heterocyclic carbenes as activators has also been
reported [26]. Thus, several methods for the synthesis of cyclic polymers using REP have
been reported, but the types of monomers that can be applied are limited, and there are very
few examples of the synthesis of cyclic polymers from commonly used vinyl monomers.

To establish a more versatile strategy for the synthesis of cyclic polymers using REF, we fo-
cused on reversible addition-fragmentation chain transfer (RAFT) polymerization [27-32], which
is applicable to a wide range of vinyl monomers such as (meth)acrylates, (meth)acrylamides,
and styrene derivatives and has the potential to control molecular weight and repeating
unit arrangement (e.g., block polymer structures). In RAFT polymerization, monomers
are inserted between the growing ends of the polymer chain and the RAFT agent residues.
Therefore, we have conceived of an efficient synthesis of cyclic polymers by ring-expansion
RAFT (RE-RAFT) polymerization using a cyclic RAFT agent with two potential reaction
sites in the molecule. RE-RAFT polymerization using cyclic chain transfer agents has been
previously reported by Pan, but under very limited conditions, i.e., under y-irradiation
with °Co and at —30 °C [33]. We have already succeeded in the efficient synthesis of
cyclic-poly(tert-butyl acrylate) for the first time by performing RE-RAFT polymerization
of tert-butyl acrylate (TBA) using cyclic trithiocarbonate (4,7-diphenyl-[1,3]dithiepane-2-
thione, hereinafter referred to as CTTC) as a RAFT agent [34]. The structural analyses of
the obtained polymers using size exclusion chromatography (SEC), 'H NMR, and matrix-
assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS)
revealed the formation of cyclic-polyTBA. Furthermore, we found that the “ring-fusion” of
the generated cyclic polymers due to the cross-propagation occurred during the RE-RAFT
polymerization, resulting in the production of a mixture of cyclic polymers of various
sizes [34]. In this study, with the aim of synthesizing functional cyclic polymers, we inves-
tigated the synthesis of cyclic-polyNIPAM (Scheme 1a) by the RE-RAFT polymerization
of N-isopropylacrylamide. The major difference between this study and the synthesis of
cyclic-polyNIPAM:s in previous research [8-10] is that the synthesis of cyclic-polyNIPAM
by RE-RAFT polymerization can be performed in a simple one-pot synthesis with high
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yield. The obtained polymers were characterized in detail by 'H NMR, SEC, and MALDI-
TOF-MS. Furthermore, to investigate the unique thermo-responsive properties of the
cyclic-polyNIPAMSs, we synthesized cyclic-polyNIPAMs with different molecular weights
and compared their thermo-responsive properties with those of the linear analogs. This
RE-RAFT polymerization is a smart synthetic method that can efficiently obtain cyclic
polymers by simply adding a cyclic RAFT agent to a conventional free radical polymer-
ization system. For example, it is possible to synthesize multi-component cyclic polymers
by copolymerization of N-isopropylacrylamide with other acrylamide monomers, so it is
expected that it can be applied to the control of thermo-responsive properties.

(a) Ring-Expansion RAFT Polymerization
= N
H_r}=° HN_ o
A O n
NIPAM s
SyS E—— s)=5
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(b) Conventional RAFT Polymerization
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Scheme 1. RAFT polymerization of NIPAM (a) with CTTC as a cyclic RAFT agent and (b) with
DBTTC as an acyclic RAFT agent.

2. Results
2.1. Ring-Expansion RAFT (RE-RAFT) Polymerization of NIPAM with CTTC

We investigated RE-RAFT polymerization of NIPAM at 60 °C in acetonitrile using
2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70) as a radical initiator and CTTC as
a cyclic RAFT reagent. ([NIPAM],/[CTTC]y/[V-70]p = 200/1/0.4, [NIPAM], = 20 wt%)
(Scheme 1a). In Figure 1, the time-conversion curve obtained for the polymerization of
NIPAM showed an induction phase of approximately 0.5 h, reaching a conversion of
about 70% within 2 h. After the induction phase, the pseudo-first-order kinetic plot of
NIPAM polymerization showed a linear relationship, indicating that the concentration
of the growing active species remained constant throughout the polymerization, suggest-
ing that a controlled polymerization process occurred. However, SEC analysis showed
peculiar polymerization behavior, similar to the previously reported RE-RAFT polymer-
ization of TBA [34]. In fact, from the very early stages of polymerization (conv.~15%),
the chromatogram showed bimodal peaks, including a new peak appearing in the high
molecular weight region (Figure 2, black line) (Table 1). This phenomenon is due to the
fact that two pathways occur simultaneously in this RE-RAFT polymerization [23,34]:
the “ring-expansion pathway”, in which cyclic polymers are synthesized by ring expan-
sion polymerization with monomer insertion into the cyclic species, and the “ring-fusion
pathway”, by intermolecular chain transfer reactions between the formed cyclic polymers
containing one or more trithiocarbonate moieties (Scheme 2). The latter path resulted in
generating higher molecular weight cyclic polymers. Considering the reaction mechanism
of the “ring-fusion pathway”, the resulting high-molecular-weight polymers are expected
to have a ring structure in which multiple polyNIPAM segments are linked to each other
via multiple trithiocarbonate (TC) moieties. Therefore, cleavage of the TC moieties yields
individual polyNIPAM segments, and a detailed investigation of the resulting polyNI-
PAM segment polymers provides useful information about the polymerization behavior
of the RE-RAFT polymerization of NIPAM. As previously reported [34], the TC moieties
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connecting the polyNIPAM segments are expected to be hydrolyzed by primary amines
to generate thiol end groups, so by adding an excess amount of TBA and performing a
Michael addition reaction to prevent the formation of inter- and intramolecular disulfide
bonds, polyNIPAM polymers capped at both ends with TBA residues can be obtained. The
polymers obtained by RE-RAFT polymerization were hydrolyzed with hexylamine in THF
followed by the reaction with TBA (Scheme 3). After 1 h of reaction at room temperature,
the UV-vis spectrum of the reaction mixture showed the disappearance of the 310 nm peak
assignable to the TC moieties, indicating that the quantitative hydrolysis had progressed.
The obtained polyNIPAM from the cleavage reaction was then characterized by SEC to
study the growth of polyNIPAM segments during RE-RAFT polymerization (Figure 2, red
line). Regardless of the reaction time, the SEC curves showed a unimodal peak, and as
monomer conversion increased, the peak top shifted to the high molecular weight region,
while the molecular weight distribution (M, /M;,) remained relatively narrow, around 1.2.
The M, values calculated from the SEC curves were found to be smaller than the theoretical
molecular weights. This discrepancy is likely due to the interaction between the SEC
column and polyNIPAM caused by the use of THF as the eluent in the SEC measurement.
These results indicate that the polymerization of NIPAM in the RE-RAFT polymerization
conditions using the cyclic RAFT reagent CTTC proceeded in a controlled manner, produc-
ing cyclic-polyNIPAM consisting of multiple polyNIPAM segments with uniform chain
lengths linked with TC groups.
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=In(1-Conv.)
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Figure 1. A time-conversion curve (black circles) and pseudo-first-order kinetic plot (white circles)
for the polymerization of NIPAM. Polymerization was conducted with CTTC/V-70 in acetonitrile at
60 °C (INIPAM]/[CTTC]y/[V-70]p = 200/1/0.4, [NIPAM]) = 20 wt%).
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Figure 2. SEC curves of polyNIPAMs measured in THF. Polymerization was conducted with
CTTC/V-70 in acetonitrile at 60 °C ([NIPAM]y/[CTTC]y/[V-70]p = 200/1/0.4, [NIPAM]j = 20 wt%)
(Black line). SEC curves of the cleaved segment polyNIPAM from the generated polymers by
RE-RAFT polymerization of NIPAM with CTTC obtained at various NIPAM conversions (Red line).
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Table 1. Molecular weights and molecular weight distributions of the cyclic-polyNIPAMs obtained
by RE-RAFT polymerization of NIPAM with a RAFT reagent CTA.

, - -~

R om e
polyCNyfll,iXM% CTTC 0.75 15 3400 6400 and 1300 2.15
poly’zlz]I;gZM52 CTTC 1 26 5900 8300 1.68
poly%cllxv[m CTTC 2 61 14,000 8000 1.78
polyf\]yl‘;zvl%o CTTC 2e 7 41,000 28,000 1.53
polyiﬁgl_v[l% DBTTC 2 73 16,000 6600 121
polyiﬁf’i{\/l%o DBTTC 2¢ 90 51,000 36,000 161

2 Determined by '"H NMR. P Calculated from M, theory = (INIPAM]o/[CTA]y x (molecular weight of NI-

PAM) x (conversion of NIPAM). ¢ Estimated by PSt-calibrated SEC in THE. d Estimated from peak top value of
SEC curve. ¢ Polymerization conditions; [NIPAM], /[CTA]y/[V-70]yp = 500/1/0.4, [NIPAM]y = 20 wt%.
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Scheme 2. Schematic of ring-expansion RAFT polymerization of NIPAM with a cyclic RAFT reagent
CTTC containing “ring-expansion paths” and “ring-fusion paths”.
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Scheme 3. The hydrolysis of the cyclic-polyNIPAM with hexylamine followed by the Michael
addition reaction with TBA.

2.2. Characterization of the Obtained Polymers by RE-RAFT Polymerization with CTTC

After reprecipitation of the obtained cyclic-polyNIPAM (good solvent; acetone, poor
solvent; hexane), the structure of the isolated cyclic-polyNIPAM;y, (under the same
polymerization conditions as in Figures 1 and 2, NIPAM conversion = 61%) was ana-
lyzed in detail by 'H NMR spectroscopy (Figure 3A). As a reference polymer, linear-
polyNIPAM; 46 was synthesized separately by conventional RAFT polymerization using
S,5-dibenzyl trithiocarbonate (DBTTC) as an acyclic RAFT reagent at 60 °C in acetonitrile
(INIPAM]o/[DBTTC]o/[V-70]p = 200/1/0.4, [NIPAM]j = 20 wt%, NIPAM conversion = 73%,
linear-polyNIPAM: M, = 6600, My, /My = 1.21; estimated by polystyrene calibrated SEC
in THF) (Scheme 1b). The 'H NMR spectra of the linear-polyNIPAM;44 are shown in
Figure 3B. The key protons for the structural analysis are the phenyl proton peak (peaks
d’) arising from the end of the linear-polyNIPAM; 44, the pair of methine protons (peak ¢’)
adjacent to the TC moieties, and the methine peak of the pendant isopropyl groups (peak
b’). In DMSO-d,, peak ¢’ was clearly observed at 4.3-4.5 ppm, but peaks d’ at 6.9-7.3 ppm
overlapped with the NH proton of the amide group, so their integral ratio cannot be di-
rectly estimated. On the other hand, in methanol-d,, peaks d’ appeared at 6.9-7.3 ppm,
but peak ¢’ overlapped with the residual solvent, so a direct comparison of their integral
ratio is not possible. Therefore, the isopropyl methine protons (peak b’), which was clearly
observed at 3.8—4.1 ppm in both deuterated solvents, was used as the standard peak, and
the integral ratio of peak d’ to peak ¢’ was estimated from the ratio of peak ¢’ /peak b’ in
DMSO-dg and the ratio of peak d’/peak b’ in methanol-dy. As a result, the peak inten-
sity ratio of the terminal phenyl protons (peak d’) and the methine protons adjacent to
the TC group (peak ¢’) was determined to be 10.0:1.96, which is in good agreement with
the expected telechelic structure (Figure 3B). Based on the peak intensity ratio of peak
d’/peak b’ in methanol-dy, the number-average degree of polymerization (DPy) of the
linear-polyNIPAM;44 was evaluated to be 147. This DP, value was in good agreement
with the theoretical value of 146, which was calculated based on the feed molar ratio of
NIPAM to DBTTC and the monomer conversion. By comparison with the 'H NMR data of
the linear-polyNIPAM 44, we identified the chemical structure of the obtained polyNIPAM
based on RE-RAFT polymerization (Figure 3A). The phenyl proton peaks d derived from
the CTTC residue appeared at 6.9-7.4 ppm in methanol-d4 and the characteristic peak c at
4.4 ppm of the methine protons adjacent to the TC moieties was also observed in DMSO-
dg. The ratio of the resonance intensities of the phenyl protons versus methine protons
[Figure 3A, peaks d and peak ¢, respectively] was 10.0:1.96, which indicates that NIPAM
monomers were inserted between the C-S bond of the TC moiety and the benzyl carbon
(-5-C(=S) -S—CH(Ph)CH,CHj-) in the initiation process of the RE-RAFT polymerization
and consecutive insertions during the propagation. This result indicates that the molecular
structure thoroughly retained the cyclic structure of CTTC and the resulting polyNIPAMs
consist of a cyclic structure without termini. Furthermore, DP;, of the polyNIPAM segments
was evaluated to be 137 from the intensity ratio of the peak b and peak c. This DPy, value is
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nearly identical to the theoretical one (Theoretical DPy, = [NIPAM]y/[CTTC]y x (conversion
of NIPAM)). If acyclic polyNIPAM were included in the product polymers, these ratios
(peak area ratios of peak d/peak c and peak b/peak c) would deviate from the theoretical
values, clearly indicating that the target cyclic polyNIPAM was formed based on RE-RAFT
polymerization.
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Figure 3. 'TH NMR spectra of (A) cyclic-polyNIPAM 5y, by CTTC/V-70 and (B) linear-polyNIPAM;44
by DBTTC/V-70 in methanol-d, and DMSO-dg.
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To further verify that the polyNIPAM synthesized by the RE-RAFT polymerization has
a cyclic structure, MALDI-TOF-MS measurements (matrix: 9-nitroanthracene, cationizing
agent: sodium trifluoroacetate) were performed. With the aim of obtaining data with higher
resolution, we employed the polymer sample produced at the early stage of the RE-RAFT
polymerization. Figure 4 shows the MALDI-TOF-MS of polyNIPAM (cyclic-polyNIPAM3)
obtained at Conv. = 15% under the same polymerization conditions as in Figures 1 and 2.
Figure 4 depicts a series of the peaks attributed to the cyclic-polyNIPAM of various DP;,
along with a summary comparing the observed and calculated 1/z values. The calculated
m/z values were based on the cyclic-polyNIPAM having a CTTC moiety and repeating
NIPAM units, ionized with Na* [CTTC-(NIPAM), + Na]* (M, = 316 + (113 x n) + 23). The
observed and calculated m/z values are nearly identical, suggesting that the obtained
polyNIPAMs possess no terminal structure and consist only of a cyclic structure. And the
minor series of peaks are probably attributable to the structure in which the trithiocarbonate
group in cyclic-polyNIPAM is hydrolyzed to thiol groups under ionization conditions
(calculated m/z values; My = 316 + (113 x n) — 44).
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Figure 4. MALDI-TOF MS of the cyclic-polyNIPAM3 (matrix: 9-nitroanthracene; cationizing agent:
sodium trifluoroacetate).

2.3. Temperature-Responsive Properties of the Cyclic-polyNIPAM and Linear-polyNIPAM

One of the fundamental physical properties of temperature-responsive water-soluble
polymers is the thermal phase transition at a specific temperature that is specific to the poly-
mer structure, expressed as the lower critical solution temperature (LCST) and/or cloud
point (CP) temperature. Liu et al. compared the thermal phase transition temperatures of
cyclic and linear polyNIPAM [8]. In their study, they measured the LCST and CP tempera-
tures of cyclic and linear polyNIPAM in aqueous solution using a temperature-dependent
turbidity measurement method. Here, the LCST and CP temperatures are defined as the
temperatures at which the transmittance decreases by 1% and 50%, respectively. They
found that the LCST and CP temperature of the linear polymer were 34 °C and 37 °C,
respectively, while these values for the cyclic polymer were 27 °C and 35 °C, respectively,
indicating that the LCST and CP temperature of the cyclic polymer are lower [8]. CPis a
macroscopic parameter that defines the temperature at which a solution becomes turbid and
can be confirmed by visual inspection. On the other hand, the LCST is defined as a point
on the phase diagram and is measured by critical temperature measurement using DCS
measurement [11,12]. Here, the onset temperature at which the transmittance decreases
by 1% can be regarded as the transition temperature from coil-to-sphere, so the values
at which the transmittance changes by 1% and 50% were used in this study to compare
with the results reported by Liu et al. [8]. Since it is known that the temperature response
of polyNIPAM depends on the molecular weight of the polymer [35], we synthesized
cyclic-polyNIPAM360 (Mp = 28,000, My, /My = 1.53) and linear-polyNIPAMysq (My = 36,000,
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M., /Mp = 1.61) with relatively similar molecular weight and molecular weight distribution.
Due to the broad molecular weight distribution of the cyclic-polyNIPAMj3q4 as prepared by
RE-RAFT polymerization, the polymer sample was fractionated by preparative SEC.

Figure 5 shows the temperature dependence of the transmittance of aqueous solutions
(concentration of 1.0 g/L) of cyclic-polyNIPAM3¢, (Figure 5a) and linear-polyNIPAMys
(Figure 5b) at a wavelength of 500 nm upon heating and cooling at a rate of 0.5 °C/min.
Upon heating the aqueous solutions, the linear-polyNIPAMys5) solution showed a rapid
decrease in transmittance, while the cyclic-polyNIPAM3¢ solution showed a more gradual
decrease. Based on the point at which the transmittance of the solutions began to decrease,
the onset temperature for the cyclic-polyNIPAM340 and the linear-polyNIPAM,s5) were
determined to be 29 °C and 32 °C, respectively, indicating that, above these temperatures,
interchain interactions began to occur, forming aggregates, which resulted in a decrease in
transmittance due to scattering of the incident light. Furthermore, the CP temperatures
were determined from the temperature at which transmittance reaches 50%, which were
31 °C and 33 °C for the cyclic-polyNIPAMj340 and the linear-polyNIPAMys5, respectively.
For these temperatures, the cyclic-polyNIPAM34g exhibited lower temperatures than the
linear-polyNIPAMysy. Thus, during the temperature increase process, the water molecules
that were hydrated to the polyNIPAM segments dehydrated at a relatively low temperature
to form intramolecular hydrogen bonds, resulting in a lower onset temperature for the
cyclic-polyNIPAM3¢0. This result is similar to the trend previously reported for the thermo-
responsive properties of the cyclic- and linear-polyNIPAMs by Liu [8]. On the other
hand, as the temperature decreased, the linear-polyNIPAMys5q began to rapidly increase in
transmittance, while the cyclic-polyNIPAM3¢y showed a clearly slower rise in transmittance
and remained opaque until around 30 °C. It is speculated that these phenomena are
because the cyclic-polyNIPAM has no terminal structure, which makes the molecular
chains more constrained compared to the linear analog, allowing the formation of enhanced
intramolecular hydrogen bonds. That is, during the temperature decrease process, the
intramolecular hydrogen bonds were formed relatively strongly in the cyclic-polyNIPAM,
making it difficult for redissolution due to hydration to occur.
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Figure 5. Temperature dependences of optical transmittance at 500 nm obtained for 1.0 g/L aqueous
solutions of (a) cyclic-polyNIPAM34g and (b) linear-polyNIPAM 5.

3. Materials and Methods
3.1. Chemicals and Reagents

Unless otherwise stated, all commercial reagents including 2,2'-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (V-70; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan,
95%) and S,S-dibenzyl trithiocarbonate (DBTTC; FUJIFILM Wako Pure Chemical Corpora-
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tion, Osaka, Japan, 98%) were used as received. N-isopropylacrylamide (NIPAM; FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan, 98%) was recrystallized from a mixture of
toluene/n-hexane (1/1, v/v) prior to use. A cyclic trithiocarbonate derivative, 4,7-diphenyl-
[1,3]dithiepane-2-thione (CTTC) was synthesized according to the literature [36,37].

3.2. Methods

IH NMR spectra were assessed in methanol-ds or DMSO-dg at 25 °C on a Bruker model
AC-500 spectrometer (Bruker, Billerica, MA, USA), operating at 500 MHz, where chemical
shifts (6 in ppm) were determined with respect to non-deuterated solvent residues as inter-
nal standards. Analytical size exclusion chromatography (SEC) was performed at 40 °C,
using 8.0 mm x 300 mm polystyrene gel columns (TOSOH-TSKgel H type x 2) on a TOSOH
GPC-8320 system (TOSOH, Tokyo, Japan), equipped with a UV-8000 variable-wavelength
UV-vis detector (TOSOH, Tokyo, Japan). The number-average molecular weight (M)
and molecular weight distribution (M, /M;,) were calculated from the chromatographs
with respect to 15 polystyrene standards (Scientific Polymer Products, Inc., Ontario, NY,
USA; M, =580-670,000 g mol ™!, My /My = 1.01-1.07). Preparative size exclusion chro-
matography (SEC) was performed at 25 °C by using 21.5 mm x 300 mm polystyrene
gel columns (TOSOH TSKgel G2000H, G2500H, and G3000H) on a TOSOH model CCPE
equipped with a RI-8022 RI detector (TOSOH, Tokyo, Japan). Matrix-assisted laser des-
orption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was performed
on a Bruker model amaZon SL spectrometer (Bruker, Billerica, MA, USA) using THF as a
solvent, 9-nitroanthracene as a matrix, and sodium trifluoroacetate as a cationizing agent.
UV-vis spectra were recorded using a quartz cell of 1 cm path length on a JASCO Type
V-730 spectrometer equipped with a Peltier thermostatted cell holder ETCS-761 (JASCO,
Hachioji, Japan).

3.3. Ring-Expansion RAFT Polymerization of NIPAM with CTTC (Synthesis of
Cyclic-polyNIPAMS3,, Cyclic-polyNIPAMs, and Cyclic-polyNIPAM13,)

Ring-expansion RAFT polymerization of NIPAM was carried out with CTTC as a
cyclic RAFT agent and V-70 as an initiator. To a solution of NIPAM (321 mg, 2.8 mmol)
and CTTC (4.5 mg, 14 umol) in acetonitrile (1.28 g) was added V-70 (1.9 mg, 6.0 pmol) in a
glass tube ([NIPAM]y/[CTTC]y/[V-70]yp = 200/1/0.4). The resulting solution was degassed
by three freeze-pump-thaw cycles, and then the glass tube was sealed under vacuum,
heated at 60 °C for 0.5-2 h, and quenched by rapid cooling. The reaction mixture was
analyzed by SEC and 'H NMR spectroscopy. By the 'H NMR spectra of reaction mixtures,
the NIPAM conversions were calculated based on the peak intensity ratio of the isopropyl
methyl protons and the vinyl protons of NIPAM. The acetonitrile solution of the reaction
mixture was poured into a large amount of n-hexane to precipitate the polymers and
remove the unreacted monomers. The resultant polymer was collected by centrifugation
and dried under reduced pressure. The isolated polymer structure of cyclic-polyNIPAM; 5,
was analyzed by 'H NMR spectroscopy and the isolated polymer of cyclic-polyNIPAM3z
was analyzed by MALDI-TOF-MS.

3.4. Conventional RAFT Polymerization of NIPAM with DBTTC (Synthesis of
Linear-polyNIPAM146)

Conventional RAFT polymerization of NIPAM was carried out with DBTTC as a
bifunctional acyclic RAFT agent and V-70 as an initiator. To a solution of NIPAM (161 mg,
1.4 mmol) and DBTTC (2.1 mg, 7.2 pmol) in acetonitrile (642 mg) was added V-70 (0.86 mg,
2.8 umol) in a glass tube ([NIPAM]y /[DBTTC]y/[V-70]p =200/1/0.4). The resulting solution
was degassed by three freeze-pump-thaw cycles, and then the glass tube was sealed under
vacuum, heated at 60 °C for 0.5-2 h, and quenched by rapid cooling. The reaction mixture
was analyzed by SEC and 'H NMR spectroscopy. The acetonitrile solution of the reaction
mixture was poured into a large amount of n-hexane to precipitate the polymers and
remove the unreacted monomers. The resultant polymer was collected by centrifugation
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and dried under reduced pressure. The isolated polymer structure was analyzed by 'H
NMR spectroscopy and MALDI-TOE-MS.

3.5. Synthesis of Cyclic-polyNIPAM3sy and Linear-polyNIPAM s for Analysis of
Temperature-Responsive Properties

For the synthesis of cyclic-polyNIPAM34g, V-70 (0.76 mg, 2.4 umol) was added to a
solution of NIPAM (321 mg, 2.8 mmol) and CTTC (1.8 mg, 5.6 pmol) in acetonitrile (1.28 g)
in a glass tube ([NIPAM],/[CTTC]y/[V-70]p = 500/1/0.4). The resulting solution was
degassed by three freeze-pump-thaw cycles, and then the glass tube was sealed under
vacuum, heated at 60 °C for 2 h, and quenched by rapid cooling. The acetonitrile solution
of the reaction mixture was poured into a large amount of n-hexane to precipitate the
polymers and remove the unreacted monomers. The resultant polymer was collected by
centrifugation and dried under reduced pressure. Furthermore, the obtained polymer
sample was fractionated by preparative SEC.

For the synthesis of linear-polyNIPAMys50, V-70 (0.34 mg, 1.1 pmol) was added to a
solution of NIPAM (161 mg, 1.4 mmol) and DBTTC (0.84 mg, 2.8 pmol) in acetonitrile
(642 mg) in a glass tube ([NIPAM]y/[DBTTC]y/[V-70]g = 500/1/0.4). The resulting solution
was degassed by three freeze-pump-thaw cycles, and then the glass tube was sealed under
vacuum, heated at 60 °C for 2 h, and quenched by rapid cooling. The acetonitrile solution
of the reaction mixture was poured into a large amount of n-hexane to precipitate the
polymers and remove the unreacted monomers. The resultant polymer was collected by
centrifugation and dried under reduced pressure.

4. Conclusions

In this study, we demonstrated that thermo-responsive cyclic-polyNIPAM can be
successfully synthesized by ring expansion RAFT polymerization of NIPAM using a cyclic
chain transfer agent CTTC. This RE-RAFT polymerization is a smart synthetic method that
can efficiently obtain the desired cyclic polymers by simply adding a cyclic RAFT agent to a
conventional free radical polymerization system. Since cyclic-polyNIPAM does not possess
chain ends, it exhibits a different thermal phase transition behavior compared to linear-
polyNIPAM with almost the same molecular weight and molecular weight distribution,
exhibiting lower onset and CP temperatures. It is speculated that the cyclic topology
facilitates intramolecular hydrogen bond formation in cyclic-polyNIPAM. By using the
RE-RAFT polymerization, it is possible to synthesize multi-component cyclic polymers by
copolymerization of NIPAM with other acrylamide monomers, so it is expected that it can
be applied to the control of thermo-responsive properties. Large-scale synthesis of cyclic
polymers enable us to elucidate the relationships between the physical and functional
properties of cyclic polymers and their structures in detail.
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Abstract: A large amount of graphene-related research is its use as a filler for polymer composites,
including thin nanocomposite films. However, its use is limited by the need for large-scale methods
to obtain high—quality filler, as well as its poor dispersion in the polymer matrix. This work presents
polymer thin-film composites based on poly(vinyl chloride) (PVC) and graphene, whose surfaces
were modified by curcuminoids. TGA, UV-vis, Raman spectroscopy, XPS, TEM, and SEM methods
have confirmed the effectiveness of the graphene modification due to 7—t interactions. The dispersion
of graphene in the PVC solution was investigated by the turbidimetric method. SEM, AFM, and
Raman spectroscopy methods evaluated the thin-film composite’s structure. The research showed
significant improvements in terms of graphene’s dispersion (in solutions and PVC composites)
following the application of curcuminoids. The best results were obtained for materials modified
with compounds obtained from the extraction of the rhizome of Curcuma longa L. Modification of
the graphene’s surface with these compounds also increased the thermal and chemical stability of
PVC/graphene nanocomposites.

Keywords: graphene; curcuminoids; poly(vinyl chloride); nanocomposites stability; polymer films

1. Introduction

Research concerning the application of graphene materials is carried out in many areas,
such as medicine, chemistry, materials engineering, energetics, and electronics. A large area
of graphene-related research regards its use as a filler for polymer nanocomposites [1-5].
Graphene materials (graphene, multilayer graphene, graphene oxide) show a considerable
variation regarding their dispersibility in the polymer matrix, depending on the number of
defects and layers and the presence of oxygen-containing functional groups. Furthermore,
studies have shown that adding graphene to the polymer matrix can positively change the
physicochemical properties of plastics [6-10].

An interesting and still relatively unexplored group of polymer nanocomposites with
graphene are poly(vinyl chloride)-based materials (PVC/GN). Analysis of the literature
has shown that in these materials with relatively well-dispersed graphene, regardless of the
method of preparation (melt mixing, solvent casting, in situ polymerization method), result in
an increase in tensile strength and modulus of elasticity [11-16], as well as in increased impact
strength [16,17]. Such materials are also characterized by higher thermal stability [13,18,19],
swelling agent resistance [20-22] and glass transition temperature (Tg) [13-15,23,24], lower
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volume and surface resistivity compared to matrix material [14,25,26]. However, the
improvement of poly(vinyl chloride) properties using graphene has limitations, mainly
due to the poor dispersibility of the filler in the matrix and insufficient interactions at
the filler—polymer interface. Depending on the method of filler introduction, maximum
properties are obtained in materials containing between 0.1 and 0.5 wt.% graphene. Filler
agglomeration affects the deterioration of all the properties mentioned above of PVC/GN
polymer nanocomposites.

The agglomerative behavior of graphene is due to strong - interactions and van der
Waals forces [27-30]. The main preventive methods are based on covalent modification of
chemical reactions with graphene’s carbon atoms [2,27,29] and non-covalent modification
based on the adsorption of particles onto the material’s surface. Due to the functionalization
mechanism, non-covalent methods to counteract graphene aggregation are divided into
four main groups. The first includes methods related to 7—m interactions [28,31-34]. The
second stabilization mechanism is based on cation—7 interactions [35,36]. Other methods
apply hydrophilic-hydrophobic effects [2,27,29,37] and surface modifications of graphene
with other nanoparticles [2,38,39]. Improving graphene’s dispersion in the PVC matrix is
also based on the above methods. However, the covalent solutions presented so far [40-44]
use reagents harmful to health and the environment, such as aniline, N-methylpyrrolidone,
hydrazine, and terephthalaldehyde. Non—covalent methods, on the other hand, are mainly
based on the use of plasticizers [14,25], which alter the properties of poly(vinyl chloride).
Soft varieties of PVC in terms of properties can be considered a different group of materials
compared to rigid PVC, so they also have entirely different practical applications [45].

The m—m interactions refer to non—covalent interactions (overlapping orbitals) between
the 7t bonds of aromatic rings. However, this is a misleading description, because the direct
sandwich overlap is electrostatically repulsive. Instead, we are dealing with staggered
stacking (parallel displaced) or n—teeing (perpendicular T-shaped), which makes the
described interactions electrostatically attractive. The displacement occurs due to the
superposition of carbon atoms with partially negative charges over hydrogen atoms with
partially positive charges. Similarly, T-type perpendicular overlap is electrostatically
attractive because here, too, there is an overlap of different charges [32,33,46].

A promising method of graphene modification using m—m stacking is the modifi-
cation of its surface with curcuminoids. The interaction between the aromatic rings of
curcumin and the GN surface was used to obtain graphene by reducing graphene oxide,
through ultrasonic exfoliation of graphite [31,34,47]. However, the most common use of
the graphene—curcumin system is in drug delivery systems [48,49]. Curcuminoids, thanks
to their high chemical and thermal stability (in combination with graphene, even up to
220 °C), are also attractive for applications in the modification of polymers, including
PVC [50-52].

Therefore, the present work aimed to modify surface graphene with curcuminoids
and to investigate the potential of this modification to improve graphene dispersion in
poly(vinyl chloride)/graphene nanocomposites obtained by the solvent-casting method.
In this work, we used a commercially available mixture of three types of curcumin (CU)
(curcumin, demethoxycurcumin, and bisdemethoxycurcumin) and an extract of Curcuma
longa L. (CE) obtained by extraction of the powdered rhizome of the plant, which was
presented in our earlier work [22]. In addition to the aforementioned main ingredients, CE
also contained Ar—curcumene, (-)—zingiberene, 3—sesquiphellandrene, Ar—turmerone,
a—turmerone, —turmerone, (6R, 7R)—bisabolene and (E)—atlantone.

2. Results and Discussion
2.1. UV-Vis Spectroscopy

Before the morphology studies were conducted, the UV-vis studies were performed,
in order to determine if the GN was successfully modified with curcuminoids. Figure 1
shows the UV-Vis spectra of graphene, curcumin, Curcuma longa L. extract, and GN-CU
and GN-CE colloidal suspensions. The analysis showed that the maximum absorption for
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graphene was observed at 272 nm, corresponding to 7—7t* transitions of C=C bonds [53,54].
Two absorption bands were observed in the spectrum of curcumin; at 263 nm, with 7—mr*
and C=C bonds, and at 422 nm, which corresponds to n—m* transitions of C=0O bonds [54,55].
In the spectrum of the Curcuma extract, the described transitions were observed at 233 nm
and 422 nm, respectively. The shift of the absorption maximum (233 nm) toward the
ultraviolet spectrum is due to the presence of the other CE components. A maximum
wavelength of 233 nm is characteristic of ar-turmerone [56,57]. Two absorption bands were
observed on the GN-CU and GN-CE spectra at 269 nm and 414 nm, respectively, which
were attributed to the m—7t* transitions of C=C bonds and n—7t* bonds of C=0. The presence
of a band at 414 nm, characteristic of curcumin, indicates the effective functionalization
of graphene [54,58]. In addition, the change in band position at 269 nm confirms the
interaction of —7t graphene and curcuminoid—containing modifiers [21,55,59].
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Figure 1. UV-Vis spectra of the GN, CE, CU and GN-CU, GN-CE dispersion in methanol.
2.2. XPS Analysis

Next, X-ray photoelectron spectroscopy (XPS) was used to characterize graphene sur-
faces’ functionalization accurately. Figure 2 shows the XPS spectra of GN and curcuminoid-
modified materials. In the image, one can see an increase in the intensity of the Ols band
in materials after modification. It indicates the effective deposition of curcuminoids (which
contain oxygen functional groups) onto the graphene surface [4,47]. Finally, the deconvolu-
tion of Ols and Cl1s peaks and the XPS characterization of GN, GN-CU, and GN-CE sheets
are presented in Figure 3 and Table 1. Since graphene materials were modified, mainly sp?
hybridization was expected. Unfortunately, it was impossible to match sp? in any way,
so an additional sp® hybridization peak was used. This fact may be due to the partial
defecting of the graphene used and its partial oxidation (according to the manufacturer,
about 2.5% was oxidized) [31,47,60].

The distance between the C sp? and C sp® peaks at 0.8 eV, especially for the starting
sample, agrees very well with literature data on peak distances of thin carbon films,
which are, respectively, 0.7 eV for graphene oxide and reduced graphene oxide [61],
0.8 eV for diamond-like carbon films [62,63], and 0.9 eV for graphite and graphite-like
materials [64-66]. Furthermore, the position of the C sp? peak around 284.5 eV is also
characteristic of this type of material [64] and generally corresponds to values found in the
literature (284.25-285 eV), including graphene materials [4,31,61,67].

The rest of the smaller carbon peaks (Figure 3, Table 1) of the carbon functional groups
are characterized by the expected distance from the main peak C sp? [68]. Considering
the literature data, the chemical compounds of turmeric are composed of carbon—-oxygen
groups [69-71]. The obtained spectra for the samples with CU and CE confirm an increase
in the proportion of oxygen groups (O1s), which was 0.6 at.% for GN and 5.3 and 3.3 at.%
for GN-CU and GN-CE, respectively, which confirms the deposition of curcuminoids
on the graphene’s surface. However, the changes in the 7 electrons (Table 1 Cl1s spectra)
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indicate the physical nature of their interactions as a result of non-covalent 7— stacking
modification [63,72].

1.4 T T T

T T @ T
9
Material O1ls,at.% Cls,at%
2 GN 0.6 99.4 ]
GN-CU 53 947
1k GN-CE 3.3 96.7 o
0.8 .
3
~
0.6 Q B

T “| o

) ety M A ' GN-cU |
oo R V| GN-cE

1200 1000 800 600 400 200 0
Binding Energy (eV)

Normalized Intensity
o
E

-Q2s

Figure 2. XPS spectra of the GN, GN-CU and GN-CE.
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Figure 3. Peaks deconvolution of Ols and C1s of the GN, GN-CU and GN-CE.
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Table 1. XPS characterization of GN, GN-CU and GN-CE.

Binding Energy, eV Chemical Bonds FWHM Atomic, %
GRAPHENE
O1ls
530.47 O1ls 1.47 0.2
532.38 O1ls 1.47 0.2
533.84 O1ls 1.47 0.2
0.6
Cls
284.53 C-C sp? 0.82 65.3
285.33 C=C sp® 0.82 7.5
286.11 C-O 1.49 10.0
287.56 C=0 1.49 4.5
289.21 COOR 1.49 3.5
290.68 7 electrons 1.49 4.6
292.03 sp? loss shakeup 1.49 2.8
293.87 sp? loss shakeup 1.49 1.1
99.4
100.0
GRAPHENE-CURCUMIN
O1ls
530.7 Ols 1.95 0.7
533.17 Ols 1.95 4.6
5.3
Cls
284.42 C-C sp? 0.73 50.9
284.81 C=C sp® 0.73 9.6
285.72 C-O 1.82 16.5
287.18 C=0 1.82 6.4
288.99 COOR 1.82 4.0
290.73 7 electrons 1.82 42
292.14 sp? loss shakeup 1.82 2.1
294.15 sp? loss shakeup 1.82 1.0
94.7
100
GRAPHENE-Curcuma Longa L. EXTRACT
O1ls
531.06 O1ls 1.87 0.8
533.19 Ols 1.87 2.5
3.3
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Table 1. Cont.

Binding Energy, eV Chemical Bonds FWHM Atomic, %
Cls
284.48 C-C sp? 0.76 59.4
284.94 C=C sp® 0.76 9.4
285.92 C-O 1.65 15.2
287.35 C=0 1.65 3.7
289.66 COOR 1.65 2.4
288.45 7 electrons 1.65 2.0
290.88 sp? loss shakeup 1.65 3.2
292.16 sp? loss shakeup 1.65 15
96.7
100.0

2.3. Thermogravimetric Analysis (TGA)

A thermogravimetric analysis was performed to determine the modifier’s content on
the graphene surface. The test was carried out in the temperature range from 30 to 700 °C.
The analysis results (Figure 4) showed that the graphene was thermally stable over the
entire temperature range, in good agreement with the literature data [34,73]. The extract
from Curcuma longa L was stable up to about 175 °C, and its degradation occurred between
175 °C and about 450 °C (Figure 4A) while the curcumin was stable up to 250 °C, and
its decomposition occurred at temperatures ranging from 250 to 550 °C (Figure 4B). The
differences in the thermal stability of these modifiers are due to the presence of additional
components in the extract. Their decomposition, up to a temperature of about 320 °C, is
related to the degradation of the -OH and -OCHj; groups. Furthermore, the curcuminoids
are decomposed [74-76].
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Figure 4. TGA of curcumin, GN, GN-CU (A), and Curcuma longa L extract and GN, GN-CE (B).

Both GN-CU and GN-CE showed thermal stability up to about 340 °C, and their
decomposition was associated with the degradation of the organic modifier [34,73]. It
is worth noting that the thermal stability of the modified graphene is well above the
processing temperature of PVC (below 200 °C) [77-79]. This indicates that the proposed
modification can also be used to obtain poly(vinyl chloride)/graphene nanocomposites by
the melt mixing method. From the mass differences at 700 °C, the modifier’s content on
the GN surface was determined by comparing the reference GN sample with the mass loss
for GN-CU and GN-CE, respectively. The calculations showed that the mass of curcumin
on the graphene surface was 11.4% (Figure 4B), while the mass of the extract was 6.9%
(Figure 4A).
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2.4. Morphology Characterization

The morphology of the materials was observed by transmission electron microscopy
(Figure 5A—C) and scanning electron microscopy (Figure 5(A1-C1)). The observations
showed that the modified graphene was a material composed of several layers, which was
characterized by a crumpled morphology. This is typical of types of graphene with several
layers and relatively large, flake diameters (according to the manufacturer, three-layered
graphene with a diameter of up to 10 um) [1,60,80].

Figure 5. TEM images of GN, GN-CU, GN-CE (A-C), SEM images of GN, GN-CU, GN-CE
(A1,B1,C1) with scale bar 1 um, and GN, GN-CU, GN-CE (A2,B2,C2) with scale bar 20 um (sur-
vey images).

Spherical curcuminoid particles (brighter white dots) can be seen in the SEM images
(Figure 5(B1,C1)) of the modified graphene [81,82]. Simultaneously, they have a smaller
diameter than those in GN-CU (Figure 5(B1)). On the other hand, in TEM images, it can
be seen that both modifiers, CU and CE, on the graphene’s surface have a floral-spherical
shape (Figure 5B,C) [83,84]. As in the SEM images, the curcuminoids from the extract
(Figure 5C) were much better deposited on the graphene surface. They are well-dispersed,
as present in all SEM pictures of the specimen, and have a smaller diameter. Figure 5(A2-
C2) shows the uniform distribution of the flakes in the whole volume as a survey image.
Based on the SEM images, it can be argued that CU and CE mainly cover the edges of the
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graphene flakes, but the TEM images, especially that of GN-CE, indicate that the modifier
can cover the surface of graphene to a greater extent.

2.5. Raman Spectroscopy

The following step was the evaluation of the structure of graphene materials using
Raman spectroscopy, an effective method for studying carbon materials [85]. Recorded
spectra presented in Figure 6 for GN, GN-CU and GN-CE reveal the presence of the
D-band, which is characteristic of graphene with a disordered carbon structure, and the
G-band, typical for graphite materials, which, in the case of graphene, is also associated
with the number of layers [5,86]. To estimate the size of graphene domains, the D- and G-
band intensity (ID/IG) ratio was used, where this quantity is inversely proportional to the
size of the crystallites [15,27,86,87]. In our materials, it was 1.5-1.6 (depending on the back-
ground treatment) for all fillers, indicating a high level of defects in curcuminoid-modified
materials, which can increase their wettability by the polymer matrix. Furthermore, the
intensity ratio 2D: G < 1 confirms the presence of multilayered, and not structuralized,
material. The 2D band is broad and weak, and is slightly shifted towards higher frequen-
cies (~2700 cm~1), which indicates the residual compression stress in the material. The
RBS parameter (Raman Band Separtion) is relatively high and equals 287 (GN-CE) to 293
(GN-CU), whereas non modified filler has a value of ~291. This confirms the different
mechanisms of carbon structure modification by both curcuminoids.
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Figure 6. Raman spectra of GN, GN-CU and GN-CE.

In paper [31], it was shown that the stacking of more graphene layers causes a shift
of the G-band peak towards higher frequencies, and the Rs for the monolayer is gener-
ally higher than for a bilayer. In curcuminoid-modified materials, a shift toward higher
wavenumbers was observed, from 1598 cm ™! for GN to 1600 cm~! for graphene modified
with curcumin and Curcuma longa L. extract, further confirming the better foliation of the
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material after surface functionalization with curcuminoids. Bands typical for disordered
carbons are not visible (360 cm~!, 1620 cm™1).

2.6. Dispersion Stability Analysis

As we pointed out in our earlier work [21], in nanocomposites obtained by solvent
casting, the critical step in determining the homogeneity of graphene dispersion in the
PVC matrix is obtaining a stable filler dispersion in the polymer solution. Therefore, the
stability of GN, GN-CU, and GN-CE dispersions in a 3% poly(vinyl chloride) solution
was evaluated, from which thin polymer films were obtained after THF evaporation. The
test was carried out using the multiple light-scattering method (used in the Turbiscan
Lab Toulouse, France). Figure 7 shows the change in the percentage of backscattered and
transmitted light as a function of the height of the measuring cell over 24 h. This time is
sufficient to obtain a polymer film from a PVC solution at room temperature.

32 - —1h
50 A1 o 71 A2 28 - —2n
) = 2% " —3n
X <6 . —an
2 o — 20 . — sh
c £ D16 - =
.2 6 5 12 = 8h
7] o -
» =
= (1]
E 5]
[2] (2]
s S
o @
= m
< <

0.4
B1 e
—_ o
Eos O\; 0.2
= ;
S 06 £
7 2
£ 04 ®
e g
g o2 o
= O
< 0.0 <
B
04 = [——24h
0 10 20 30 40 50 0 10 20 30 40 50
H (mm) H (mm)
1.0 0.4 —r
C1 . Cc2 0.20 —
0.8 °\° aOJS :3:
— S~ ——5h
S o S 02 0.10 —
c =
Re] o
8 0.4 §
£ 02 £
c [8]
S et )
= 0.0 [a1]
Iz] <
-0.2
0.4

0 10 20 30 40 50 "0 10 20 30 40 50 =20
H (mm) H (mm)

Figure 7. ATransmission and ABackscattering of GN (A1,A2), GN-CU (B1,B2) and GN-CE
(C1,C2) dispersion.

The analysis shows that the destabilization and stratification of graphene dispersion
occur due to re-agglomeration and sedimentation of the filler [88,89]. The study demon-
strated that the unmodified graphene does not form stable dispersions in PVC solution
(Figure 7(A1,A2)), as evidenced by changes in transmitted and backscattered light [88,90].
Functionalization of the GN’s surface with curcuminoids improved its stability in PVC
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solution. Neither GN-CU nor GN-CE re-agglomerated, as evidenced by the absence of sig-
nificant changes in backscattered light (Figure 7(B2,C2)) [89]. However, in Figure 7(B1,C1),
we can see an increase in the solution’s transparency after about 16 h, especially for GN-CU.
This is due to the gravitational descent of the filler particles.

The Turbiscan Stability Index (TSI) (a specific Turbiscan parameter) was determined to
compare the destabilization kinetics of the prepared systems, in particular, the differences
between the CU and CE effect. TSI is an efficient method of comparing several systems,
where the higher its value is, the less stable the system is [91,92]. Other sources [21,28]
distinguish a more precise division of TSI values, indicating that the dispersion is stable
when TSI is less than five. When its value is between 5 and 20, we are dealing with a
partially stable system; above 20, the dispersion is sedimentary. The results presented
in Figure 7(A2-C2) show that the GN dispersion is stable for only 4 h, while modifying
its surface resulted in extending this time to 24 h. TSI analysis proved that the most
stable systems are formed by GN-CE, for which the discussed value, even after 24 h, was
below 0.05.

2.7. Graphene Dispersion in Nanocomposites

The structure of nanocomposite polymer thin films obtained by solvent casting was
studied using Raman spectroscopy and atomic force microscopy. In addition, the mor-
phologies of the obtained materials were also observed on a macro- and micrometer scale,
using images from digital photography and SEM. As mentioned in the introduction, the
problem with graphene aggregation occurs in materials containing about 0.5 wt.% filler or
more, so the structure evaluation was carried out for materials with 1 wt.% GN.

Regarding the Raman spectra of the nanocomposites (Figure 8), D- and G-bands
typical of graphene and peaks originating from poly(vinyl chloride) were observed. Signals
were assigned to the following chemical groups: a band at about 360 cm~! to C-Cl in the
trans configuration of the polymer [93], bands at 635 and 695 cm ! to C-Cl stretching [93,
94], a band at approximately 1113 cm~! to C-C stretching [93], a band at ~1430 and
1498 cm~! to C-H symmetrical stretching in CH, group [21] and a band at approximately
2916 cm ™! to C-H asymmetrical stretching in CH; group [21,93]. In addition, a peak was
observed in PVC/1% GN-CU and PVC/1% GN-CE at about 1185 cm™~!. It was attributed
to the C-O bonds of curcuminoids [95]. The study did not reveal any new chemical bonds
in PVC, which indicates the physical nature of filler-polymer interactions. Analysis of the
graphene—derived bands showed changes in the fillers’ structures, due to their dispersion
in the poly(vinyl chloride) matrix. Firstly, the RBS decreased for all materials, with 243 (GN-
CE), 247 GN, and 249 (GN-CU), but it increased in the same way from GN-CE to GN-CU.
Raman shifts of G bands decreased in all samples below 1600 cm ! (1592 cm— 1, 1597 em ™1,
1598 cm’l), being the lowest in GN-CE and the highest in GN-CU. This can be explained
by the layer-stacking enhancement in the matrix’s presence. Thus, the best filler dispersion
was observed in GN-CU. Contrarily, the D-bands have been shifted towards higher Rs
(1349 cm ™! in modified materials and 1350 cm ™! in GN). The D (first-order peak) moves
towards lower frequencies in the case of tensile stress and towards higher ones in the
presence of compressive stress, as observed in nanocomposites. Additionally, the Ip to Ig
ratio decreases, especially in the case of the GN-CU, indicating better structural ordering.
However, the sheer increase in the intensity of the PVC-derived band (2916 cm~ 1) in the
materials after its functionalization may indicate better dispersion of these materials and
deposition inside the polymer matrix [93] (the spectrum is collected from the polymer, not
from the agglomerate on the surface of the thin polymer film).
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Figure 8. Raman spectra of PVC/1%GN, PVC/1%GN-CU and PVC/1%GN-CE.

AFM also investigated the surface structure of the obtained nanocomposites in contact
with a surface (the upper side of the surface that was not in contact with glass during
THF evaporation, forming a polymer film). AFM allows for the direct evaluation of
the dispersion of graphene in the PVC matrix and the determination of roughness [94,

96].
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Figure 9. AFM 2D and 3D images of PVC/1% GN, PVC/1%GN-CU and PVC/1% GN-CE.

The image of the surface topography of the nanocomposites shows some corrugation
of the samples due to the evaporation of solvent during the formation of the polymer
film [22]. AFM PVC/1%GN shows extreme inhomogeneity of the material, and the 3D
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image shows a large number of pointed tops, resulting from the presence of agglomer-
ates. Additionally, the 2D image shows a lack of homogeneity of the material; the filler
is distributed point-wise, and the sample is flat outside the place of its presence. In
PVC/1%GN-CU nanocomposites, an increase in the homogeneity of the material was
observed (no pointed vertices, no significant differences in roughness). At the same time,
the roughness of the whole material increased significantly, which is a normal phenomenon
in materials containing large amounts of dispersed filler [15,94,97]. However, the sur-
face topography analysis showed the best dispersion in PVC films containing GN-CE; its
material is homogeneous, and at the same time, its roughness is reduced compared to
PVC/1%GN-CU.

The observations made earlier were confirmed by analyzing the homogeneity of the
polymer films on a macroscopic scale. The presented digital images of nanocomposites
containing 1 wt.% GN, GN-CU, and GN-CE Figure 10A-C, respectively, showed that the
obtained materials had no visual defects in terms of their structure or the presence of pores.
At the same time, it can be noted that the composite with unmodified GN is heterogeneous,
and the filler is present in the form of agglomerates. Modifying the GN'’s surface with
curcuminoids significantly enhances the homogeneity of the nanocomposites, where the
PVC/1% GN-CE material is characterized by the best graphene dispersion (the two phases
in the material cannot be distinguished).

Figure 10. Digital photos of PVC/1% GN, PVC/1%GN-CU and PVC/1% GN-CE (A-C), SEM
images of those materials (A1,B1,C1) and zoomed in structure of PVC/1%GN-CE (C2-C4).

The same observations were confirmed by SEM imaging on the surface of the PVC/1%GN
cryogenic breakthrough (Figure 10(A1)); we observed two phases in the material, and a
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graphene agglomerate is surrounded by a polymer matrix. A significant improvement in
GN dispersion characterizes the PVC/1%GN-CU nanocomposites, but areas without filler
can be observed on the surface of the cryogenic breakthrough (Figure 10(B1)). The image of
the PVC/1% GN-CE breakthrough (Figure 10(C1)) is homogeneous throughout, and no
areas of unmodified PVC can be seen, indicating the best filler dispersion [16,17,21,24]. At
the same time, we can see that the structure of the nanocomposite differs significantly from
that typically observed in unmodified poly(vinyl chloride) [20-22]. Its image may resemble
balls of wool (Figure 10(C2)). Further zooming in on the structure (Figure 10(C3,C4)) shows
the polymer matrix’s thorough coverage of individual graphene flakes, which may translate
into a good filler—-polymer interfacial interaction. At the same time, we can see that the
modifier in the form of CE remains on the graphene flakes and does not pass into the
PVC in significant amounts. The Figure 10(C4) image shows curcuminoid particles having
spherical shapes [81,82] on the surface of the flakes. These spheres were not observed in
the expanded ends of the polymer. The jaggedness of the PVC/GN-CE confirms that good
filler dispersion further affects the fracture ductility of modified PVC.

Observations of the structure demonstrated the best improvement in the dispersion of
graphene in materials modified by Curcuma longa L. extract. Therefore, the CE-modified
filler was used to study the effect of the applied modification on the properties of poly(vinyl
chloride)/graphene nanocomposites. Materials containing 0.01, 0.1, 0.5, and 1 wt% GN
were produced.

2.8. Thermal and Mechanical Properties of Nanocomposites

Thermal properties were determined by the thermogravimetric method and the Congo
Red test, with which the thermal stability time was measured. The results obtained are
summarized in Table 2 and are shown in Figure 11. The TGA thermograms (Figure 11A)
show mass losses at temperatures up to 170 °C, which are related to the evaporation of
residual THF [20,23]. The content of solvent was about 6% (Table 2), despite the applied
evaporation and drying methods (reduced pressure at 50 °C for 2 weeks). Earlier studies
have shown that higher evaporation temperature would lead to the degradation of the
material [20].

Thermal degradation of PVC and PVC/GN nanocomposites takes place in two stages
related to the decomposition of the polymer. The first step occurs at 200 °C to 375 °C, and
is related to the dehydrochlorination of PVC and the formation of conjugated polyene
structures. The second step in the range from 375 °C to 600 °C corresponds to thermal
cracking of the carbonaceous, conjugated polyene sequences and the formation of residual
chars [11,23].

Table 2. Thermal properties of PVC/GN and PVC/GN-CE nanocomposites.

Cont. of Max. DTG Max. DTG Residual Congo Red

Material THE, % I,°C 11, °C Mass, % Test, min
PVC 5.2 (0.4) 269.8 (2.1) 4524 (1.5) 7.7 (0.2) 3.5 (0.02)
PVC/0.01%GN 5.8 (0.1) 269.0 (0.6) 4509 (0.6) 7.8 (0.4) 3.1(0.04)
PVC/0.01%GN-CE 5.5 (0.1) 2735(03) 4499 (1.1) 82(0.1) 3.3(0.08)
PVC/0.1%GN 5.8 (0.4) 273.0(0.3) 4542 (0.4) 7.5(0.2) 3.1(0.04)
PVC/0.1%GN-CE 6.4(0.1) 2749 (0.8) 4529 (1.4) 83(0.2) 2.8 (0.03)
PVC/0.5%GN 5.7 (0.6) 2747 (2.0)  446.8 (0.6) 7.2 (0.4) 2.8 (0.04)
PVC/0.5%GN-CE 6.1(0.2) 2783(0.8) 4514 (15) 8.6 (0.1) 2.4 (0.03)
PVC/1%GN 6.8 (0.5) 270.6 (0.5)  438.1(2.9) 8.0 (0.7) 2.6 (0.08)
PVC/1%GN-CE 6.6 (0.2) 2785(0.7) 4535 (1.3) 9.9 (0.3) 2.3 (0.03)

87



Molecules 2023, 28, 3383

A 0_
1004 —PVC
2, —oeome | = ——
o ] e B g ] ——PVC/0.1% GN
o = ——PVC/0.1% GN-CE
= 60+ S 6.
g o
©
= 404 &
—-10
20
-124
04 . . . ; ; -14 . : ; : .
150 300 450 600 750 900 150 300 450 600 750 900
Temperature (°C) Temperature (°C)
280 5 1/ 10.5 5 7F
278 4 }—————f 10.04
%) o5
276 S 93
o GN-CE 3 9.0-
5 2744 @
© € g5 GN-CE
Q 2724 g s _I/I
£ - 2" ‘Mi\
2704
— Q 7.5
14
268 70
266 T T T 7/ T 6.5 T T T Zan) T
0.00 0.05 010 05 1.0 0.00 0.05 010 05 1.0
GN (wt %) GN (wt %)

Figure 11. (A) Example TGA thermograms, (B) Example DTG curves, (C) Max. DTG I analysis,
(D) Residual mass analysis.

Due to the presence of residual THF in PVC, the nanocomposite films’ thermal stability
was evaluated based on the differential thermogravimetry (DTG) [13,19]. DTG maxima
of the first (max. DTG I) and second (max. DTG II) stages of decomposition, as well as
the residual mass after the heating process, were used to analyze the thermal stability of
the PVC/GN nanocomposites. The examples of thermogravimetric and DTG curves are
presented in Figure 11A,B; all results are summarized in Table 2 (standard deviation of
the obtained mean values in brackets). The max. DTG I analysis (Figure 11C) showed an
increase in the thermal stability of graphene—CE modified materials, where the maximum
temperature observed in the case of PVC/0.5%GN-CE was 8.5 °C higher compared to the
unmodified matrix material. The introduction of GN-CE at a higher concentration does not
cause a statistically significant change in thermal stability. In the case of nanocomposites
with unmodified graphene, a significant improvement in stability was observed for materi-
als with 0.1% GN; the temperature of the maximal degradation rate was in this case 3.2 °C
higher than for poly(vinyl chloride). PVC/0.5%GN showed no statistically significant
increase in this temperature, while an increase in standard deviation was observed. A
further increase in the concentration of graphene filler to 1% had the effect of lowering
the thermal stability of the nanocomposite materials. It can be assumed that the increase
in standard deviation and decrease in thermal stability is due to the agglomeration of
nanoparticles in the matrix material.

The max. DTG II analysis (Table 2) showed no statistically significant change in the
temperature of the maximal degradation rate for materials with GN-CE. In contrast, a
decrease in thermal stability was observed for materials with the unmodified graphene for
concentrations of 0.5% and 1%, which may be related to the non-uniform distribution of the
filler in the matrix. Residual mass analysis (Figure 11D) showed increases of these values in
graphene—CE modified materials, and no statistically significant change in nanocomposites
with GN. The increase in residual mass in materials with GN-CE indicates that a well-
dispersed filler can act protectively against the carbon chain of the polymer, by forming an
insulating layer [24,98].
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A commonly used method for assessing the thermal stability of PVC materials is the
Congo Red test. The results presented in Table 2 show that the introduction of graphene into
polymer matrix results accelerates the dehydrochlorination process, which can take place
according to various mechanisms [77]. The authors [19] indicated that the lower stability
of PVC/GN composites may be due to the fact that GN nano-flakes act as reinforcing
particulate fillers that attract chloride from the PVC. Obtained nanocomposites are sensitive
to heat so they can undergo thermomechanical degradation processes under processing.
Therefore, the use of thermal stabilizers will be required in the manufacture of these
materials by conventional processing methods.

At the same time, it should be emphasized that discrepancies in the results of thermal
stability measured by two methods are not unusual, due to the conditions under which
the tests were conducted. Thermal stability by the Congo Red method is determined at a
constant temperature that is close to the upper temperature range of PVC processing. In
the TGA method, the sample is heated under a nitrogen atmosphere at a specified heating
rate, over a wide temperature range, usually up to about 900 °C.

Figure 12 shows exemplary stress—strain curves for PVC with the nanocomposites on
its matrix, and the determined tensile strength (TS) vs. GN and GN-CE concentration. The
course of the stress—strain curves shows no yield point regardless of the material composi-
tion, which is as expected. The PVC/GN-CE nanocomposites had, compared to PVC/GN
materials, a slightly higher mean TS value and a lower standard deviation, which is due to
the better dispersion of the modified filler in the PVC matrix. However, the introduction of
graphene into the PVC matrix, regardless of the graphene modification, did not resulted in
a statistically significant change in the tensile strength of PVC nanocomposites.
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Figure 12. Mechanical properties of PVC, PVC/GN and PVC/GN-CE nanocomposites.

An improvement of the mechanical properties of PVC/GN nanocomposites depends
on the homogeneous dispersion of graphene in the polymer matrix and the structure of
the filler. The lack of defects on the GN surface results in its high integrity and good
mechanical properties, which directly determines the improvement of the mechanical
properties of nanocomposites [26,99,100]. On the other hand, the dense GN network limits
the penetration of poly(vinyl chloride) macromolecules between its layers, which makes
the matrix discontinuous [14,24,100]. This explains the lack of a significant improvement in
the mechanical properties of materials with GN-CE, where filler dispersion was improved.

2.9. Electrical Properties of Nanocomposites

Figure 13 shows the results of the resistivity tests of the obtained materials. The surface
resistivity of poly(vinyl chloride) was determined to be 4.7 x 10'* ), and significant change
occurs when the GN concentration in the composites is 0.5% and 1%. The lowest resistivity,
which equals 1.4 x 107 Q, is characteristic of the PVC/1%GN sample, which makes it
possible to conclude that it is an antistatic material [25,101]. Nanocomposites containing
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GN-CE did not show a decrease in surface resistivity, and the lowest value (1.5 x 10'* Q)
was shown by the sample PVC/1%GN-CE.
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Figure 13. Surface and volume resistivity of PVC, PVC/GN and PVC/GN-CE nanocomposites.

The volume resistivity of PVC/GN composites also decreases with the increase in
graphene concentration in the matrix. The materials containing 1% of GN were character-
ized by the lowest resistivity, and equaled 9.8 x 10° Om. Such a large change in resistivity
(for PVC was 1.7 x 10'* Qim) indicates that the dispersion of the GN was sufficient to create
conduction paths. The PVC/GN-CE composites, as in the case of surface resistivity, did
not show large changes in volume resistivity as the filler content in the matrix increased.

References [14,101] present that the influence of GN on the resistivity or conductivity
of PVC/GN nanocomposites is significantly related to the dispersion of the filler in the
polymer’s matrix. Although the modification of graphene with turmeric significantly
improved the homogeneity of the structure of PVC/GN-CE nanocomposites, the expected
improvement in electrical properties was not found. Graphene surface modification with
curcuma extract is possible by 7—7t interactions. Some studies have shown the disturbances
in the displacement of 7t electrons on the graphene’s surface, leading to the significant
deterioration of its electrical properties [20,29]. This explains the lack of change regarding
the resistivity of GN-CE-containing materials, despite a significant improvement of the
graphene’s dispersion in the PVC matrix.

2.10. Swelling Behaviour of Nanocomposites

The numerous applications of poly(vinyl chloride) are due to its resistance to sol-
vents [19,102,103]. However, PVC dissolves completely in THF and cyclohexanone, and
it undergoes limited swelling when contacted with acetone. In this work, the chemical
resistance of the proposed PVC/GN nanocomposites was tested by analyzing the swelling
process in acetone. Swelling curves, i.e., the dependence of the degree of swelling as a
function of time, are shown in Figure 14.

It was found that all the obtained materials undergo limited swelling, while the
dependence of swelling degree on the exposure time to the swelling agent has a shape
of a sigmoid function. Therefore, Equation (1) was used to approximate the swelling
curves [20,22].

Se

Sa = 1+ 10tm—t)p

)

where:

S4is swelling degree, %,

Sk is equilibrium swelling, upper asymptote, %,

ty is time in which the swelling occurs with a maximum rate, s,
t is time of exposure to the swelling agent, s,

p is comparison parameter, 1 s~ 1.
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The parameters of the equation and the coefficient of determination R? are summarized
in Table 3. The proposed model describes the experimental results with high accuracy, as
evidenced by the high values of the coefficient of determination.

Table 3. Parameters of the model describing the swelling process.

Material Sg, % tM, S p, s 1 R?

PVC 482 (0.3) 348 (4) 0.007 (0.0004) 0.994
PVC/0.01% GN 438 (0.4) 477 (7) 0.004 (0.0002) 0.994
PVC/0.01% GN—CE 429 (0.3) 570 (7) 0.003 (0.0001) 0.996
PVC/0.1% GN 439 (0.4) 307 (6) 0.006 (0.0004) 0.990
PVC/0.1% GN-CE 42.1(0.2) 262 (3) 0.010 (0.0005) 0.996
PVC/0.5% GN 495 (0.2) 262 (2) 0.009 (0.0003) 0.998
PVC/0.5% GN-CE 32.1(0.3) 498 (8) 0.004 (0.0003) 0.992
PVC/1% GN 43.5(0.1) 267 (1) 0.010 (0.0002) 0.999
PVC/1% GN-CE 27.3(0.2) 443 (4) 0.007 (0.0003) 0.997
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Figure 14. Swelling degree of PVC, PVC/GN and PVC/GN-CE nanocomposites vs. time.

PVC/GN nanocomposites were found to have a lower equilibrium swelling ratio
compared to unmodified PVC; the lowest SE value observed for PVC/1%GN, i.e., 43.5%,
shows an improvement of about 5% in terms of the chemical resistance on the polymer ma-
trix. Materials obtained with the addition of extract-modified graphene were characterized
by a lower value of SE compared to corresponding materials with unmodified graphene.
This effect was attributed to the better dispersion of the filler in the polymer matrix, as
evidenced by significantly lower SE values for materials with 0.5 and 1% GN-CE. They
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were 32.1 and 27.3%, respectively, which represents a reduction in the equilibrium degree
of swelling relative to PVC of 14.1%, in the case of PVC/0.5%GN-CE, and of 20.9%, in
PVC/1%GN-CE. In addition, it should be noted that the agglomeration of the filler in the
polymer matrix can lead to lower resistance to solvents in the form of acetone, which was
observed in PVC/0.5%GN, where the SE was 1.3% higher relative to PVC. As the GN-CE
content of the nanocomposites increases, the time in which the swelling occurs with a
maximum rate (ty) also increases, which further confirms the correlation between acetone
resistance of the materials and filler surface modifications. In materials with unmodified
GN, a decrease in ty; values was observed with an increase in its content in the PVC matrix.

An increase in the chemical resistance of PVC, by using carbon fillers, occurs as a result
of a decrease in its free volume. Consequently, this leads to a reduced access of solvents
to the polymer chain [22,103]. In the case of the materials in question, this mechanism is
very likely, as confirmed by the higher resistance of nanocomposites containing GN-CE,
characterized by a better dispersion of graphene in the polymer matrix.

3. Materials and Methods
3.1. Materials

Graphene-based nanopowder with a flake thickness of 1.6 nm (maximum of 3 atomic
monolayers), a flake length of 10 um, and a specific surface area of 400 -+ 800 m?g~! was
purchased from USA Graphene Laboratories Inc. Graphene was dispersed in a poly(vinyl
chloride) solution using unmodified suspensive poly(vinyl chloride) Neralit 601 (Czech
Republic, Spolana s.r.o. Anwil S.A. group), with a K number of 59-61, a bulk density of
0.56-0.63 g cm 3, a specific density of 1.39 g cm ™3, and 97% purity. As a solvent for PVC
and an environment used for graphene modification, tetrahydrofuran (THF) (Chempur,
Piekary Slaskie, Poland) was used. Curcumin from Curcuma longa L. turmeric powder
(Sigma-Aldrich, St. Louis, MO, USA) and Curcuma longa L. rhizome extract (made in-
house [22]) was used to modify the surface of graphene. Methanol (Chempur, Piekary
Slaskie, Poland) was used to wash modified graphene.

3.2. Graphene Modification

In order to functionalize the graphene’s surface with curcuminoids in the first step,
100 cm? solutions of CU and CE in THF with a concentration of 2.25 mg cm ™3 were
prepared by ultrasound (frequency of 20 kHz, 40% amplitude, time 10 min, temperature
23 °C) using a SONOPULS rod-shaped probe homogenizer from Bandelin. Graphene was
then introduced into the solution, which was prepared so that the dispersion concentration
was 1.5 mg cm 3. Next, GN was sonicated under the same conditions as curcuminoids
for 2 h. It was then stirred with a magnetic stirrer for 15 h at 200 rpm. After this time, the
material was centrifuged 4 times at 12,000 rpm for 4 min and washed after each step with
methanol, in order to remove the undeposited modifier. After centrifugation, the graphene
was dried at 45 °C for 65 h to evaporate residual solvents.

3.3. Preparation of PVC/GN Dispersions and Nanocomposites

In the first step, poly(vinyl chloride) was dissolved in THF at 25 °C for about 48 h,
yielding a solution of 3 wt%. Then, the dry graphene was added to the solution and dis-
persed using ultrasound (conditions as in Section 2.2) for 60 min. The amount of graphene
in the prepared dispersions for dispersion stability testing was 1 wt% per polymer mass.

Thin films of PVC/GN, PVC/GN-CU, and PVC/GN-CE nanocomposites containing
1% filler for structure test were obtained by solvent evaporation, where the dispersions
were poured onto Petri dishes with a diameter of 7 cm, and the solvent was evaporated
at 50 °C for 24 h. Nanocomposites for testing properties were dried in a vacuum drier
under a reduced pressure (max 20 mbar absolute) at 50 °C for 2 weeks, in order to remove
the THF residue from the polymer films. All samples were coded to take into account the
graphene content and the presence of CE, e.g., a sample containing GN at a concentration
of 0.01 wt.% was coded as PVC/1%GN, whereas a sample containing the same graphene
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modified by Curcuma longa L. rhizome extract was coded as PVC/1%GN-CE, and that
modified by Curcumin from Curcuma longa L. turmeric powder was consequently coded as
PVC/1%GN-CU.

3.4. Characterization

Absorption studies were conducted using a UV-vis/NIR spectrometer (Perkin Elmer
Lambda 1050+) in a quartz cuvette. For this purpose, solutions of CU, CE in methanol
with a concentration of 0.008 mg cm 2 and dispersions of GN, GN-CU, and GN-CE with a
concentration of 0.03 mg cm 3 were prepared. The study was conducted in the 210-800 nm
range. The experimental results were normalized in the range 0-1 using the OriginLab
software.

X-ray photoelectron spectroscopy: a PHI 5000 VersaProbe (ULVAC-PHI Inc., Hag-
isono, Japan) spectrometer was used to conduct XPS measurements under the following
conditions: monochromatic Al K« radiation (hv = 1486.6 eV), an X-ray source operating
at 25 W, 15 kV, 100 um spot, pass energy of 23.5 eV, energy step of 0.1 eV. Obtained XPS
spectra were analyzed with CasaXPS software, using the set of the sensitivity factors native
for the hardware. Shirley background and Gaussian-Lorentzian peak shape were used for
deconvolution of all spectra.

The thermal stability of the fillers and nanocomposites was assessed by the thermo-
gravimetric method using a TG 209 F3 Tarsus apparatus (Netzsch). The heating rate was
about 10 °C min~! in an open ceramic crucible, under a nitrogen atmosphere, at 30 to
700 °C for fillers and at 30 to 900 °C for nanocomposites. In addition, static thermal stability
tests were determined for the nanocomposite materials using the Congo Red test. The test
was carried out at 200 °C, measuring the thermal stability time, i.e., the time during which
the sample shows no signs of degradation in the form of hydrogen chloride release and
color change of the indicator paper.

Raman spectra were collected with a Raman DXR microscope (Thermo Fisher Scien-
tific, Waltham, MA, USA) using two laser lines, 532 nm and 780 nm, where the shorter
wavelength was used for polymer composites, and fillers were studied using the longer
wavelength line. The specimens were measured with 50 repetitions of 50 s each (20 in
successive control measurements). The aperture was 50 pum, the lenses were 10 and 50 mm,
and the laser beam power was 0.1 mW for 780 nm and 1 mW for 532 nm. Each sample
was measured at least dozens of times (from 80 to >300) at different locations, and the final
signal was obtained as an average and statistically representative one. The morphology
of the samples was studied using scanning electron microscopy (SEM), and a Zeiss Cross-
beam 350 microscope; in the case of polymer nanocomposites, cryogenic breakthroughs
with a sputtered gold layer were observed. As a second technique, a Zeiss Libra 120 Plus
transmission electron microscope (TEM) (Stuttgart, Germany) operating at 120 kV was
used, where the aqueous suspension was placed on a copper grid coated with a formvar
polymer layer. Finally, the sample was left in the air (under a fume hood) to dry.

Stability testing of the obtained graphene dispersions in PVC solution was carried out
by multiple light scattering using the Turbiscan Lab apparatus (Formulaction SA, Toulouse,
France), where suspensions of GN, GN-CU and GN-CE in 3% PVC solution in THF were
placed in glass cylindrical test tubes, with a working height of 54 mm. The samples were
then placed in a Turbiscan Lab instrument and scanned with light at approximately 880 nm.
Scanning was carried out every 1 h for 24 h at room temperature (23 °C). The Turbiscan
Stability Index (TSI) was determined from the results.

Filler dispersion in the matrix was also determined using an atomic force micro-
scope Nanosurf (Liestal, Switzerland) in contact mode with the PPP-XYCONTR probe
(NANOSENSORS, Neuchatel, Switzerland), where the radius of the aluminum-coated
blade was 7 nm, while the line angle was 20 degrees. 2D and 3D images were taken
within a 50 x 50 pm area. To determine the surface topography of the area, 500 lines were
measured (at 20 nm intervals), and the number of measurement points per line was 5000.

The scanning speed of the sample was 5 um s~ 1.
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A study of tensile properties was carried out using an in-house-built tensile tester,
with the parameters presented in our earlier work [22]. The tests were carried out on
samples with a thickness of 0.2 £ 0.07 mm and a width of 2 4+ 0.1 mm, while the length of
the measuring section LO was 1.5 mm. The materials were stretched at a constant speed of
0.1 mms~1.

The electrical properties of nanocomposites were determined by measuring system
consisting of a 6517A electrometer and a 8009 measuring chamber (Keithley Instrument
Inc., Cleveland, OH, USA). The surface and volume resistivity were measured. The tests
were carried out on film samples with a diameter of 70 mm in air, at a temperature of 23 °C
and humidity of 50%, and at a voltage of 10 V.

The resistance of the obtained materials to swelling in acetone was tested in accordance
with the method proposed in our earlier study [20]. The change in the swelling degree
(S4) was determined (see Equation (2)), depending on the immersion time in the swelling
agent. The changes in the samples’ diameters were set on the basis of photos using the NIS
Elements 4.0 software. The frequency picture-taking depended on the exposure time to the
swelling agent. The measurement temperature was 20 °C and the initial diameter of the
samples hp = 10 mm.
h—hy

ho

Sy = x 100% @)

where:

h is sample diameter after time ¢ (mm),
hg is initial sample diameter (mm).

In order to analyse the obtained results, Origin 8.6 Pro software with implemented
statistical analysis modules was used. ANOVA with Tukey’s post-hoc test was used to
compare the significance of the difference for the mean values of the obtained results.
The normal distribution was confirmed by the Shapiro-Wilk test, and the homogeneity of
variance by the Levene’s test. All analyses were performed assuming a significance level
below 0.05.

4. Conclusions

Graphene is one of the most promising nanofillers of nanocomposites, improving
their performance. However, its uniform distribution in the polymer matrix is challenging.
Several studies refer the need to reduce the agglomeration of GN and its derivatives
during nanocomposite fabrication, in order to achieve improved properties [104-107]. In
the present work, an environmentally safe method of graphene surface modification is
presented, using curcumin and an extract derived from the powdered rhizome of Curcuma
longa L.

Observations of the modified materials’ morphology showed better CE dispersion on
the graphene’s surface. Spectroscopic studies have shown that modification occurs via a 7—
7 stacking mechanism. TGA analysis revealed a higher amount of deposited curcumin on
GN flakesi.e., 11.4 wt.%, while for the extract it was 6.9 wt.%. In addition, it is worth noting
that the modified materials have a high thermal stability of about 340 °C. The analysis
of the stability of GN, GN-CU, and GN-CE dispersions, as well as observations of the
polymer films structure obtained after solvent evaporation from the dispersions, showed
a significant improvement in the homogeneity of the nanocomposites after modification
by curcuminoids. At the same time, extract-modified graphene showed better dispersion
improvement in PVC. That indicates that not only the amount of modifier deposited on
the graphene surface, but also its size and dispersion important in improving PVC/GN
homogeneity. The analysis of the properties of nanocomposites with GN-CE has shown a
better thermal and chemical stability of these materials. On the other hand, based on the
results of the Congo Red test, it was stated that the proposed nanocomposites will require
thermal stabilization at the processing stage by traditional methods, which is a well-known
phenomenon in the field of the PVC technology.
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Summarizing, the proposed naturally derived compounds in the form of CE can be
an alternative to previously proposed modifications of graphene for use in PVC and other
polymer composites. In addition, the high thermal stability of the proposed modification,
as well as the relatively low cost and possibility of obtaining the modifier on a large scale,
provide opportunities for the technological use of CE in the future production of graphene
polymer nanocomposites, through traditional processing methods at high temperatures.
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Abstract: This study reports on the synthesis of novel bienzyme polymer-assisted nanoflower
complexes (PANF), their morphological and structural characterization, and their effectiveness
as cascade biocatalysts. First, highly porous polyamide 6 microparticles (PA6 MP) are synthesized
by activated anionic polymerization in solution. Second, the PA6 MP are used as carriers for hybrid
bienzyme assemblies comprising glucose oxidase (GOx) and horseradish peroxidase (HRP). Thus,
four PANF complexes with different co-localization and compartmentalization of the two enzymes
are prepared. In samples NF GH/PA and NF GH@PA, both enzymes are localized within the same
hybrid flowerlike organic-inorganic nanostructures (NF), the difference being in the way the PA6 MP
are assembled with NF. In samples NF G/PAiH and NF G@PAiH, only GOx is located in the NF, while
HRP is preliminary immobilized on PA6 MP. The morphology and the structure of the four PANF
complexes have been studied by microscopy, spectroscopy, and synchrotron X-ray techniques. The
catalytic activity of the four PANF was assessed by a two-step cascade reaction of glucose oxidation.
The PANF complexes are up to 2-3 times more active than the free GOx/HRP dyad. They also display
enhanced kinetic parameters, superior thermal stability in the 40-60 °C range, optimum performance
at pH 4-6, and excellent storage stability. All PANF complexes are active for up to 6 consecutive
operational cycles.

Keywords: hybrid nanoflowers; polyamide microparticles; synchrotron WAXS/SAXS; polymer-assisted
biocatalysts; enzyme kinetics; GOx/HRP enzyme cascade

1. Introduction

In the last decades, cascade biocatalysis has attracted significant interest from both
academia and industry as a promising technology for green and sustainable chemical
production. Unlike the step-by-step synthesis, cascade biocatalysts accomplish two or
more consecutive reactions in one-pot, thus avoiding isolation and purification of inter-
mediates. Such procedure has become more efficient due to reduced reaction time and
production costs, meanwhile not creating toxic wastes [1]. Nowadays, numerous drugs
and fine chemicals [2,3], including chiral alcohols and amines [4,5], carbohydrates [6], and
polymers [7] are synthesized through enzyme cascade catalysis. However, the industrial
use of cascade biocatalysts based on free enzymes is still problematic, due to their poor
stability and difficult reuse [8].

A possible way to overcome these limitations is the application of immobilization
technologies, in which two or more enzymes are co-localized close to one another on a
suitable support. Various inorganic materials e.g., metal oxides, minerals, carbon allotropes,
and also organic materials such as synthetic and natural biopolymers have been widely
used as supports for enzyme immobilization [9]. Immobilization of enzymes results in a
twofold gain: on the one hand, biocatalysts become more resistant to the harmful effects
of the environment, e.g., temperature, pH, and solvents; on the other hand, enzymes can
be made easily removable from the reaction medium, especially if the carrier applied is
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with magnetic properties [10]. It has been also demonstrated [1] that in many cases, the
co-immobilization boosts the activity of the multienzyme complex. The nature of this effect
is still debated, being attributed either to reduction of mass transfer limitations (substrate
channeling) [11-13] or to a complete change in the microenvironment [14-16].

Three main methods are widely used for enzyme immobilization, namely (i) binding
to a support, (ii) encapsulation or (iii) cross-linking [10]. Each immobilization technique
has its advantages and disadvantages. The selection of the method to apply depends on
the specific objectives and applications of the target enzyme complex [17,18].

The multienzyme cascade complexes can be assembled through: (i) simple fusion
of enzymes combining their polypeptide chains by short cross-linkers [19]; (ii) attaching
of enzymes on desired docking sites of a scaffold biomolecule, e.g., DNA [20], or (iii) co-
immobilization in which the enzymes are bonded to the same support in close physical
proximity, mimicking the multienzyme complexes in living cells [21]. The last method is
the most frequently used to design cascade catalysts with industrial applications.

Several approaches have been developed for multienzyme co-immobilization, e.g., ran-
dom or positional co-immobilization [22-24] and compartmentalization [25]. The latter
approach has been developed to mimic natural enzyme organization in cells, wherein
the enzymes are spatially separated in different patterns and ratios on the same support.
Several carriers such as polymer capsules [25], polymersomes [26], liposome vesicles [27],
and nano/microsized particles [28] have been used to integrate enzymes via encapsulation
or layer-by-layer surface attachment.

Along with their enhanced stability and reusability, however, the immobilized en-
zymes display reduced catalytic activity in comparison to the native counterparts, due
to decreased mobility, unfavorable conformation, and mass transfer limitations related
to the attachment to a solid support [8-10]. A notable exception has recently been re-
ported by Zare et al.: organic-inorganic hybrid nanoflowers (NF) [29]. The authors prepare
flower-like hierarchical nanostructures comprising Cuz(POy); as the inorganic component
and different enzymes as the organic component (e.g., laccase, carbonic anhydrase, and
lipase) by adding copper Cu?* to protein solutions in saline phosphate buffer (PBS). Later
studies [30,31] confirm that this new immobilization method results in higher catalytic
activity of the enzyme complexes being at the same time: simple, sustainable, and of low
energy consumption. The NF synthesis that could be considered a particular case of en-
zyme immobilization involves three steps [29-31]: nucleation, growth, and completion. In
the first stage, the protein molecules form complexes with the copper ions, mainly through
coordination with amine or amide groups from the protein backbone, which become the
nuclei of primary crystals of copper phosphate. Then, the metal-protein primary crystals
aggregate into large agglomerates in the shape of flower petals. In the final stage, protein(s)
bind the petals together, thus forming 3D flower-like protein-inorganic structures.

In subsequent studies summarized in comprehensive review articles, different metal
ions, for instance, Ca2*, Zn?*, Min2*, Mg2+, FeZ*, Co?*, etc. and numerous single enzymes
have been used to design NF-based biocatalysts and biosensors applicable in biotechnology,
biomedicine, and environmental sciences [30-34]. Since a nitrogen atom is involved in
the complexation during the NF formation [29,30], besides enzymes and other nitrogen-
containing biomolecules such as aptamers, natural DNA, amino acids, and chitosan, elastin-
like polypeptides have also been used as the organic element to construct self-assembled
NF [34]. Multienzyme NF assemblies capable to catalyze cascade reactions have also
been developed. Thus, Sun et al. [35] prepare a bienzyme NF complex by random co-
immobilization of glucose oxidase (GOx) and horseradish peroxidase (HRP) used for
glucose detection. At the same time, Li et al. [36] develop a compartmentalized NF
system by spatial co-localization of the same GOx/HRP enzyme dyad. This NF shows
higher catalytic efficiency in comparison to the free bienzyme complex or to the randomly
distributed NF assembles containing single GOx or HRP.

In spite of their undisputed qualities as efficient biocatalysts, hybrid NF have shown
some drawbacks that impede their wide industrial application. Due to multiple centrifuga-
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tion/filtration cycles during the NF collection [31-34], or in extremely acidic media [37],
the delicate hierarchically ordered petals are easily broken. Along with their mechanical
fragility and sensitivity to pH, conventional NF particles are too small to be filtered off
easily, cannot be reused after the first reaction cycle, and their synthesis could be difficult
to scale up. Consequently, there appears a demand for innovative, highly robust, and
recyclable hybrid NF systems useful for enzyme-based applications such as bioremediation,
biosensing, and biocatalysis [34]. In this context, chemical treatment and incorporation of
other nano or microsized materials have been tried to make NF more efficient for industrial
applications [38—41]. For example, cross-linking with glutaraldehyde is applied to enhance
the catalytic activity and robustness of NF comprising lipase [38,39] and laccase [40]. En-
trapment of preliminary synthesized x-acetolactate decarboxylase/ Caz(POy4), NF into
alginate hydrogel beads improves the recyclability and stability of the NF biocatalyst
applied in beer brewing industry [41]. Very recently, Luo et al. has prepared bienzyme
hybrid NF in-situ grown on PVA-co-PE, a fibrous strip that has tested with good results as
a stable and efficient colorimetric biosensor for glucose detection [42]. To the best of our
knowledge, this is the first attempt to combine NF-based enzyme dyad with a synthetic
polymer support.

Based on the existing research on multienzyme NF biocatalysts, it can be hypothesized
that other properly structured and shaped synthetic polymer supports could also be
used for more stable biocatalysts with various co-localization possibilities. Polyamides
are among the few synthetic chemical analogues of proteins permitting extensive non-
covalent interaction through H-bond formation. Moreover, polyamides are biocompatible
semicrystalline polymers with significant mechanical strength and chemical and thermal
resistance. Polyamides contain high concentrations of amide and some amine N atoms
that, as referred to previously [29,30], play a key role in the hierarchical NF auto-assembly
by complexation with the Me?* of the inorganic component.

In this study we report on the synthesis of novel polymer-assisted bienzyme nanoflower
complexes (PANF) and their application as cascade biocatalysts. The PANF complexes
contain highly porous PA6 MP used as carriers for hybrid organic-inorganic NF assem-
blies. These NF can contain both GOx and HRP enzymes or only GOx, the HRP being
preliminarily immobilized on PA6 MP. Four PANF complexes are produced with different
co-localization and compartmentalization of the two enzymes. Their catalytic activity has
been assessed in a cascade reaction for glucose detection. The kinetic parameters, i.e., the
Michaelis constant K, and the maximum velocity Vimax, have also been determined. The
influence of the temperature and the pH of the reaction medium on PANF activity, as well
as their reusability and the storage stability, are studied.

2. Results and Discussion
2.1. Synythesis of PANF

As a first step of PANF preparation, PA6 MP are synthesized by activated anionic ring-
opening polymerization (AAROP) of e-caprolactam in solution, as explained in Section 3.3
and previous reports [43,44]. The AAROP is presented schematically in Figure S1 of the
Supplementary Materials. Then, the resulting highly porous microparticles are used as
supports in the process of the preparation of conventional mono and bienzyme NF. In other
words, PANF represent mono or bienzyme NF assemblies grown on PA6 MP.

The PANF building up is presented schematically in Figure 1. This is a facile and
sustainable auto-assembly process carried out in aqueous medium at room temperature.
Altogether four PANF samples are produced, they are expected to provide different enzyme
co-localization and compartmentalization.

Samples NF GH/PA and NF GH&PA are obtained with PA6 MP, decorating them
with mixed GOx/HRP nanoflowers. In the first sample, the bienzyme NF are formed in
the presence of the MP carrier. In the second sample, the MP carrier is added 24 h after
the start of the bienzyme NF formation. In samples NF G/PAiH and NF G&PAiH, the
NF contains only GOx, while the HRP enzyme is preliminary immobilized on PA6 MP
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by physical adsorption. The difference between these two samples is the same as in the
previous sample set.

NF GH/PA
24h
RT°C
—_— NF GH&PA
HRP
Immobilization
on PA6 MP
NF G/PAiH
NF G&PAIH

GOx  HRP

N 9ot N '
€ g o« (08
Cu?*  GOxHR CuyPO,, PA6MP

P

Figure 1. Schematic presentation of the design strategy for assembling NF-decorated porous PA6
microparticles carrying the GOx/HRP enzyme dyad. PBS = phosphate buffer saline; RT = room
temperature (20-23 °C).

The PANF systems of this study combine the facile preparation and catalytic effec-
tiveness of the NF hybrids with the robustness of the PA6 MP that are also proven to be
good carriers for free enzymes [45]. Thus, PANF are expected to demonstrate appropriate
activity and stability at different reaction conditions, as well as reutilization in various
consecutive operation cycles.
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2.2. SEM Morphological Studeis

As seen from the SEM micrographs in Figure 2a—f, the GOx- and the HRP-based
NF display almost spherical morphology with average visible diameters of 5-15 pm and
differently shaped nanostructured petals. The GOx NF (Figure 2a—c) have open, well-
defined petals similar to those of a carnation. The HRP-based NF (Figure 2d—f) form denser
and more closed flowers, with smaller petals as in a ranunculus. In the NF containing both
enzymes, a flower-like complex with mixed petals’ morphology is formed (Figure 2g—i).
These three NF morphologies were easily distinguishable by direct observation.

Figure 2. SEM micrographs of: (a-c) GOx NF; (d-f) HRP NF; (g-i) mixed GH NF; (j k) PA6 micropar-
ticles. For sample designation and idealized structure see Figure 1.
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The preliminarily synthesized PA6 MP (Figure 2j,k) represents highly porous, scaffold-
like ovoid aggregates with sizes in the range of 100200 pm. The aggregation is sought on
purpose by changing the conditions of the AAROP. According to Figure 1, the pretended
PANF designs require attaching of many NF on a single PA6 microparticle. NF sizes vary
in the narrow range of 5-10 um. Therefore, the PA6 support particles should be larger than
the implanted NF structures.

Selected SEM micrographs of PANF samples are presented in Figure 3.
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Figure 3. SEM micrographs of polymer-assisted hybrid nanoflowers (PANF): (a,b) NF GH/PA;
(c,d) NF GH&PA; (e,f) NF G/PAiH; (g,h) NG G&PAiH. For sample designation see Figure 1.
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The attachment of NF structures to the porous surface of the PA6 MP is clearly observ-
able. At lower magnification (the left-hand column), the mode of the detector employed
allows the observation of the NF as brighter objects sitting on the darker porous PA6 MP.
This allows distinction between the NF and MP components. The higher magnification
(right-hand column) shows that NF GH/PA (Figure 3a,b) and NF GH&PA (Figure 3c,d)
samples contain nanoflowers of mixed morphology, while in NF G/PAiH (Figure 3e,f) and
NF G&PAiH (Figure 3g,h) the NF entities are closer to the pure carnation shape of the
single GOx nanoflowers in Figure 2a—c. Along with the well-formed NF, all four PANF
samples comprise separate petals scattered upon the MP porous surface. They are best
observed in the NF GH&PA and NF G&PAiH, i.e., the samples in which the NF formation
starts before the introduction of the PA6 MP (see the arrow-indicated areas in Figure 3d,h).

More information about the composition of the PANF systems has been obtained
by combining SEM with Energy Dispersive X-ray spectroscopy (EDX). For each PANF
sample, EDX spectra are obtained in the NF (Z1) and PA6 (Z2) zones (see the insets to
Figure 3). The numerical data of the ZAF corrected elemental analysis for Cu and P in
the NF- and PA6 zones of the PANF samples are presented in Table S1 of Supplementary
Materials. The weight percentage of Cu and P in the NF zones varies in the 27-36%
and 9.5-11.6% respectively, being the highest in NF GH&PA and the lowest in the NF
G&PAiH. At the same time, in the PA6 zones, the Cu content is between 0.0-2.5 wt.%,
and that of P varies between 1.2-1.8 wt.%. Therefore, it seems that certain small amounts
of the Cu3(POy4)2/enzyme hybrid complexes are not included in the observable by SEM
nanoflower morphologies, but reside as single petals in the MP pores.

According to the accepted mechanism, the self-assembly of NF takes place with the
participation of amide and amine groups from the protein [29,30]. Since PA6 MP contain
large concentrations of these groups, it has been decided to investigate if MP themselves
are involved in the formation of NF structures. For this purpose, PA6 MP are incubated
with CuSOy in PBS, in the absence of enzymes, following the procedure for PANF synthesis.
The appearance of the resulting mixed morphology is presented in Figure 4.

The central SEM micrograph in Figure 4 presents clearly observable platelets with
nanometric thickness (“petals”) attached to the PA6 MP surface, but no nanoflower-shaped
assemblies are observed. Moreover, the upper images in the same figure present the close
view of these inorganic morphologies whose EDX shows strong Cu and P peaks. The
bottom micrographs focus on the unchanged porous and scaffold-like morphology of the
PA6 MP support. Apparently, the N-atoms from PA6 MP could induce the formation of
inorganic “petals” whose EDX signals are identical to those of NF in Figure 3d. However, in
the absence of proteins, these “petals” could not assemble the flower-shaped morphology.
Apparently, the presence of PA6 MP has an important contribution to the morphology of
the NF component in PANF. This contribution is more pronounced whenever the PA6 MP
are introduced in the beginning of the PANF formation.

2.3. FTIR Structural Studies

Apart from direct observation of the typical PANF morphology by SEM, the structure
of the new catalytic complexes is investigated by spectral and X-ray techniques. Figure 5
presents the FTIR spectra (ATR mode, sample weights of ca. 15 mg) of some selected
samples. Curve 1 shows the spectrum of PA6 MP that contains all the peaks characteristic
of aliphatic secondary amides, namely: at 3293 and 3075 cm ™! (associated N-H groups), a
doublet at 2935 and 2863 cm ! (symmetric and asymmetric C-H stretching vibrations of
the CH; groups), 1633 cm~! (Amide I band, trans CO-NH group), and 1535 cm ™! (Amide
1T band, trans CO-NH group, highly associated). The peak at 710-685 cm™! is assigned to
the rocking vibrations of the -(CH)s- link. The weak broad band at 3490 cm ™! is ascribed
to some small amounts of non-associated N-H groups or associated OH groups from
adsorbed H,O. Notably, the weak peak at 1716-1730 cm ! belonging to terminal -COOH
group, normally found in hydrolytic PA6, was not present in PA6 MP. This can be expected,
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having in mind the mechanism of AAROP (Figure S1 of the Supplementary Materials) not
suggesting the formation of terminal -COOH groups.

Figure 4. SEM images of micro and nanostructures obtained after incubation of PA6 MP with
CuS0O,4.5H,0 in PBS, in the absence of enzymes. Central image: overall appearance; Top images:
close view of the petal-shaped platelets originating from the inorganic component (Z1); Bottom
images: close view of the porous scaffold-like morphology originating from the PA6 MP component
(Z2). The EDX data of Z1 localization is presented as inset.
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Figure 5. FTIR spectra with ATR of: 1—PA6 MP; 2—PAiH; 3—NF GH/PA; 4—NF G/PaiH.
PaiH = HPR adsorbed on PA6 MP; ATR = Attenuated Total Reflection. The dashed lines indicate the
appearance of peaks originating from the NF component. For more details, see the text.

Curve 2 in Figure 5 that presents the spectrum of PaiH sample (HRP immobilized by
adsorption on PA6 MP) is identical to that of the neat PA6 MP. This could mean that in the
former, most of the HRP have penetrated into the pores of the MP carrier and cannot be hit
by the IR radiation. Curves 3 and 4 display the FTIR spectra of NF GH/PA and NF G/PAiH
samples, respectively, both of them carrying nanoflowers on the surface of the PA6 MP.
Apart from all FTIR bands of PA6, weak but clearly observable new bands of the Cu3(POy4),
from NF at 1070-1045 cm ™! (stretching mode v3of POi_) and 987 cm ™! (POi_ stretching
mode Vi) appear in these two samples [46,47]. The NF-containing samples (curves 3 and 4)
also display a broad band centered close to 3500 cm ! being somehow different in its shape
and intensity from that of the PA6 MP. This could be due to the presence of small amounts
of NH; groups originating from the peptide enzyme matrix overlaid with associated OH
group stretching vibration peak due to humidity. Possible formation of the hydrated
CuyPO4OH specie would also result in a FTIR band in this region [47].

The FTIR spectra confirms the formation of NF structures on the PA6 MP in the
PANF complexes, but provides insufficient direct structural information about the NF-PA6
interactions in them.

2.4. Synchrotron X-ray Studies

To shed more light on the crystalline structure of the new PANF complexes, WAXS
and SAXS studies using synchrotron radiation have been performed. To the best of our
knowledge, this is the first synchrotron structural characterization of hybrid inorganic-
organic bienzyme NF complexes. Figure 6 shows the comparison between the linear WAXS
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patterns of samples representing neat PA6 MP, NF, GH and all four PANF complexes.
Notably, WAXS only probes the ordered crystalline regions of PANE.
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Figure 6. Comparative synchrotron WAXS patterns of NF and PANEF. (a)—identification of the PA6
and NF building blocks; (b)—comparison of the scattering patterns of all PANF samples. 1—PA6 MP;
2—NF GH; 3—NF GH/PA; 4—NF GH&PA; 5—NF G&PAiH; 6—NF G/PAiH. The dahesd lines in
Figure 6a relate the coinciding phospahe peaks in curves 2 and 3.

As seen from Figure 6a, the neat PA6 MP (curve 1) and the NF GH/PA complex (curve 3)
present the well-known pattern of PA6 with its two strong reflections at g = 14.4 nm~! and
17.2 nm ! ascribed to the monoclinic unit cell of x-PA6 with dpo00) =436 Aand d[002/202] = 3-65 A.
These two peaks of PA6 appear in all PANF samples in Figure 6 with the same intensity ratio
and angular positions. Therefore, it seems that the formation of NF in the presence of PA6 MP
does not affect the crystalline structure of the MP carrier.

Comparing the WAXS pattern of the conventional bienzyme GH NF (Figure 6a,
curve 2) to those of the PANF complexes (Figure 6b, curves 3—-6) shows that the latter
contains most all of the NF GH reflections (the dashed lines). These reflections belong to the
triclinic Cuz(POy); crystalline phase since the two enzyme components are amorphous in
WAXS (See Figure 52, GOx + HRP curve in the Supplementary Materials). The appearance
or disappearance of some WAXS peaks of NF between 35-45 nm~! or the change in their
intensity means that the presence of the MP carrier influences the crystalline structure of
the implanted NF. For example, the strong phosphate reflection at g = 6.7 nm~! in NF GH
(Figure 6a, curve 2) is extremely weak in the PANF samples (Figure 6b, curve 3-6), whereas
the two reflections found in NF at ¢ = 9.4 nm~! and 37.4 nm~! in NF GH are missing in
the PANF patterns. This means that the structure of the protein/phosphate crystalline
NF petals formed in the presence of PA6 MP differ from those that grow unperturbed in
the absence of the MP support. Along with the SEM studies in Figure 4, we contemplate
the WAXS results in Figure 6a as an additional proof that N-atoms of the PA6 MP could
also participate in the enzyme/copper phosphate auto assembly process, thus modifying,
although slightly, the crystalline structure of the incrusted NF.

The linear WAXS patterns in Figure 6b are normalized to the PA6 reflections and
therefore allow conclusions about the samples” protein content. Since the intensity of the
main phosphate peaks in PANF will be proportional to the amount of NF, i.e., to that of
the protein component(s), it can be inferred that sample NF GH/PA contains almost twice
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as much protein as NF GH@PA. A similar relation is valid for the NF G/PAiH and NF
G&PAiH pair. In this case, the phosphate peak intensity should be related only to the
GOx concentration.

The use of synchrotron SAXS (Figure 7) allows further clarification of the structure
of the PANF samples. This method probes density periodicities with dimensions in the
20-250 angstroms range, which includes the sizes of the crystalline lamellae typically found
in semi-crystalline polymers. The appearance of SAXS peaks depends on the phase contrast
between the crystalline and amorphous domains of the lamellar systems. Figure 7a displays
the background- and Lorentz-corrected SAXS linear profiles of the four PANF samples.
To enable comparison, the SAXS pattern of the NF GH sample (conventional GOx/HRP
nanoflowers without PA6 MP) are also presented.
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Figure 7. Comparative synchrotron SAXS patterns of: (a) NF and PANF; 1—NF GH/PA; 2—NF
GH&PA; 3—NF G/PAiH; 4—NF G&PAiH; (b) PA6 MP with immobilized GOx, HRP or a mixed
GOx/HRP. The inset represents the SAXS peaks obtained after subtraction of the signal of the NF GH
sample from those of the four PANF samples. For more details, see the text.

All four PANF samples in Figure 7a present unresolved but clear SAXS periodicity
peaks, whereas the pure PA6 MP does not show such periodicity (Figure 7b). The WAXS
pattern of PA6 MP (Figure 6a, curve 1) with an overall crystallinity index above 40%
(Figure S3a,b of the Supplementary Materials) suggests the presence of predominantly
crystalline lamellar stacks in the PA6 MP. Hence, the absence of periodicity peak in the SAXS
pattern of PA6 MP could be explained with the high porosity of the PA6 microparticles that
eliminate the phase contrast between the amorphous and crystalline domains. In support
of this assumption is the fact that whenever GOx or HRP are immobilized on PA6 MP
by adsorption, SAXS peaks are registered with long spacings L = 80 A (PA6 + individual
GOx or HRP) or L = 86 A (PA6 + GOx/HRP dyad) (Figure 7b). This means that the
immobilized enzymes really fill the pores on the surface and in the volume of the PA6 MP,
thus improving significantly the phase contrast. Similar effects are observed in the SAXS
patterns of PA6 MP containing adsorption-immobilized laccase [44]. It can be therefore
concluded that in all PANF complexes, some adsorption of free enzymes within the pores
of the MP supports takes place, apart from their presence in the NF nanostructures.

The inset of Figure 7a shows the SAXS profiles of PANF samples after subtraction
of the SAXS profile of the bienzyme nanoflowers (NF GH). This procedure is expected to
remove the contribution of the NF to the SAXS intensities of PANF, revealing better the PA6
lamellar periodicity peaks. As a result, SAXS peaks are revealed with L = 82 A for the NF
GH/PA sample and 76-78 A for the three other PANF samples. This means that in the NF
GH/PA complex, certain parts of both GOx and HRP get immobilized within the PA6 MP,
not being included into the NF assemblies. This causes increased L values of PA6, just like
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in the PA6 MP with adsorbed both GOx and HRP (Figure 7b). At the same time, the SAXS
data from the inset of Figure 7a and the whole Figure 7b suggests that in NF GH&PA (PA6
MP added after the initial formation of NF), and especially in the complexes that contain
only one of the enzymes (HRP) in the MP pores, these samples produce smaller SAXS
long spacings. Summarizing, the synchrotron WAXS and SAXS data confirm the expected
crystalline structure of the PANF complexes and validate the different localization of the
GOx and HRP enzymes.

2.5. Description of the GOx-HRP Cascade Reaction

To test the activities of the PANF in this work, the known cascade reaction of glucose
oxidation by the GOx/HRP enzyme dyad in the presence of the TMB chromophore (a
typical substrate for HRP) has been selected (Figure 8).
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How HeN O Q
OH +

OH OH the
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Figure 8. Schematic representation of the bienzyme cascade reaction used for 3-D-glucose colorimetric de-
termination. GOx = glucose oxidase; HRP = horseradish peroxidase; TMB = 3,3/ 5,5 -tetramethlbenzidine.

In this cascade reaction, Gox catalyzes the oxidation of 3-D-glucose to release D-glucono-
d-lactone and HyO,. The latter is used by HRP to oxidize the native diamine TMB, forming
a colorless cation-radical (TMB**) that is in rapid chemical equilibrium with a blue-green
colored charge-transfer complex detectable by UV /VIS spectroscopy at A = 652 nm. Since
both H,O, formation and TMB oxidation have similar reaction rates, the overall reaction rate
of this cascade process will depend on how fast and effective HyO, will reach HRP. Therefore,
the overall reaction rate will depend on the distance between Gox, HRP, and their special
orientation, i.e., on the architecture of co-immobilization of this bienzyme complex [48].
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2.6. Comparative Activity Studies

The overall catalytic activity of all PANF complexes is assessed and compared to
that of the free GOx/HRP system—either in the form of free enzymes or bienzyme NF
without PA6 MP. For this purpose, the enzymatic cascade for colorimetric determination of
-D-glucose in Figure 8 is used. Figure 9 displays the linear part of the time dependence of
the absorbance at A = 652 nm characteristic for the blue-green charge transfer complex that
TMB forms during the GOx/HRP catalyzed redox cascade. Table 1 allows the comparison
between the activity parameters of all biocatalysts of this study determined at the same
standard conditions.
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Figure 9. Overall catalytic activity of PANF complexes in comparison to the free GOx/HRP dyad
(free GH) and the same incorporated in NF without PA6 MP (NF GH). For more details, see the text.

Table 1. Activity parameters of the bienzyme PANF complexes compared to the free GOx/HRP
enzymes and to bienzyme standard NF without PA6 MP. Assay conditions: GOx/HRP activity
toward (3-D-Glucose (40 uM), in the presence of TMB (10 mM), in 0.2 M acetate buffer (pH 4, 23 °C).

Initial Rate Vo x 104 Specific Initial Rate *, Spe.c1f1 ¢ Rel?tl.ve

System [Abs s—1] [Abs s—1 mg*ll Activity, Activity
[ukat L—1] [%]
Free GH 8.735 0.0442 1.1340 100.0
NF GH/PA 2.336 0.0426 1.0919 96.3
NF GH@PA 2.781 0.0842 2.1597 190.4
NF G/PAiH 3.063 0.0258 0.6605 58.2
NF G@PAiH 2.092 0.0238 0.6092 53.7
NF GH 6.890 0.0115 0.2943 26.0

* Absorbance normalized per mg total protein content. The data in this table are average values of three syntheses
per sample, the standard deviations being in the range of 3-5%.

The first column in Table 1 displays the slope of the linear dependencies in Figure 9
that corresponds to the initial rate Vy. For a correct interpretation of these data, they
are normalized by the GOx/HRP total protein content that each sample carries. For
this purpose, the residual protein in the supernatant after each PANF synthesis has been
determined by UV spectroscopy using appropriate calibration plots. The protein content
is calculated according to Equation (1) (Section 3.6 of Materials and Methods) and used
for determination of the specific initial rate V (column 2). Column 3 shows the specific
activity in pkat. L~1. The last column 4 presents the relative activity of PANF using that of
the free GOx/HRP system (free GH) as 100%.
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Table 1 shows that the catalytic activity of the samples decreases in the following order:

NF GH@PA > NF GH/PA = Free GH > NF G/PAiH > NF G@PAiH > NF GH

The apparent superior initial rate of the free GH and NF GH samples, in fact, is due to
the elevated content of enzymes in them. The NF GH@PA complex (PA6 MP added after
initial NF formation) is almost two times more active than the free GOx/HRP enzymes.
If the PA6 MP are added in the beginning of the NF formation (sample NF GH/PA),
the resulting activity is close to that of the free GOx/HRP. This result can be explained
by the different morphologies of these two PANF samples (see the SEM micrographs in
Figures 3b,d and 4). During the one-pot synthesis of NF GH/PA, some amounts of GOx and
HRP enter into the pores of the microparticles, proved by the SAXS results. Meanwhile, in
the NF GH@PA counterpart, GOx and HRP are predominantly in the NF domains formed
during the first 24 h of the synthesis, i.e., in the absence of PA6 MP. Apparently, in this
case, less amounts of the GOx and HRP get into the MP pores. Hence, the NF GH@PA
morphology provides better a microenvironment and/or more favorable conditions for
substrate channeling, resulting in higher catalytic activity.

The two systems that contain HRP immobilized in PA6 MP prior to the formation of
the GOx-based NF are nearly two times less active than the free Gox/HRP system. This
could be related to the fact that HRP (found on the MP surface and in its pores) and Gox
(located predominantly in the NF assemblies) are well separated from each other, and that
limits the substrate/product mass transfer. PANF complexes are also prepared, in which,
instead of HRP, Gox has previously immobilized by adsorption onto PA6 MP. The results
are not presented in this work due to their extremely low enzymatic activity. This result is
understandable since GOx is the first enzyme to enter the cascade reaction, so if the access
to it is limited, the overall velocity of the cascade reaction will be low.

Table 1 shows also that the conventional NF containing GOx/HRP display much
lower activity than the free system, which is surprising and quite different from the data
previously reported [29]. Most probably, this is due to the acidic medium (pH 4) used for
the activity measurements in our study.

2.7. Kinetics Studies

The effect of the different enzyme co-localization in the four PANF samples on the
kinetics of the GOx/HRP catalyzed cascade reaction is studied at constant TMB substrate
concentration and varying the glucose substrate concentration between 50-175 pM. The
initial rates are determined in the 0-30 s range. Thereafter, the Michaelis-Menten kinetic
curves are constructed by plotting the initial rate, V), vs. glucose substrate concentration.
The double reciprocal Lineweaver-Burk plot in Figure 10 is used to linearize the data
of the Michaelis-Menten saturation curves and for more reliable determination of the
basic kinetic parameters—the Michaelis-Menten constant Ky, constant and the maximum
velocity Vmax. Kinetics studies using the same approach have been reported earlier by
other authors [49-51].

Table 2. Kinetic parameters of the bienzyme PANF complexes extracted from the Michaelis-Menten
equation by the double reciprocal Lineweaver-Burk plot. Data for the free GOx/HRP are presented
for comparison.

Km, Vmax, Vmax/[TP], CEI

System [mM] [uM s—1] [uM s-1 mgll [mgfl s 1]
Free GH 1.198 0.693 35.085 0.029
NF GH/PA 0.177 0.081 61.157 0.390
NF GH@PA 0.506 0.087 461.076 0.910
NF G/PAiH 1.688 0.129 77.850 0.046
NF G@PAiH 1.835 0.075 26.262 0.014

Note: The Vj values used in the Lineweaver-Burk plot are based on the initial reaction rate between 0-30 s.
Keat = Vinax/[TP]; CE = Kcat/Km.
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Figure 10. Double reciprocal Lineweaver-Burk plots for the PANF complexes in comparison to the
free enzyme dyad. The kinetic data extracted from these plots are presented in Table 2. For sample
designation and details, see Table 2 and the text.

According to Equation (2) (Section 3.8. of Materials and Methods), Vmax is determined
from the intercept, and Ky, from the slope of the curves in Figure 10. Ky, represents the
substrate concentration at which the enzyme reaction rate is half of V. and characterizes
the affinity between the substrate and enzyme. Low Ky, values correspond to higher affinity
and vice versa. Since Viax depends on the enzyme concentration, in comparative studies
it is more reliable to use the catalytic rate constant, Keat, and the catalytic efficiency, CE.
As usual, K¢, is determined by dividing Vmax by the total protein content TP, while CE
is defined as the ratio Keat/Km. These kinetic parameters for all four PANF systems and
those of the free GOx/HRP dyad are presented in Table 2.

As seen from Figure 10 and Table 2, the NF GH/PA and NF GH&PA complexes
designed to contain both GOx and HRP predominantly in the NF component display the
highest affinity between the enzymes and the substrates in this cascade reaction, better
than that of the free enzymes. Meanwhile, the two systems in which only GOx is located
in NF and HRP is immobilized in the PA6 MP show higher K, i.e., lower affinity toward
the substrate. The Vmax values (Table 2, column 3) after normalization by the total protein
content produce the catalytic rate constant Kea; (column 4). The affinity and the rate
parameters are united in the so-called catalytic efficiency, CE (column 5), giving the best
idea about the kinetic performance of the PANF systems, as compared to the free GOx/HRP
dyad. Evidently, the adjacent co-localization of GOx and HRP within the same NF and the
NF morphology itself of NF GH/PA and mostly of NF GH&PA results in the highest CE
values being 13 and 30 times higher than the free enzyme dyad. The NF G/PAiH system in
which NF contains GOx only and HRP has been preliminarily immobilized in the MP pores
show higher Ky, but Kegt is still superior than with the free enzymes. Hence, in this specific
PANF, the GOx active center is more difficult to be retrieved by the substrate. Despite this
diffusional limitation, Hy,O; (i.e., the product of GOx reaction and the substrate for HRP)
is still able to diffuse within the PA6 MP pores. As a whole, this PANF catalyst remains
active during the entire reaction duration, but the complete glucose conversion takes more
time. The last NF G&PAiH system show CE values being only the half of the free enzymes.
Most probably, in this case, part of the enzymes remains inaccessible for the substrate so in
general, this system works far away from its optimum conditions.
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Notably, the two PANF that contain both enzymes in the NF localization (NF GH&PA
and NF GH/PA) show the best catalytic performance and display kinetic parameters
being in times better than those of the free GOx/HRP system. This phenomenon is not
very common for conventional immobilized enzymes. Evidently, the improved kinetic
parameters of these two systems should be related to the close proximity of the two enzymes
in a single nanoflower and the unique nanoflowers " morphology that improves the reaction
microenvironment and reduces the substrate/products diffusion limitations.

2.8. PANF Reusability Tests

One of the biggest advantages of the immobilized enzymes, considered crucial for
possible large-scale use, is their reuse in various reaction cycles. Hence, the activity of the
new PANF complexes is studied in six consecutive redox cycles at pH = 4 and temperature
of 20-23 °C. The results are presented in Figure 11 in comparison to those of the NF system
without PA6 MP and to the free GOx/HRP dyad.
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Figure 11. Relative activity of the PANF complexes measured after 1-6 cycles of utilization. The
activity of the free GH dyad during its only cycle of use at 20-23 °C is taken as 100% (the dashed line).
The NF GH system (mixed GOx/HPR NF without PA6 MP) survives only one cycle of use as well.

In agreement with previous studies, the classical NF system comprising GOx and
HRP disintegrates after the first cycle, making impossible its recuperation for more uses,
which is also the case with the free enzyme dyad. In its first reaction cycle, the conventional
bienzyme NF complex shows only up to 27% of the activity of the free enzymes. The latter
is indicated with the dashed line in Figure 11.

All PANF systems endure, although with decreasing activities, up to six redox cycles.
The best performing during the first cycle samples NF GH&PA (almost two times more
active than the free dyad) and NF GH/PA (95% of the free enzyme activity) reach in
cycles 2-6 almost constant values between 20-25%. This is close to the values of the
conventional bienzyme NEFE. For the samples with HRP located predominantly in the PA6
MP (i.e., NF G/PAiH and NF G&PAiH), these values do not exceed 20%, but their first
cycle activity is also lower, in the range of 50-55%.

As seen from Figure 54 of the Supplementary Materials containing the SEM micro-
graphs of PANF complexes after the sixth operating cycle, the drop of the catalytic activity
after repeated use is to be attributed to disintegration of the NF morphologies, most proba-
bly due to their washing away and leaching of most of the enzymes out of the NF complexes.
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As can be seen from Figure 11, after the second cycle, PANF retained a residual activity of
about 10-30%, which changes very little in the next cycles. One of the systems, NF GH/PA,
is tested even in 10 working cycles and the residual activity continues to be within the
18-20%. We attribute this retention of PANF activity to some part of GOx/HRP enzymes
being adsorbed in the PA6 MP pores. Therefore, regardless of the design method used in
this work, the two enzymes could take part in both processes, i.e., the NF construction and
adsorption in the pores of the polymer particles, which is also confirmed by our SEM and
WAXS/SAXS studies.

In summary, the conjugation of PA6 MP and NF carrying GOx and HRP in different
localization of PANF allows multiple uses of these complexes in the cascade reaction of
glucose oxidation.

2.9. PANF Stability at Different Temperatures and pH

The conditions for the above activity and kinetic tests are selected having in mind pos-
sible applications of PANF catalytic systems in the food industry, where room temperature
and slightly acidic environments are very common. To make sure that the new complexes
operate at their optimum conditions, activity tests at room temperature, 40, 50, and 60 °C
and pH between 3-8 are performed and comparatively analyzed. The evolution of the
relative activities of PANF as a function of temperature at pH = 4 is presented in Figure 12.
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Figure 12. Relative activity of the PANF complexes measured at different temperatures of the reaction
medium at pH = 4. The activity of the free GH systems at 20-23 °C is taken as 100%.

The free Gox/HRP system exhibits high activity at room temperature and at 40 °C
(the activity at room temperature and pH = 4 is taken as 100%), after which the rela-
tive activity drops, and at 60°C is 4% only. The NF GH/PA sample performs similarly,
with the important difference that at 60°C this system displays 46% relative activity,
i.e., is 10 times more active than the free enzyme dyad. Once again, the NF GH/@PA
sample shows the best performance at 40 °C of 230% relative activity that at 60 °C, was
still over 100%. The other two samples containing GOx in the NF localization with HRP
immobilized on PA6 MP show the highest activity of about 60% at room temperature.
Increasing the reaction temperature results in a well-expressed decrease of the relative
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activity whereby NF G/PAiH and NF G@PAiH are outperformed by the free GH dyad at
all temperatures studied.

Figure 13 represents the relative activity of the PANF complexes at different pH values
compared to the activity of the free GH enzyme dyad at 20-23 °C and pH = 4 (the horizontal
dashed line corresponds to 100% activity). Notably, the free enzymes at pH = 3 do not
function at all; however, increasing the pH from 4 to 8 shows a clear activity optimum of
210% at pH = 6, followed by smooth decrease at higher pH values. As a whole, the profiles
of activity as a function of pH are close to a normal Gaussian curve. The same relates to
the performance of the NF GH/PA system, in which the maximum relative activity values
were in the 4-6 pH range, being close or slightly above 150%.
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Figure 13. Relative activity of the PANF complexes measured at different pH values of the reaction
medium. The activity of the free GOx/HRP systems at pH = 4 is taken as 100%.

The NF GH&PA system displays its optimum activity in the same pH range; however,
the relative activities reached 275% and 325% for pH values of 4 and 6, respectively. As in
most of the previous tests, the systems with HRP immobilized in PA6 MP are less active
than the free GOx/HRP system, whose highest values are of ca. 100% at pH = 4. The
samples NF G/PAiH and NF G@PAiH, however, show 25% activity at pH = 3, at which the
free enzymes become completely deactivated. Moreover, the NF G@PAiH system at pH = 8
performs even better than the free enzyme dyad. Apparently, at extreme pH values that
are out of the optimum range for both enzymes, the protection of HRP within the PA6 MP
pores becomes a dominant factor.

The results from the comparative temperature and pH tests show that all PANF
possess a broader window of application than the free GOx/HRP enzymes and justify the
combination of the NF and PA6 MP components in the new catalytic systems.

2.10. Shelf Life of PANF

The storage stability (or shelf life) of the PANF systems is another important parameter
to be accessed in validation of their potential for large-scale application. Figure 14 presents
the retention of the relative activities of all systems after various storage periods of up
to 60 days at 4 °C in PBS, pH 7. It should be noted that the starting activities of all
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systems at day O are different (see Table 1, column 4) and are taken as 100% in the storage

stability study.
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Figure 14. Storage stability of the PANF and free GH complexes at 4 °C, PBS. For each catalytic
system the initial activity of the freshly prepared system is taken as 100%. For the absolute values of
the initial activities see Table 1, column 4 (specific activity in pkatal-L~1).

The free GH system with starting specific activity of 1.134 pkatal-L~! has lost at day 60
about 25% of this value, the loss being best pronounced during the first 15 days. Meanwhile,
all PANF systems are more stable than the free dyad until day 15 and retain up to 85% of their
starting activity. The two PANF samples NF GH/PA and NF GH@PA lose only 2-3% until
the end of the storage period. The only PANF sample that is less stable than the free enzymes
after 15 days is NF G/PAiH. Its loss is up to 33% of its initial activity of 0.66 pkatal.L~!.

As a whole, using PA6 MP as a support for NF enhances the storage stability, especially
if both enzymes are localized in the NF component.

3. Materials and Methods
3.1. Materials and Reagents

The e-caprolactam (ECL) monomer with reduced moisture content for anionic poly-
merization (AP-Nylon®) was delivered from Briiggemann Chemical (Heilbronn, Germany).
Before use, it was kept under vacuum for 1 h at 23 °C. A polymerization activator, Briiggolen
C20® (C20), from the same company, was used. The initiator sodium dicaprolactamato-bis-
(2-methoxy-ethoxo)-aluminate (Dilactamate®, DL, 85% solution in toluene) was purchased
from Katchem (Prague, Czech Republic) and applied without further treatment. Toluene,
xylene, methanol, and other solvents were all of analytic grade, purchased from Merck
(Lisbon, Portugal) and used as received. Gox from Aspergillus niger type VIII, D—(+) glucose
(purum p.a.), NaH;PO4-2H,0, 99% (purum p.a.), Na,HPO4-2H;0O, (98%), NaCl (99%), and
CH3COOH (99%) were purchased from Merck/Sigma Aldrich, Lisbon, Portugal. HRP from
Amoracia rusticana and CH3COONa (99%) were purchased from Alfa Aesar (Lancashire,
UK). 3,3',5,5'-tetramethylbenzidine (TMB, 99%) and CuSO,.5H,0 (99%) were purchased
from Acros Organic (Porto Salvo, Portugal).
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3.2. Characterization Methods

The scanning electron microscopy (SEM) studies were performed in a NanoSEM-200
apparatus of FEI Nova (Hillsboro, USA) using mixed secondary electron/back-scattered
electron in-lens detection. All samples were observed after sputter-coating with Au/Pd
alloy in a 208 HR equipment of Cressington Scientific Instruments (Watford, UK) with
high-resolution thickness control.

UV-VIS absorbance spectral measurements were carried out using a 2401PC double-
beam spectrophotometer from Shimadzu (Kyoto, Japan). The infrared spectra of selected
bienzyme organic-inorganic complexes were obtained in a FTIR-4600 apparatus of JASCO
(Tokyo, Japan) at room temperature, with a resolution of 4 cm~! accumulating up to
64 spectra for optimum signal-to-noise ratio. The pulverulent samples were studied with
an attachment for attenuated total reflection (ATR).

Synchrotron wide-angle (WAXS) and small-angle X-ray scattering (SAXS) measure-
ments were performed at the NCD-SWEET beamline of the ALBA synchrotron facility
in Barcelona, Spain. Two-dimensional detectors were used, namely, LH255-HS (Rayonix,
USA) and Pilatus 1M (Dectris, Switzerland) for registering the WAXS and SAXS patterns,
respectively. The sample-to-detector distance was set to 150.3 mm for WAXS and 2696.5 mm
for SAXS measurements. The size of the incident beam was 0.35 x 0.38 mm (h x v) with a
wavelength A = 0.1 nm. The 2D data from the two detectors were reduced to linear profiles
using the pyFAI software [52]. For further processing of the WAXS and SAXS patterns, the
commercial package Peakfit 4.12 by SeaSolve was implemented.

3.3. Synthesis of PA6 Microparticles

The PA6 MP were synthesized by AAROP, as previously described by
Dencheva et al. [43,44]. Typically, 0.5 mol of ECL was added to 100 mL of a mixed hydrocar-
bon solvent (toluene/xylene 1:1 by volume) while stirring, under a nitrogen atmosphere,
refluxing the reaction mixture for 10-15 min. Subsequently, 3.0 mol% of DL and 1.5 mol%
of C20 were added at once. The reaction time was 1 h from the point of catalytic system
addition, and the temperature was maintained in the 125-135 °C range at a constant stirring
of about 800 rpm. The scheme of AAROP is presented in Figure S1 of Supplementary
Materials. The PA6 MP formed as fine powder that was separated from the reaction mixture
by hot vacuum filtration, washed several times with methanol, and dried for 30 min in a
vacuum oven at 60 °C. Additional Soxhlet extraction for 4 h with methanol was applied to
remove the low molecular fractions. The resulting neat PA6 MP were kept in a desiccator.

3.4. Preparation of Conventional Hybrid Organic/Inorganic Nanoflowers (NF)
3.4.1. Synthesis of Single NF Containing Only GOx or HRP

A modified procedure reported by Sun et al. [35] was followed. In a typical experiment,
34 uL of aqueous CuSOy solution (120 mM) was added to 5 mL of 0.02 M phosphate buffer
saline (PBS) with pH 7.4 containing different concentrations of GOx or HRP in the range
of 0.01-0.5 mg/mlL, followed by incubation at 20 °C, for 72 h. Then, the solutions were
centrifuged, and the supernatant was decanted and preserved for determination of the
residual protein, while the solid NF products were subjected to activity tests. The synthesis
of these monoenzyme samples was necessary to determine the optimum concentration
of the two enzymes so as to use it further in the synthesis of bienzyme nanoflowers. The
optimum concentration for GOx was found to be 0.5 mg/mL and for HRP—0.1 mg/mL.

3.4.2. Synthesis of Bienzyme NF Carrying GOx and HRP

34 uL of aqueous CuSO; solution (120 mM) were added to 5 mL of PBS (pH 7.4)
containing 0.5 mg/mL of GOx and 0.1 mg/mL of HRP, followed by incubation at 20-23 °C
for 72 h. This sample was designated as NF GH. In all of the NF preparations, molecular
biology grade water was used.
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3.5. Preparation of Polymer-Assisted Hybrid Organic-Inorganic Bienzyme Nanoflowers (PANF))
3.5.1. Synthesis of Bienzyme NF Planted on PA6 MP

Typically, 20 mg of Soxhlet-extracted and dried PA6 MP and 34 uL of aqueous CuSOy
solution (120 mM) were added to 1.5 mL of PBS (pH 7.4), 2.5 mL of PBS (pH 7.4) containing
1 mg/mL of GOx (final concentration 0.5 mg/mL), and 1 mL of PBS (pH 7.4) containing
0.5 mg/mL of HRP (final concentration 0.1 mg/mL). The mixture was subjected to incuba-
tion at 20-23 °C for 72 h. The resulting PANF sample was designated as NF GH/PA. A
similar process was applied for the preparation of the NF GH&PA sample, but there, the
PA6 MP were added 24 h after the NF incipient formation at room temperature, followed
by incubation for additional 48 h at 20-23 °C.

3.5.2. Synthesis of GOx NF Planted on MP with Preliminary Immobilized HRP

In the first step, non-covalent immobilization by adsorption of HRP on PA6 MP was
carried out. Typically, 50 mg of Soxhlet extracted and dried PA6 MP were added to 5 mL
of 0.02M PBS (pH 7.4) containing 0.5 mg/mL of HRP, followed by incubation at 37 °C for
24 h. These MP samples were designated as PAiH. In the second step, 25 mg of PAiH and
34 uL of aqueous CuSOy solution (120 mM) were added to 5 mL of PBS (pH 7.4) containing
1 mg/mL of GOx, followed by incubation for 72 h. This sample was designated as NF
G/PAiH. For the other PANF sample of this series (NF G&PAiH), a similar process was
applied, in which the PAiH microparticles were added 24 h after the incipient NF formation,
followed by additional incubation for 48 h.

3.6. Determination of the Total Amount of Protein in NF and PANF Complexes

After completion of the NF and PANF syntheses, all samples were centrifuged, the
supernatant was decanted, and subjected to UV analysis to determine the residual protein
and calculate the amount of the total protein, TP, incorporated into the NF and PANF
complexes, expressed as:

TP = Cy — Cs, [mg] (1)

where Cy was the starting protein content and Cs was the protein content in the resul-
tant supernatant after the NF synthesis. To estimate Cs, direct UV quantification of the
absorption peak at A ~ 277 nm was applied. This peak (often referred to as A280) was
ascribed to the tryptophan and tyrosine units of the GOx and HRP protein matrices,
comprising substituted benzene rings. This direct method provided reliable data with stan-
dard deviation between the individual measurements in the range of 3-5%. The indirect
Bradford or bicinchoninic acid colorimetric assays for Cs determination produced data dis-
persions of up to 15% and 30%, respectively. Thus, for all PANF samples, the absorbance at
A =277 nm was measured and Cs was calculated using a standard calibration plot. For
the samples containing pre-immobilized on PA6 MP enzyme, the amount of the adsorbed
HRP was first determined by direct UV measurement of the respective supernatant and
taken into account in the estimation of the TP content in the final NF G/PAiH and NF
G@PAiH samples.

3.7. Activity Studies

The overall catalytic activity of the GOx/HRP bienzyme system was determined
using colorimetric assay. Initially, glucose was oxidized by O, in the presence of GOx
to gluconolactone and HyO;. Then, the HRP used this H,O, to oxidize a chromophore
compound (TMB) to a blue-colored product with absorbance at Apax = 652 nm. The
scheme of this cascade reaction was discussed in Section 2.5. and presented schematically
in Figure 8.

3.7.1. Benchmark Activity Studies

The following protocol was applied for the activity test of the free GOx/HRP enzyme
dyad. First, 0.2 mL of 5 mM glucose solution in PBS (pH 7), were added to 1.98 mL of
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GOx solution in PBS (0.5 mg/mL). After incubation at 37 °C for 30 min, 0.160 mL from
this reaction mixture were introduced into the final volume of a 2 mL UV /VIS cuvette
containing also 1.72 mL acetate buffer (0.2 M, pH 4), 0.02 mL HRP solution (1 mg/mL in
PBS), and 0.1 mL of 4.2 mM TMB solution in ethanol. The absorbance increase at 652 nm
was measured as a function of time at 20-23 °C for a period of 2 min. Then, the slope of
the linear segment of this curve between 0-30 s was used to determine the initial rate of
the process.

For the activity studies of the NF and PANF complexes, 3-5 mg wet samples from
each system (the amount depended on the total protein content),) were added to a cuvette
containing 1.884 mL of 0.2 M acetate buffer (pH 4). The volumes of glucose and TMB were
the same as in the previous assay and corresponded to 40 uM glucose and 0.2 mM TMB.
The UV-VIS measurements to determine the initial rate of the cascade reaction were the
same as in the GOx/HRP free enzymes assay. When analyzing a single enzyme NF system
produced with GOx or HRP, the respective amounts of the other component of the dyad
were added as free enzyme.

All overall activities were expressed in microkatals, pkat. In this study, 1.0 pkat is the
amount of enzyme(s) required to convert 1.0 umol of TMB to the charge transfer colored
product within 1 s at pH 4 and temperature of 2023 °C. The molar extinction coefficient
¢ of the TMB chromophore is 39,000 M~! em~!. These activity assays were performed in
triplicate, the standard deviation between the parallel values being below 5%. In this study,
the activities are expressed in pkat L1

All activities were normalized by the total protein content in the respective sample and
referred to as “specific activity”. The specific activity of the Gox/HRP free enzyme dyad
was assumed to be 100% and used as reference in the calculation of the relative activity the
all NF and PANF samples.

3.7.2. Activity Studies at Different pH

The influence of the acidity of the reaction medium on the catalytic performance
of all PANF was studied in the interval of pH 3-8 using the following 0.2 M bulffers:
citrate buffers for pH 3 and pH 5, acetate buffer for pH 4, phosphate buffer for pH 7,
and potassium-phosphate buffer for pH 8. The activity measurements were performed at
20-23 °C, following the protocol described in Section 3.7.1. The specific activity of the free
Gox/HRP system at pH 4 was assumed as 100% and used to calculate the relative activities
of the PANF samples.

3.7.3. Activity Studies at Different Temperatures

These studies were also carried out using the protocol described in Section 3.7.1. Before
the UV-VIS analysis, the samples were kept in acetate buffer (0.2 M, pH 4) for 1 h in an
oven at different temperatures in the 20-60 °C interval. The specific activity of the free
GOx/HRP at 20 °C was taken as the basis for determining the relative activities of the
PANF samples.

3.8. Cascade Kinetics Studies

The cascade kinetic tests were carried out at 20-23 °C in 0.2 M acetate buffer, vary-
ing the glucose substrate concentration in the range of 50-175 uM, at a constant TMB
concentration of 2 mM, whereas those of GOx and HRP were kept at 1-2 pkat L. The
absorbance increase at 652 nm was measured for a period of 2 min and the initial rates
were determined from the slope of the linear Absgs, /time dependences. Then, the double
reciprocal Lineweaver-Burk plots were constructed according to Equation (2):

1 Km 1 1

- = +
V0 Vmax S Vmax

@

wherein Vj is the initial rate of the cascade reaction, and S is the glucose substrate concen-
tration. These linear plots were used to calculate the maximum velocity Vmax from the
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x-axis intercept of the linear dependence for all bienzyme systems studied, which values
were then used to determine the Michaelis constant Ky, from the slope.

3.9. Reusability and Shelf Life of PANF

The reusability of the conventional NF or PANF complexes was investigated for six
cycles by using 3-5 mg wet sample to catalyze the cascade oxidation reaction of 40 pM
glucose in the presence of 0.2 mM TMB under standard conditions: 0.2 M acetate buffer,
pH 4, at room temperature (21-23 °C). The enzyme activity was measured by UV-VIS as
explained in 3.7.1. Then, each sample was centrifuged, filtered, washed with 0.02 M PBS
(pH 7.4), and reused for the next cycle. The relative activity (%) was calculated considering
the activity of the free GOx/HRP system during the first cycle as 100%.

The storage stability of the free GOx/HRP system and the PANF complexes was also
analyzed by keeping them in 0.02 M phosphate buffer saline (PBS), pH 7.4 at 4 °C for
60 days. The enzyme activity was measured at time intervals following the protocol in
3.7.1. The relative activity was calculated by taking the activity of the respective sample on
the first day as 100%.

4. Conclusions

This is the first report on bienzyme hybrid cascade complexes for glucose detection
based on GOx and HRP nanoflowers planted on PA6 microparticles denominated as PANF.
Altogether, four PANF samples have been prepared by a facile auto-assembly process,
varying the enzyme co-localization. HRP becomes localized either in the nanoflowers
comprising also GOx, or, by physical adsorption, on PA6 MP. The SEM/EDX results prove
the expected morphology of all samples prepared. Evidence is also provided that the
PA6 support can stimulate the formation of Cu (II) phosphate platelets in the absence of
enzymes. The chemical composition of PANF is validated by FTIR, and their crystalline
micro and nanostructure—by synchrotron X-ray scattering. It has been demonstrated by
WAXS that the formation of the inorganic nanoflowers in the presence of PA6 MP changes
some of the crystalline reflections of the Cug(POy), triclinic unit cell, thus suggesting
physical interaction between the nanoflowers and PA6. Irrespective of the PANF design
method applied, partial adsorption of GOx, HRP, or both into the pores of the PA6 MP
support always occurs, which is proved by SAXS. Extensive activity studies with all four
PANF complexes as compared to the free GOx/HRP dyad or the GOx/HRP nanoflowers
without PA6 have been performed in the 20-60 °C range and pH between 3 and 8. At
the optimum conditions of 40 °C and pH = 6, the NF GH@PA complex displays relative
activities being more than three times higher than the free enzyme dyad. For all other
temperatures and pH values, this PANF system continues to be better than the free enzymes.
The NF GH/PA complex is the next in the order of activity reaching up to 150-175% of
the activity of the free enzymes. These two PANF containing the two enzymes in the NF
domains maintain 20-30% of their initial catalytic activity after six operation cycles. It is
comparable to the activity of the conventional GOx/HRP NF during its only catalytic cycle.
Moreover, the NF GH@PA and NF GH/PA complexes possess an excellent storage stability
at 4 °C, losing only 2-3% of their initial activity after 60 days. All these properties correlate
perfectly with the Michaelis-Menten kinetic parameters Vmax and Kp,.

Based on this study, it can be acknowledged that the PANF complexes comprising
both GOx and HRP in the nanoflowers component are significantly more active and more
stable than the free enzyme GOx/HRP or the stand-alone classic bienzyme NF. This can
potentially open the way of the PANF biotechnological application.

122



Molecules 2023, 28, 839

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ molecules28020839 /51, Figure S1: Chemical reactions occur-
ring during AAROP of e-caprolactam to PA6 MP; Table S1: Elemental analysis of PANF samples
by SEM/EDX with ZAF corrections; Figure S2: WAXS linear profiles of PA6 MP supports before
and after immobilization of GOx, HRP or GOx + HRP; Figure S3: Deconvolution of the WAXS
linear profiles of PA6 MP support before (a) and after (b) adsorption immobilization of GOx+HRP
dyad; Figure S4: SEM micrographs of polymer-assisted hybrid nanoflowers (PANF) after the
6th catalytic cycle.
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Abstract: Solid-state electrolytes (SSEs), particularly garnet-type Lig4LaszZr; 4TagO1, (LLZTO),
offer high stability and a wide electrochemical window. However, their grain boundaries limit
ionic conductivity, necessitating high-temperature sintering for improved performance. Yet, this
process results in brittle electrolytes prone to fracture during manufacturing. To address these
difficulties, solvent-free solid-state electrolytes with a polyacrylonitrile (PAN) coating on LLZTO
particles are reported in this work. Most notably, the PAN-coated LLZTO (PAN@LLZTO) electrolyte
demonstrates self-supporting characteristics, eliminating the need for high-temperature sintering.
Importantly, the homogeneous polymeric PAN coating, synthesized via the described method,
facilitates efficient Li* transport between LLZTO particles. This electrolyte not only achieves an
ionic conductivity of up to 2.11 x 1073 S cm~! but also exhibits excellent interfacial compatibility
with lithium. Furthermore, a lithium metal battery incorporating 3% PAN@LLZTO-3%PTFE as the
solid-state electrolyte and LiFePO, as the cathode demonstrates a remarkable specific discharge
capacity of 169 mAh g~! at 0.1 °C. The strategy of organic polymer-coated LLZTO provides the
possibility of a green manufacturing process for preparing room-temperature sinter-free solid-state
electrolytes, which shows significant cost-effectiveness.

Keywords: composite solid-state electrolytes; solvent-free method; high ionic conductivity

1. Introduction

In recent years, as a representative of the energy industry, the scale of lithium batter-
ies [1,2] is constantly expanding. At present, the cathodes of automobile batteries, both at
domestic and international levels, are mainly LiFePOy [3] and LiCoO; [4], etc. Nevertheless,
most of these batteries have reached their highest theoretical energy density and suffer from
safety risks. Solid-state batteries (55Bs) [5,6] are considered to be one of the most promising
categories, replacing the organic electrolyte and diaphragm in existing lithium batteries
with solid-state electrolytes (SSEs) [7,8]. These batteries are noted for their enhanced cycle
life, compact form factor, scalability, adaptability of design, and straightforward packaging,
which are attributes that align with the progressive evolution of energy storage solutions.

SSBs are differentiated based on their electrolyte composition into two primary cate-
gories: organic and inorganic. Organic solid-state electrolytes are typified by polyethylene
oxide (PEO) [9,10], polyacrylonitrile (PAN) [11-14], etc. Inorganic solid electrolytes are
mainly characterized by oxides and sulfides, etc. The prevalent electrolytes in SSBs are
oxides, sulfides, and polymers, with oxide electrolytes exhibiting a better comprehensive per-
formance and substantial developmental prospects. Oxide solid electrolytes can be classified
into five principal types: (1) garnet (e.g., Lig4LasZr; 4Tag 4O12, LLZTO) [15-18], (2) Lithium-
ion Conductor (LISICON, e.g., Lij4Zn (GeOy)4) [19], (3) Lithium ion-containing Na* Super
Ionic Conductor (NASICON, e.g., Lip Tip(POy4)3) [20], (4) perovskite (e.g., Lig 33La055TiO3),
and anti-perovskite (e.g., LiyOHCI). Among these, the garnet type stands out for its higher
ionic conductivity, robust lithium metal stability, and significant long-term developmental
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potential [21,22]. In particular, LLZTO has the advantages of Li friendliness, high electro-
chemical stability, and a wide electrochemical window (0-6 V vs. Li* /Li) [23].

Current research underscores significant advancements in the mass production and
market adoption of garnet electrolytes. Notably, Wachsman’s group [24] focused on
industrial-scale applications, endeavors to realize high-capacity, high-energy-density solid-
state lithium-sulfur batteries via a cost-effective strategy. By eliminating the impurity phase
from the Ta-LLZTO surface, they have created batteries with a runtime exceeding 300 days
and a capacity retention rate of 80%. As another example, Guo’s research group [25]
has introduced LLZTO with ceramic particles coated by a polyacrylonitrile (PAN) layer,
synthesized via a flow-assisted method. This innovation has resulted in the diminished
interfacial impedance between garnet ceramics and lithium metal, concurrently enhancing
the electrochemical stability of the developed solid-state batteries. However, LLZTO has
several critical limitations in research and practical applications. (1) Environmental sensi-
tivity: The surface of LLZTO can easily generate lithium-hating impurities, e.g., LIOH and
LiCOs [26], which are harmful to the stable cycling of batteries. (2) Insufficient softness:
LLZTO solid-state electrolytes do not have enough “softness” to adapt to the deformation
strain of the electrode material, although the isotropic shear modulus (60 GPa) [27] is
higher than the critical value required to suppress lithium dendrites (8.5 GPa) [28]. (3) High
application requirements: Unlike sulfide-based solid electrolytes, LLZTO particles cannot
support fast inter-particle Li* conduction [29] at loosely stacked grain/particle boundaries
and generally need the additional work of sintering the particles or applying external
pressure. (4) Difficulty in production: Due to the high-hardness behavior of LLZTO SSEs
(Young’s modulus ~ 150 GPa, Bulk modulus ~ 100 GPa), electrolyte membranes with a
thickness of less than 200 pum [30] are tough to produce. The above series of problems
seriously prevent the usage of LLZTO SSEs. Therefore, it is necessary to overcome the
obstacle of the heterogeneous phase on the SSEs” surface, high hardness, harsh preparation
conditions, and processing. Currently, novel LLZTO SSEs materials with both excellent Li*
conductivity and simple fabrication and application urgently need to be developed.

In this study, we coated 3% homogeneous PAN on the surface of LLZTO particles.
The close chemical interactions at the PAN/LLZTO interface contribute to inducing partial
de-hydrocyanation of PAN and result in a localized conjugated structure, which can benefit
the transport of Li* among 3% PAN@LLZTO particles. Nevertheless, the enhancement
of high safety and energy density (>500 wh kg~!) batteries [31] is difficult to achieve
with only a single material. We discovered that the solvent-free method [32-35] used to
prepare electrode films is also suitable for the preparation of LLZTO SSEs membranes.
This simple and energy-efficient preparation method requires only a small percentage of
polytetrafluoroethylene binder without a solvent. Controlled mixing, microfibrillation,
and fibrillation steps could be employed to repeatedly calendar 3% PAN@LLZTO particles
to obtain thin electrolyte membranes. Finally, we observed that electrolyte membranes
(=50 pm) prepared by biaxial calendaring at 80 °C using 3%PTFE can achieve an ionic
conductivity of >1073 S cm~! without sintering or applying external pressure. Notably, we
used a lithium metal battery with 3% PAN@LLZTO-3%PTFE as the SSEs and LiFePO, as
the cathode exhibits an excellent discharge-specific capacity (169 mAh g~!) at 0.1 °C. The
investigation into solvent-free composite solid-state electrolytes (SSEs) represents a seminal
advancement in the field, enabling the feasibility of sinter-free SSEs at room temperature.
This sophisticated methodology is poised to redefine the frontiers of cost-effectiveness
within the domain of energy storage technologies.

2. Results and Discussion

The synthesis of 3% PAN@LLZTO composite electrolyte powder was carried out by
the solution precipitation method, and the specific process is shown in Figure 1la (refer
to the Experimental Section). Keeping a uniform distribution of LLZTO particles in the
polymer network is crucial. Scanning electron microscope (SEM) images of LLZTO and
3% PAN@LLZTO powders are shown in Figure 1b,c. The electrostatic interaction between
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PAN, LLZTO, and DMSO occurs during the synthesis process, which can promote the
even distribution of the polymer coating on the surface of the particles and can prevent
the aggregation of LLZTO particles [25]. Therefore, PAN has significant advantages as a
coating material for LLZTO. As shown in the XRD image (Figure 1d), the 3% PAN@LLZTO
powder did not undergo a chemical change compared to the LLZTO. This result illustrates
that the PAN surface coating cannot change the crystal structure of LLZTO.
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Figure 1. (a) Synthesis of 3% PAN@LLZTO composite electrolyte powder; SEM images: (b) LLZTO
powder and (c) 3% PAN@LLZTO powder; (d) XRD image and (e) FT-IR spectra of PAN, LLZTO, and
3% PAN@LLZTO.

In the FT-IR spectra (Figure 1e), the peak intensities of 3% PAN@LLZTO at 2936 cm !
(stretching vibrational mode of the C-H bond) and 2242 cm~! (stretching vibrational
mode of the -CN bond) are obviously lower than PAN. The observation of a peak at
2212 cm ™!, which we hypothesize is indicative of the formation of a novel compound
LiCN, suggests that the polyacrylonitrile (PAN) may have experienced a dehydrogenation
reaction. Notably, pure PAN is characterized by a white color, in contrast to the brownish-
yellow appearance of PAN-coated LLZTO, as depicted in Figure Sla,b. The interaction
between DMSO and LLZTO is believed to induce a redistribution of electron density
within the DMSO molecule, thereby promoting the dehydrogenation of PAN on the LLZTO
surface and leading to the emergence of a conjugated structure [25]. Additionally, the
introduction of pure DMSO to PAN and LiTFSI results in a light-yellow coloration, as
illustrated in Figure S2a,b, with the hue becoming more pronounced in the presence of
both DMSO and LLZTO. It should be noted that the addition of LiTFSI is solely intended to
enhance the ionic conductivity of the solid-state electrolyte, and it does not react chemically.
These color changes, alongside the results from the FT-IR spectroscopy, collectively support
the inference of a dehydrogenation reaction taking place. Furthermore, when exposed to
air, LLZTO is prone to the formation of alkaline surface impurities, including LiOH and
LipCOs;. Interestingly, LIOH has been identified as a catalyst for the de-hydrocyanation of
PAN [36]. As a result, the modification of LLZTO with the ionic conductor PAN is posited
as a multifaceted strategy. This approach not only enhances the conductivity of Li* at the
ceramic/polymer interface but also contributes to the mitigation of surface contamination
on LLZTO.
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The preparation of the SSEs membrane by the 3% PAN@LLZTO powder is shown
in the preparation process in Figure 2a. Pre-mixing, microfibrillating, and fibrillating
LLZTO with commercial PTFE followed by calendaring can yield 3% PAN@LLZTO-PTFE
membranes. The specific procedure was as follows: Firstly, the 3% PAN@LLZTO electrolyte
and PTFE particles were uniformly mixed using a ball mill without zirconium balls for
15 min in Figure 2b. Subsequently, the mixed powder described above was microfibrillated
in a ball mill with zirconium balls added for 5 min to obtain a flocculated PAN@LLZTO-
PTFE matrix in Figure 2c. Finally, the above-obtained flocculent was calendared with a
roller press to a defined thickness, which provided an enhancement of the fibrillation in
Figure 2d and allowed the fibers to be clearly seen. After that, all the LLZTO particles were
distributed in the tightly connected PTFE fibers to obtain a solvent-free solid electrolyte
membrane of 3% PAN@LLZTO-PTFE. The top view of the PAN@LLZTO-PTFE membrane
shows complete fibrosis in Figure 2e. The FT-IR spectra (Figure S3) of the PAN@LLZTO
powder and PAN@LLZTO-PTFE membrane show a significant shift compared to the PTFE
in the bands at 1207 and 1151 cm~!. It proves that PTFE and LLZTO form interactions
during the preparation process.
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Figure 2. (a) Synthesis of 3% PAN@LLZTO-PTFE membranes; SEM of: (b) the mixture of 3%
PAN@LLZTO and PTFE, (c¢) 3% PAN@LLZTO powder and micro-fibrillated PTFE flocculent,
(d) enhanced fibrillation of the flocculent structure, (e) total fibrillating of the 3% PAN@LLZTO-
PTFE; SEM of 3% PAN@LLZTO-PTFE calendaring after: (f) 5 times; (g) 10 times; (h) 15 times;
(i) 20 times; Variation of (j) tensile strength with the number of calendaring cycles, (k) tensile strength
with electrolyte film thickness, and (1) ionic conductivity with PTFE content; (m) factors influencing
the fibrillation degree of solvent-free SSE films.

In this research, we have conducted an in-depth investigation into the factors influenc-
ing the fabrication of PTFE-LLZTO electrolyte films. Scanning electron microscopy (SEM)
was employed to analyze the microstructural alterations of the materials, as depicted in
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Figure 2f-i. SSEs membranes were fabricated using varying calendaring times (5, 10, 15,
and 20), while maintaining consistent PTFE content. The PAN@LLZTO-PTFE samples
subjected to 5 and 10 cycles of calendaring exhibited a fibrillated structure (Figure 2f,g),
with distinct PAN@LLZTO and microfibrillated PTFE phases being discernible. SEM im-
ages (Figure 2h,i) reveal that the tensile strength of the PAN@LLZTO-PTFE composites
increase with the number of calendaring cycles as the surface becomes more compact. In
Figure 2j, there is a significant enhancement in the tensile strength of the SSEs film when
the calendaring cycles reach 15 times (288 kPa) or more. This finding suggests a correlation
between the number of calendaring cycles and the extent of fibrillation. However, the de-
gree of fibrillation is not solely dependent on the number of calendaring cycles; it was also
observed that the tensile strength of the SSEs membranes increases with thickness when
thickness is the sole variable (Figure 2k). It is important to note that variations in PTFE
content can fundamentally affect the degree of fibrillation, which subsequently impacts
the intimate contact between the PAN@LLZTO particles, as reflected in the differences
in Li* conductivity. Although the PTFE binder is capable of binding LLZTO particles to
form membranes, the incorporation of excessive insulating PTFE may diminish the Li*
conductivity of the resulting membranes. This underscores the delicate balance required in
the formulation of PTFE-LLZTO electrolyte films to optimize both mechanical strength and
ionic conductivity.

To investigate the influence of PTFE content on the electrochemical behavior of SSE
membranes, SS | PAN@LLZTO-PTFE | SS were assembled with PTFE membranes of uni-
form thickness (60 & 2 pm). The Li* conductivity of the SSE membranes was determined
from the electrochemical impedance spectra (EIS). In Figure 21, although the highest ionic
conductivity (2.17 x 1073 S em~!) was observed at a PTFE ratio of 0.5%, the resulting
SSE membrane structure was too loose for practical application. Consequently, the SSE
membrane with the next highest ionic conductivity was selected, which, at a PTFE content
of 3%, exhibited an ionic conductivity of 2.11 x 103 Scm L. In contrast, an excessive PTFE
content, such as 4%, resulted in a decrease in ionic conductivity. The optimal PTFE content
facilitates close contact between LLZTO particles, thereby maximizing Li* conductivity. For
all electrochemical studies in this work, PAN@LLZTO membranes prepared with 3% PTFE
(3% PAN@LLZTO-3%PTFE) were utilized. Furthermore, the fibrillation of SSE membranes
must account for the effects of temperature and calendaring direction. Given that the
glass transition temperature (Tg) of PTFE exceeds 80 °C [37], all SSE membranes were
calendared at this temperature in the current study. Unidirectional calendaring tends to
create aggregated one-dimensional (X direction or Y direction) fibers, whereas biaxial-
directional (X direction and Y direction) calendaring creates randomly dispersed fibers.
Hence, biaxial-directional calendaring was employed throughout this work. In conclusion,
various conditions, including PTFE content, calendaring frequency, film thickness, tempera-
ture, and calendaring direction, affect the fibrillation degree of solvent-free SSE membranes,
as illustrated in Figure 2m. Therefore, to enhance the physical and electrochemical proper-
ties of SSE membranes, a multifaceted consideration [38] of these conditions is necessary,
rather than focusing on a single factor.

The 60 £ 2 ym membranes (Figure 3a) used in the EIS tests, (Figure 3b) as well as the
SSILLZTO-3%PTFE | SS and SS | 3% PAN@LLZTO-3%PTFE | SS, were of uniform thickness.
The impedance of the 3% PAN@LLZTO-3%PTFE membrane was found to be significantly
lower (3.48 Q) vs. 6.04 )), signifying its superior Li* conductivity. This enhanced ionic
conductivity is beneficial in mitigating concentration polarization during the battery’s
charge and discharge cycles. The operational voltage of a battery is a critical parameter
that affects its performance. To assess the electrochemical stability of the electrolyte, linear
scanning voltammetry (LSV) was employed on the cell SS 3% PAN@LLZTO-3%PTFE | Li.
The LSV curve shows a horizontal shape followed by a rising curve. The finding in Figure 3c
indicates that this electrolyte can support normal battery operation up to a maximum
voltage of approximately 4.9 V versus Li/Li*. The electrolyte membrane fabricated in this

130



Molecules 2024, 29, 4452

study, 3% PAN@LLZTO-3%PTFE, demonstrated excellent interfacial compatibility with

lithium metal.
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Figure 3. (a) Thickness measurement diagram and schematic diagram for cutting 16mm diameter
of 3% PAN@LLZTO-3%PTFE; (b) impedance of LLZTO-3%PTFE and 3% PAN@LLZTO-3%PTFE;
(c) linear scanning voltammetry of 3% PAN@LLZTO-3%PTFE; (d) Li plating/stripping curves of
LLZTO-3%PTFE and 3% PAN@LLZTO-3%PTFE.

To further evaluate the dynamic stability of lithium ions at the interface between 3%
PAN@LLZTO-3%PTFE and lithium metal, a Li|3% PAN@LLZTO-3%PTFE | Li battery was
subjected to the plating and stripping process at a current density of 0.1 mA cm 2. The
experimental outcomes, as shown in Figure 3d, reveal that these lithium cells were capable
of cycling stably for over 450 h with a maintained overpotential. Additionally, the overpo-
tential of the Li| 3% PAN@LLZTO-3%PTFE | Li was notably lower (£1.3 mV) than that of
the Lil LLZTO-3%PTFE | Li (11 mV). In addition, we summarize recent representative
work on solvent-free inorganic solid-state electrolytes in Table 1. Comparisons were made
in terms of thickness, PTFE content, and ionic conductivity, respectively. The comparison
reveals that the electrolyte films prepared in this work have the highest conductivity and
have potential for development.

Table 1. Electrochemical properties of lithium-based batteries using solvent-free electrolytes membrane.

. Ionic
SIS/I]:;III:;:;? Th(lcl::)ess (I;I;I;E) Conductivity Batteries References
K * (103Sem1)25°C
N Li3IHCl6@LiC002 | Li3InC16/LPSC |

LizInClg /PTFE 20 0.5 1.00 Graphite/LPSC [39]

LPSC/S/C/PTFE 93 1.0 0.63 S/C/LPSCILPSCILi [32]

LPSC/PTFE 300 2.0 1.28 NCMS811/LPSC I LPSC | Si [37]
NCMS811 | LLZTO/LiTFSI in DMSO

LLZTO/PTFE 20 0.5 0.52 with 10% FEC | Si-C-450 [39]
LFPILLZTO/LiPFg in EC:PC = 1:1

LLZTO/PTFE 20 3.0 0.66 vol% with 5% FEC | Li [38]

PAN@LLZTO/PTFE 62 3.0 2.11 LFP|PAN@ LLZTO/LiPFs in This work

EC:DEC = 1:1 vol% with 5% FEC | Li

LPSC (L16P55C1), NCMS811 (LlnggMI'IOlCOOlOz), LLZTO (Li6A4La3Zr1'4Ta0_6012), LFP(LIFGPO4)

Since 3% PAN@LLZTO has excellent Li* conductivity and lithium metal compatibility,
it can be prepared as a solvent-free SSE (3% PAN@LLZTO-3%PTFE) and then assembled
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with a Li anode and LiFePO, (LFP) cathode (Figure 4a). The EIS test was performed at
25 °C for the battery before cycling and after 100 cycles. Nyquist plots captured from
1 Hz to 1 MHz at open circuit potential revealed a high-frequency semicircle, correlating
to charge-transfer resistance (Rct). [40,41] As depicted in Figure 4b, Rt increased from
6.25 x 10% to 7.7 x 10% Q post charge-discharge cycle. Figure 4c shows the Coulombic
efficiency of the LFP | 3% PAN@LLZTO-3%PTFE | Li during the three cycles, and the values
are all better than those of the LFP | LLZTO-3%PTFE | Li. In particular, the Coulombic
efficiency of the 3% PAN@LLZTO-3%PTFE half-cell for the first cycle is close to 99%,
indicating that its cycling reversibility is excellent. In addition, in the multiplicity test
curve (Figure 4d), the discharge capacity of this cell was as high as 169 mAh g1 at 0.1 °C,
nearly close to its theoretical capacity of 170 mAh g~!. As the current was increased from
0.1 °C to 1.0 °C and then restored to 0.1 °C, the reversible capacities of the electrodes were
70 and 159 mAh g !, respectively. Furthermore, the cyclic reversibility of the LFP 3%
PAN@LLZTO-3%PTFE |Li charge—discharge performance at 1, 2, 5, 10, 50, and 100 cycles
can be seen in Figure 4e. The charge—discharge curves overlap very well, indicating the
excellent reversibility, as well as the stable performance of the batteries. The capacity
retention of the 3% PAN@LLZTO-3%PTFE batteries (92.8%), was significantly higher than
that of the LLZTO-3%PTEFE half-batteries (3.4%) for 100 cycles at 0.1 °C (Figure 4f), and
this is probably attributed to the excellent Li* conductivity of the electrolyte. Based on the
above electrochemistry of the batteries, the 3% PAN@LLZTO-3%PTFE synthesized using
the solvent-free production method proposed herein holds great promise for improving
the performance of lithium metal batteries.

3%PAN@LLZTO-3%PTFE S0 Li| SSE | LFP, 25°C
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Figure 4. Electrochemical properties of LFP | 3% PAN@LLZTO-3%PTFE | Li batteries. (a) Battery’s
structure diagram; (b) impedance before and after cycle; (¢) Coulombic efficiency during the three
cycles; (d) discharge rate curves at 0.1 °C, 0.2 °C, 0.3 °C, 0.5 °C, 1.0 °C; (e) charge and discharge
voltage profiles obtained at different cycles; (f) long-term cycling performance at 0.1 °C compared
with LFP | LLZTO-3%PTFE | Li.

3. Materials and Methods
3.1. Materials

Polyacrylonitrile (PAN) was purchased from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. Lig4LazZr; 4Tag 4O12 (LLZTO) was purchased from Shenzhen Neware Co.,
Ltd. 1-methyl-2-pyrrolidinone (NMP) (99.7%), methyl sulfoxide (DMSO), and 1-propanol
were purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd. LiFePO,4 (LFP), Super P,
Li foil (© 15.6 mm, thickness: 0.45 mm), and electrolyte (1 M LiPFg in EC:DEC = 1:1 vol%
with 5 vol% FEC) were purchased from Dongguan Canrud Innovative Technology Co., Ltd.
PTFE binding was purchased from Daikin Fluorochemical (China) Co., Ltd.
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3.2. Preparation of 3% PAN@LLZTO Powder

Initially, PAN and lithium bis(trifluoroethane)sulfonamide salt (LiTFSI) was dissolved
in methyl sulfoxide (DMSO) in a mass ratio of 1:1 and ball-milled for 4 h. Subsequently,
under an argon atmosphere, LLZTO was added in the mass ratio of LLZTO: PAN = 100:3
and then continued to be ball-milled for 12 h. Finally, 1-propanol was added to the above
mixture and ball-milled for 1 h. The mixture was dried under a vacuum at 80 °C for 48 h to
remove the solvent. The obtained 3% PAN@LLZTO powder was stored in an argon-filled
glove box.

3.3. Preparation of PTFE-LLZTO Electrolyte Membrane

First, the 3% PAN@LLZTO electrolyte and PTFE particles were homogeneously mixed
using a ball mill without zirconium balls for 15 min at room temperature. Subsequently, the
above-mixed powder obtained was microfibrillated in a ball mill grinder with the addition
of zirconium balls for 5 min to obtain a flocculent 3% PAN@LLZTO-PTFE matrix. Finally,
the above matrix obtained was calendared to a specified thickness by a roller press to obtain
a solvent-free solid electrolyte membrane of 3% PAN@LLZTO-PTEE.

3.4. Preparation of LFP Electrodes and Cell Assembling

The LFP cathode was prepared by mixing LFP, Super P, PVDF, LiTFSI, and PAN with a
mass ratio of 70:10:10:5:5. The slurry was coated on aluminum foil and dried at 80 °C for 10 h.
The electrolyte was controlled at 15 puL. The electrolyte tends to minimize the poor contact at
the electrolyte/electrode interface and to avoid direct failure of the battery to operate. The
mass loading of LFP was controlled within 1-1.5 mg cm 2. All coin cells were assembled
with designed electrodes and electrolytes in a glove box (H,O and O, < 0.01 ppm).

3.5. Characterizations and Electrochemical Measurements

A Fourier transform infrared (FT-IR) spectrometer (Bruker Tensor-27, Saarbrucken,
Germany) was used to examine the chemical structures. X-ray diffraction (XRD) patterns
were collected on a Rigaku X-ray diffractometer (D/max 2500, Rigaku, The Woodlands, TX,
USA) to identify the crystal structure. A scanning electron microscope (SEM) was used to
visualize the morphology and elemental distribution (JEOL JSM-6701F, JEOL Ltd., Tokyo,
Japan). Electrochemical measurement (electrochemical workstation of CHI-660E, Neware
battery test system, CT-4008T-5V10mA-164, Shenzhen, China).

4. Conclusions

In summary, we report a solvent-free solid electrolyte membrane prepared from a
polymer PAN-coated oxide electrolyte. The modification of LLZTO with an ionic conductor
PAN not only contributes to the enhancement of Li* conductivity at the ceramic/polymer
interface but also supports the removal of contaminants from the LLZTO surface. In ad-
dition, we tested the tensile strength of SSEs prepared with different process parameters
(content of PTFE, number of calendaring, film thickness, temperature, and calendaring
direction). The 3% PAN@LLZTO-3%PTFE prepared using this strategy has good compat-
ibility with Li metal and excellent Li* conductivity. The electrochemical performance of
LFP | Li half-cells assembled with 3% PAN@LLZTO-3%PTFE was much higher than that
of LLZTO-3%PTFE without PAN modification. Therefore, the present work is feasible
and tremendously cost-effective for facilitating the transition of SSB technology from the
laboratory to the factory.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/molecules29184452/s1. Figure S1: PAN powder and 3% PAN@LLZTO pow-
der; Figure S2: color of DMSO/PAN and DMSO/PAN/LLZTO; Figure S3: FI-IR of PAN, PAN@LLZTO,
and PAN@ LLZTO-PTFE membrane.
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Abstract: The expansive utility of polymeric 3D-printing technologies and demand for high-
performance lightweight structures has prompted the emergence of various carbon-reinforced poly-
mer composite filaments. However, detailed characterization of the processing—microstructure—
property relationships of these materials is still required to realize their full potential. In this study,
acrylonitrile butadiene styrene (ABS) and two carbon-reinforced ABS variants, with either carbon
nanotubes (CNT) or 5 wt.% chopped carbon fiber (CF), were designed in a bio-inspired honeycomb
geometry. These structures were manufactured by fused filament fabrication (FFF) and investigated
across a range of layer thicknesses and hexagonal (hex) sizes. Microscopy of material cross-sections
was conducted to evaluate the relationship between print parameters and porosity. Analyses de-
termined a trend of reduced porosity with lower print-layer heights and hex sizes compared to
larger print-layer heights and hex sizes. Mechanical properties were evaluated through compression
testing, with ABS specimens achieving higher compressive yield strength, while CNT-ABS achieved
higher ultimate compressive strength due to the reduction in porosity and subsequent strengthening.
A trend of decreasing strength with increasing hex size across all materials was supported by the
negative correlation between porosity and increasing print-layer height and hex size. We elucidated
the potential of honeycomb ABS, CNT-ABS, and ABS-5wt.% CF polymer composites for novel 3D-
printed structures. These studies were supported by the development of a predictive classification
and regression supervised machine learning model with 0.92 accuracy and a 0.96 coefficient of
determination to help inform and guide design for targeted performance.

Keywords: acrylonitrile butadiene styrene (ABS); additive manufacturing; carbon-reinforced ABS;
classification; fused filament fabrication; honeycomb; machine learning; mechanical properties;
polymer composites; regression

1. Introduction

The continued advancement of tools and technologies to meet lightweight and high-
performance needs demands the development and utilization of novel multi-functional
composite structures. To this end, additive manufacturing (AM), commonly referred to
as 3D-printing, represents a significant advancement in conventional manufacturing by
enabling the fabrication of complex, tailored components and offering compatibility with a
broad spectrum of materials. AM further deviates from traditional subtractive approaches
and is instead characterized by the layer-by-layer assembly of intricate geometries directly
from computer-aided design models. This has led to novel applications in the automotive,
aerospace, maritime, energy, and medical sectors through the development of components,
including crankshafts, heat exchangers, batteries, and dental implants [1-4].

One notable technique under the umbrella of AM is fused filament fabrication (FFF),
also referred to as fused deposition modeling (FDM); it has been made popular due to its
versatility, cost-effectiveness, and low barrier to entry [5]. In this process, a spool of filament
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material is fed through a heated nozzle and deposited onto a substrate layer-by-layer to
construct bespoke three-dimensional objects. Depending on the material, such as high-
performance thermoplastics and ceramics, a heated substrate and heated chamber could
be necessary to address print defects, improve layer-to-layer adhesion, and enhance print
quality [6]. The properties and fabrication of components from polylactic acid filament
with metal-reinforcement for added multi-functionality, carbon-reinforced PEEK and PEI
filament, and sustainable naturally reinforced filament with wood and hemp have also
been explored [7-9]. Some FFF printers also allow the user to incorporate continuous-fiber
reinforcement, such as Kevlar for added impact resistance [10]. The utilization of multiple
nozzles on a single FFF printer further enables the fabrication of tailored multi-material
and multi-functional components through the use of multiple filaments in a single print
task [11]. A secondary nozzle can also be leveraged to incorporate sacrificial filament
within a design, supporting overhangs and other typically difficult-to-print geometries;
this sacrificial filament is later removed through dissolution.

Taking full advantage of the design freedom and tailorability afforded by FFF, oppor-
tunities to advance technology through topology optimization, integrated features, and
part consolidation for reduced weight and improved performance will play a critical role in
FFF’s adoption by industry [12,13]. One specific avenue to address lightweighting through
FFF of components is by incorporating lattice design, which can be achieved through the
use of triangular, grid, rectilinear, and honeycomb infill patterns [14]. The honeycomb
pattern, a hexagonal (hex) arrangement of cells, is a prevalent architecture in nature that
is most recognized for its role in beehive structures; it provides a high strength-to-weight
ratio and packing density and is currently used by the aerospace industry for the design of
lightweight aluminum aircraft panels. In a study by Mansour et al. [15], an examination of
the honeycomb structure and the reinforcement material determined that incorporating a
hierarchical structure with chopped fiber or carbon nanotubes results in increased strength
and stiffness. In this light, FFF opens the door for the development of complex multi-
material and multi-functional honeycomb structures with great potential for application in
the aerospace industry.

Addressing the need for both novel lightweight structures and an increased desire for
sustainable closed-loop systems toward a circular economy, acrylonitrile butadiene styrene
(ABS) and polylactic acid (PLA) are widely available material systems that are compati-
ble with low-cost FFF printers and have demonstrated qualities of biodegradability and
recyclability [16-18]. Relative to PLA, ABS offers better impact, heat, and electrical re-
sistance properties and has been widely investigated in order to determine the effects of
processing parameters and reinforcement materials on mechanical properties, tribological
behavior, and thermal properties [19-22]. However, the numerous features involved in
3D-printing create a large and complex design space, which has not yet been fully explored
and requires additional investigation. With sufficient development and understanding of
the process—structure—property relationships of the ABS system along with the effect of
material reinforcement, FFF components with tailored designs could be developed to meet
performance needs. By leveraging machine learning and artificial intelligence approaches,
these relationships and discoveries could then be utilized to accelerate, inform, and guide
designs for targeted properties [23-27].

In the current work, ABS and reinforced ABS materials were printed by desktop FFF.
Process parameters, including print-layer height and hex size, were modified to ascertain
their effects on the resultant 3D-printed structures and properties. This was achieved
through the characterization and evaluation of specimens by microscopy and compression
testing. Furthermore, machine learning models trained on experimental results were
developed to classify materials and predict ultimate compressive strength; these were
subsequently evaluated for performance and can provide a means to guide and inform the
design of these honeycomb structures.
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2. Results and Discussion
2.1. Material Characterization

The structures of 3D-printed components, including defects such as porosity, are
influenced by the combination of process parameters used during fabrication. Hex sizes
ranging from 5.46 mm to 6.99 mm and print-layer heights of 0.2 mm and 0.3 mm were
investigated for ABS, CNT-ABS, and CF-ABS materials (3DXTech, Grand Rapids, MI, USA).
Figure 1 illustrates the effects of the hex size and print-layer height (LH) on FFF CNT-ABS
for several process combinations. It is observed in Figure 1a that a cross-section of CNT-
ABS having the smallest hex size of 5.46 mm and shortest layer height of 0.2 mm contains
relatively few defects, which are highlighted in red. When increasing the hex size to the
maximume-printed 6.99 mm while maintaining the layer height at 0.2 mm, as shown in
Figure 1b, there is an increase in inter-layer porosity found throughout the cross-section.
Maintaining the larger hex size of 6.99 mm and increasing the print-layer height to 0.3 mm
is then shown to significantly increase inter-layer porosity relative to the other process
parameter combinations. When maintaining all other parameters as constant, a smaller
print-layer height improves packing, overlap, and adhesion [28,29]. For these reasons,
relative to a 0.2 mm print-layer height, the 0.3 mm print-layer height had increased air
gaps and porosity. The increase in porosity with increasing hex size could potentially stem
from changes in the print duration. As the hex size increases, an individual layer’s surface
area decreases, and this corresponds to a decrease in print time. The resulting thermal
gradient and its effect on layer adhesion could influence porosity formation. However,
a comprehensive analysis of porosity at different hex sizes but at a constant print-layer
height is necessary to further investigate this relationship. Additionally, across all process
parameter combinations, there is porosity observed along the full length of the honeycomb
vertices. The consistency of this porosity in each cross-section can then be explained by the
printer’s nozzle path during fabrication and possible lack of overlap or under-extrusion
of filament to fully connect the honeycomb walls at the vertices. A modification to the
print process parameters, such as by increasing the overlap percentage, would likely resolve
this defect.

@ ® ©
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Material: CNT-ABS §& Material CN:ABS - 3B Maferial' CNT-ABS
Hex:.5.46 mm Hex: 6.99 mm - Hex: 6.99.mm
LH: 0.2 mm “LH:02mm’ 1 kH:0.3mm

e 2L . 1mm .

Figure 1. Optical microscopy cross-sections, in-plane with the print direction, of carbon nanotube
reinforced (CNT) ABS specimens with different hex sizes and print-layer heights (LHs): (a) Hex:
5.46 mm | LH: 0.2 mm; (b) Hex: 6.99 mm | LH: 0.2 mm; (c) Hex: 6.99 mm | LH: 0.3 mm. A selection of
porosity defects is highlighted in red. A cross-section perpendicular to the print direction correspond-
ing to the 5.46 mm and 6.99 mm hex sizes and each having a length and width of approximately
254 mm X 25.4 mm is also provided for each specimen.
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With this perspective, the pure ABS honeycomb cross-sections in Figure 2 illustrate
the effect of layer height on porosity for the largest printed hex size. A print-layer height of
0.2 mm with a hex size of 6.99 mm (Figure 2a) demonstrates partial inter-layer porosity that
is mostly contained in the upper half of the print. When the print-layer height is increased
to 0.3 mm and the hex size remains constant at 6.99 mm (Figure 2b), the observed inter-layer
porosity increases: extending through a larger portion of the cross-section. These ABS
honeycomb specimens demonstrate an increase in porosity with increasing print-layer
height, in agreement with trends founds in the CNT-ABS honeycomb specimens. However,
it is also observed that the inter-layer porosity found in ABS honeycomb cross-sections is
not as significant relative to CNT-ABS specimens fabricated under the same hex size and
print layer height conditions. This is possibly due to a combination of process parameters
and an increased propensity for micro-porosity in CNT-ABS, which are demonstrated by the
speckled features throughout the cross-sections in Figure 1. The result is weaker interfaces
and more extensive porosity overall compared to printing with pure ABS. In this context, a
general solution to improve the print quality is to use a smaller print-layer height at the
trade-off of the time savings achieved through increased print-layer heights. Additionally,
similar to the CNT-ABS specimens, the ABS cross-sections demonstrate inherent porosity
along the honeycomb vertices due to the nozzle path and under-extrusion. However, the
increased number of discontinuous regions in Figure 2 relative to Figure 1 is a result of
the chosen process and print parameters. Given constant processing conditions such as
nozzle diameter, nozzle speed, and print bed temperature, the resulting print quality can
vary based on adjustments to the hex size, print-layer height, and material. For the same
processing parameters, the increased thermal conductivity of CNT-ABS relative to ABS
could result in increased material extrusion and overlap as well as reduced discontinuities
in the print. In both materials, these discontinuities could be remedied by modifying
process parameters to provide additional material extrusion for connecting the honeycomb
vertices. For additional microstructure analysis and porosity quantification, the reader is
referred to prior work [30].

(a) (b)

Material: ABS Material: ABS
Hex: 6.99 mm Hex: 6.99 mm
LH: 0.2 mm : L};|:O.3 mm

1 mm 1 mm

— e — &

Figure 2. Optical microscopy cross-sections, in-plane with the print direction, of pure ABS specimens
with a constant hex size and different layer heights (LHs): (a) Hex: 6.99 mm | LH: 0.2 mm; (b) Hex:
6.99 mm I LH: 0.3 mm. A selection of porosity defects are highlighted in red. A cross-section
perpendicular to the print direction corresponding to the 6.99 mm hex size and each having a length
and width of approximately 25.4 mm X 25.4 mm is also provided for each specimen.
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Figure 3 provides a digital image correlation (DIC) snapshot of several honeycomb
specimens during compression testing at a minimal applied load and after yielding. It is
noted that the orientation of coupons within the test frame was varied such that the coupon
was resting on either its first or last print layer. The 5.46 mm hex and 0.2 mm print-layer
height ABS honeycomb specimen (Figure 3(1-a,1-b)) was tested while resting on its last
print layer. Upon compressive yielding, the bottom of the specimen, corresponding to
the last print layers, begins to demonstrate inter-layer delamination. Examination of the
CNT-ABS specimen with a 6.99 mm hex and 0.3 mm print-layer height in Figure 3(2-a,2-b)
revealed a similar location of failure in the region corresponding to the upper half of the
print. Furthermore, failure in the upper print layers also occurred with the 6.22 mm hex
and 0.2 mm print-layer-height CF-ABS honeycomb specimen in Figure 3(3-a,3-b). The
proximity of the failure to the upper print layers of these honeycomb specimens was
identified as a consistent trend across all tested honeycomb specimen variations, regardless
of specimen orientation in the test frame. This is likely an artifact of the FFF process,
processing parameters, and material. When printing the first layers of a specimen, the build
plate provides an additional heat source to help reduce warping and improve adhesion
between each print layer. As the print extends further away from the build plate, the
effect of the heated build plate is diminished, resulting in reduced inter-layer adhesion
and print quality [31,32]. This is supported by imaged cross-sections in Figures 1 and 2,
where a gradual increase in porosity in the latter half of print layers can be observed. A
potential solution to improve layer adhesion throughout the print is to leverage a fully
enclosed chamber and a preheating period to bring the internal chamber environment to a
sufficiently high and uniform temperature. As a result of increased porosity in the upper
print layers, this region of the specimen is inherently weaker and susceptible to becoming
the initial location of failure upon yielding. Additionally, it is observed that compressive
failure in the carbon-reinforced ABS is generally more destructive than that of the pure
ABS honeycomb specimens. This could, again, be explained by increased porosity in the
carbon-reinforced specimen relative to pure ABS specimen, resulting in the more extreme
inter-layer delamination after yielding observed in Figure 3(2-b,3-b).

2.2. Mechanical Properties

Figure 4 shows a representative subset of data obtained from compression testing of
ABS, CE-ABS, and CNT-ABS honeycomb specimens with hex sizes of 5.46 mm, 5.72 mm,
6.22 mm, and 6.99 mm for print-layer heights of 0.2 mm and 0.3 mm. When maintaining
a constant print-layer height while varying the material and hex size, it is observed in
Figure 4a that the ABS, CF-ABS, and CNT-ABS specimens with hex sizes of 5.46 mm,
5.72 mm, and 5.46 mm, respectively, withstood larger stresses than their larger-hex-sized
counterparts of 6.99 mm, 6.22 mm, and 6.99 mm, respectively. The ABS and CNT-ABS
specimens with a print-layer height of 0.3 mm, shown in Figure 4b, demonstrated similar
behavior, with the smaller 5.46 mm-hex-size specimens undergoing larger stresses before
failure relative to the 6.99 mm hex specimens. These observations reinforce a trend of
decreasing compressive strength with increasing hex size and are further corroborated by
forthcoming results and analysis.
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Figure 3. DIC snapshots of honeycomb specimens during compression testing: (1) ABS with 5.46 mm
hex size and 0.2 mm layer height; (2) CNT-ABS with 6.99 mm hex size and 0.3 mm layer height;
(3) CF-ABS with 6.22 mm hex size and 0.2 mm layer height; (a) minimal applied load; (b) after
yielding. The first print layer and the location of failure after yielding are noted.

141



Molecules 2024, 29, 2736

(a) AHex | Layer Height = 0.2 mm
S -
® Lar e:r Hex
g“o‘ g Condition
— — ABS | 5.46 mm | 0.2 mm
© 30 == ABS|6.99 mm | 0.2 mm
3‘ —— CF-ABS | 5.72 mm | 0.2 mm
2 20 == CF-ABS | 6.22 mm | 0.2 mm
5 —— CNT-ABS | 5.46 mm | 0.2 mm
10 | == CNT-ABS | 6.99 mm | 0.2 mm
0 ; . . ;
0.00 0.01 0.02 0.03 0.04
Strain, € [mm/mm]
(b) AHex | Layer Height = 0.3 mm

Condition
= ABS | 5.46 mm | 0.3 mm
== ABS|6.99 mm | 0.3 mm
= CNT-ABS | 5.46 mm | 0.3 mm
== CNT-ABS | 6.99 mm | 0.3 mm

0.00 0.01 0.02 0.03 0.04
Strain, € [mm/mm]

Figure 4. Stress-strain curves for the compression testing of 3D-printed honeycomb coupons: (a) ABS
and CNT-ABS specimens with 5.46 mm and 6.99 mm hex sizes as well as CF-ABS specimens with
5.72 mm and 6.22 mm hex sizes, where all specimens have a constant print-layer height of 0.2 mm;
(b) ABS and CNT-ABS specimens with 5.46 mm and 6.99 mm hex sizes, where all specimens have a
constant print-layer height of 0.3 mm. Solid lines represent the smaller hex size (5.46 mm or 5.72 mm),
and dashed lines represent the larger hex size (6.2 mm or 6.99 mm) of each material.

Figure 5 shows the average compressive yield strength, 0,14, with standard deviation
error bars for ABS, CNT-ABS, and CF-ABS across all hex sizes, where the compressive
yield stress for each specimen is determined from the 0.2% offset plastic strain. Observing
the overall trend of the data, there is a slight negative correlation of decreasing com-
pressive yield strength with increasing hex size, in agreement with trends from Figure 4.
Additionally, the yield strengths for ABS and CNT-ABS with 0.2 mm print-layer height
are consistently greater than their counterparts with 0.3 mm print-layer height. This is
due to increased inter-layer porosity with increased print-layer heights, as observed in
Figures 1 and 2, resulting in reduced strength for the 0.3 mm print-layer-height specimens
relative to the 0.2 mm print-layer-height specimens. When comparing ABS and CNT-ABS,
it is shown that ABS generally achieved higher compressive yield strength across all hex
sizes. For the case of CF-ABS with 0.2 mm print-layer height, the determined yield strength
was lower than the values for all other feature combinations except CNT-ABS with 0.3 mm
layer height. The performance of CF-ABS specimens falling between that of the CNT-ABS
0.2 mm and 0.3 mm print-layer height specimens and below that of ABS honeycombs is
an expected outcome based on the increased porosity observed in the carbon-reinforced

142



Molecules 2024, 29, 2736

specimens. CF-ABS with 0.2 mm print-layer height likely demonstrated reduced compres-
sive yield strength relative to CNT-ABS with 0.2 mm print-layer height due to an increased
quantity of porosity within the filament and, consequently, increased porosity within the
printed component, as described by Vakharia et al. [7]. If CF-ABS with 0.3 mm print-layer
height had been 3D-printed, it would likely have the lowest compressive strength of all
tested feature combinations.
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Figure 5. Average compressive yield strengths with standard deviation error bars for ABS, CNT-ABS,
and CF-ABS across all hex sizes (5.46 mm, 5.72 mm, 5.97 mm, 6.22 mm, 6.48 mm, 6.73 mm, and
6.99 mm) and print-layer heights (0.2 mm and 0.3 mm).

The average ultimate compressive strength, 0compressive, and standard deviation error
bars, determined by the maximum stress, for ABS, CNT-ABS, and CF-ABS specimens
across all hex and layer heights is captured in Figure 6. A strong negative correlation is
readily observed in this instance, where the ultimate compressive strength decreases with
increasing hex size, from 5.46 mm to 6.99 mm, for 0.2 mm and 0.3 mm print-layer heights.
For each ABS and CNT-ABS, it is observed that the 0.2 mm print-layer height resulted
in a larger ultimate strength than the 0.3 mm print-layer height, resulting from increased
porosity with increasing layer height. However, unlike with compressive yield strength, the
CNT-ABS specimens of both layer heights achieved larger ultimate compressive strength
values than ABS honeycombs across all hex sizes. This is likely due to the initial compressive
load compacting the inter-layer porosity present in coupons combined with enhanced CNT
reinforcement, resulting in substantial strengthening of CNT-ABS specimens before failure.
Producing the lowest ultimate strength values, CF-ABS specimens of 0.2 mm print-layer
height and 5.72 mm, 5.97 mm, and 6.2 mm hex sizes likely suffered from increased porosity,
contributing to an overall weaker performance relative to ABS and CNT-ABS specimens.
This increased porosity is a cascade effect stemming from CF-ABS filament porosity coupled
with poor fiber-matrix interfaces contributing to differing flow of the chopped fiber and
polymer matrix and resulting in inner-bead porosity during filament extrusion [33]. The
investigation of alternate extrusion methods, processing parameters, and optimization of
the processing and treatment of the fiber-reinforced composite filament could provide a
solution to mitigate porosity formation within these FFF components. Alternative designs,
such as hierarchical honeycomb structures, could provide additional avenues for study.
Although tested in a different orientation, Mansour et al. [15] reported ultimate strength
values in the range of 32-38 MPa, 40-46 MPa, and 41-47 MPA for hierarchical honeycomb
structures of ABS, CNT-ABS, and CF-ABS, respectively. These values fall below the ranges
of 45-54 MPa, 46-57 MPa, and 47-53 MPa determined for ABS, CNT-ABS, and CF-ABS in
the current study, and this can be explained by differences in the hexagonal structures and
process parameters between the studies.
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Figure 6. Average ultimate compressive strength with standard deviation error bars for ABS, CNT-
ABS, and CF-ABS across all hex sizes (5.46 mm, 5.72 mm, 5.97 mm, 6.22 mm, 6.48 mm, 6.73 mm, and
6.99 mm) and print-layer heights (0.2 mm and 0.3 mm).

The average Young’s modulus, E, and standard deviation error bars for the ABS,
CNT-ABS, and CF-ABS honeycomb coupons, calculated from the linear elastic region of
the compressive response, is shown in Figure 7a. Across all hex sizes, from 5.46 mm to
6.99 mm, the Young’s modulus remained relatively constant within each material and print-
layer-height combination. The values for CNT-ABS and CF-ABS in this study fall within
the ranges of 1.8-4.7 GPa and 1.3-3.6 GPa, respectively, that have been reported in several
studies [15,30,34]. However, the Young’s modulus for ABS in the current study exceeded
the range (1.6-2.2 GPa) reported by these studies [15,30,34]. This is possibly due to
variation in filament properties between batches and vendors in addition to variations
between printers and process parameters, yielding printed components with different
mechanical properties.

The density, p, of each honeycomb material and print-layer-height set generally re-
mained constant across the hex sizes as well, as captured in Figure 7b. Due to the increased
propensity for porosity within CF-ABS prints, reduced density in CF-ABS relative to
CNT-ABS and ABS specimens was observed. The surface area, Agy; 4., measurements in
Figure 7c represent the honeycomb cross-sectional area perpendicular to the print direc-
tion as calculated by Keyence (Itsaca, IL, USA) analysis software version 3.0.34 for each
feature combination. A negative correlation is observed between surface area and hex
size for ABS, CNT-ABS, and CF-ABS at 0.2 mm and 0.3 mm print-layer heights. This is
expected due to the constrained dimensions of the honeycomb coupons of approximately
25.4 mm for both the length and the width. As a result, increasing the hex size translates to
fewer hexes fitting within the 25.4 mm by 25.4 mm area and a decrease in the cross-sectional
surface area. This also supports the negative trends for compressive yield and ultimate
strengths previously discussed. Although the same printer is used, there are still slight
variations in the surface areas between specimens having the same hex size. A combination
of processing parameters to include materials, print-layer heights, and fluctuations within
the material filament itself impact filament extrusion and the corresponding line width of
the extruded filament, providing an explanation for dimensional variance from the input
honeycomb design.
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Figure 7. Average (a) Young’s modulus (E), (b) density (p), and (c) surface area (A, face) with
standard deviation error bars for ABS, CNT-ABS, and CF-ABS across all hex sizes (5.46 mm, 5.72 mm,
5.97 mm, 6.22 mm, 6.48 mm, 6.73 mm, and 6.99 mm) and print-layer heights (0.2 mm and 0.3 mm).

From the 65 data points across all three materials, the Pearson correlation coefficient
matrix heatmap between hex size, LH, Young’s modulus, compressive yield strength,
ultimate compressive strength, surface area, and density is illustrated in Figure 8. In
agreement with observations from Figures 5-7, weak-to-moderate negative correlations for
[hex size, compressive yield strength], [hex size, compressive ultimate strength], [hex size,
surface area], [LH, Young’s modulus], and [surface area, Young’s modulus] are determined.
Weak-to-moderate positive correlations for [LH, Young’s modulus], [LH, density], [Young’s
modulus, compressive yield strength], [Young’s modulus, density], [compressive yield
strength, compressive ultimate strength], and [compressive ultimate strength, surface area]
are also observed.

145




Molecules 2024, 29, 2736

Legend 1.00
dl dl |Hex [mm]
d2 | LH [mm] 0.75
d2 - 0.06 d3 | E [GPa]
" d4 | oyieq [MPa] -0.50
056 d5 | o e [IMPa]
d3 -=0.07 % Compressive
- ’. d6 ASurface [mm2] ‘025
d7 cm?3
d4 --0.36 -0.48 0.25 s [g/ ] -0.00
d5 -0.13 0.02 | 0.39 --0.25
- —0.50

d6--0.38 -0.1 -0.27 -0.1

-0.75
d7- 0.2 NGEEEGEFE 0.01 0.13 -0.17 1
] 1) ' 1 o _1.00

di d2 d3 d4 d5 d6 d7

Figure 8. Pearson correlation coefficient matrix heatmap for: hex size (Hex [mm]); layer height (LH
[mm]); Young’s modulus (E [GPa]); compressive yield strength (cy;.;; [MPa]); compressive ultimate
strength (0compressive [MPal); surface area (Agy; face [mm?]); density (o [g/cm?]). The correlation
coefficient value is provided within each grid. Color and intensity correspond to the degree of
correlation: red—positive correlation; blue—negative correlation; white—no correlation.

2.3. Classification and Regression

A classification model was developed to classify materials by type, and it was trained
on a selection of input features with an 80/20% train—test split on the 65 experiment data
points. These features include hex size, print-layer height, surface area, mass, volume,
density, maximum applied load, yield strength, Young’s modulus, and specific strength.
The training accuracies of multiple supervised machine learning classification algorithms
following stratified eight-fold cross-validation (CV) are illustrated with the box plot in
Figure 9. These algorithms include linear regression (LR), linear discriminant analysis
(LDR), K-nearest neighbors (KNN), classification and regression decision tree (CART),
random forest (RF), naive Bayes (NB), and support vector machine (SVM). The spread of
the accuracy for each algorithm depicts the model’s consistency across each cross-validation
split. Here, KNN’s wide spread is indicative of varied performance depending on the
cross-validation set, whereas SVM might demonstrate a smaller spread but also has a
consistently lower accuracy. Of these algorithms, LDA seems to perform the best, with
an average accuracy of 0.98 and a standard deviation of 0.05, as summarized in Table 1.
The average accuracies and standard deviations for KNN and SVM are 0.64, 0.21] and
[0.48, 0.05], respectively. LR provided the second-best CV accuracy at 0.89 and a standard
deviation of 0.16, followed by RF with values of 0.84 and 0.14, respectively. Although
the accuracy metric alone does not comprehensively assess model behavior and could
be biased toward overfitting, the stratified CV approach helps alleviate these concerns
for an initial model down-selection, and these results can subsequently be supported by
descriptive metrics, including recall, precision, and F1-score.
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Figure 9. Spot-screening of classification algorithms and corresponding accuracies for material
prediction resulting from stratified 8-fold cross-validation with training data: LR—linear regression;
LDA—linear discriminant analysis; KNN—k-nearest neighbors; CART—classification and regression
decision tree; RE—random forest; NB—mnaive Bayes; SVM—support vector machine.

Table 1. Training results from spot-screening multiple machine learning algorithms for material
classification. Stratified 8-fold cross-validation (CV) average accuracies and standard deviations
are provided.

Algorithm CV—Accuracy Std. Deviation
Linear Regression 0.89 0.16
Linear Discriminant Analysis 0.98 0.05
K-Nearest Neighbors 0.64 0.21
Decision Tree 0.81 0.10
Random Forest 0.84 0.14
Naive Bayes 0.81 0.09
Support Vector Machine 0.48 0.05

A down-selection was made based on previously discussed performance, and the
LDA model was validated with the unseen test data. A confusion matrix (Figure 10) depicts
the model-predicted label of ABS, CF-ABS, or CNT-ABS for a given set of honeycomb
features with the true label. Entries in the top-left to bottom-right diagonal correspond to
accurate predictions, while counts outside of this diagonal were inaccurately predicted.
The overall LDA classification accuracy, taken as the ratio of correct predictions over the
total number targets, was found to be 0.92. It was found that the model provided one
incorrect prediction of ABS when the material was, in fact, CNT-ABS. This is likely due
to overlap in some of the features for each material, such as compressive yield strength,
Young’s modulus, and density, and due to the low number of data points available for
training. However, it is shown that the LDA classification model performed sufficiently
well on the test data, with precision, recall, and F1-score metrics for each material class
provided in Table 2. Classification of ABS had a reduced precision and F1-score due to
the incorrect label prediction, CNT-ABS had a slight drop to its recall and F1-score, and
the Fl1-score of 1 for CF-ABS demonstrates the model’s well-balanced ability to recall the
material class with precision. The caveat is that the small data set resulted in only a single
CF-ABS data point remaining in the test set for validation, and a single error resulted in
0.75 precision for ABS classification. Although the model performed reasonably with the
current data, by conducting additional experiments and gathering more data, the model
could be expanded and refined with more extensive training and testing sets for added
utility and improved accuracy. Also not explored is hyperparameter tuning, which could
provide an alternate method for improving model performance. However, this step was
not deemed necessary based on the current results.
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Figure 10. Confusion matrix of linear discriminant analysis predicted labels and true labels based on
the test data set: ABS, CF (CF-ABS), and CNT (CNT-ABS).

Table 2. Test results for material classification with linear discriminant analysis. Precision, recall, and
F1-score statistical metrics are provided.

Material Precision Recall F1-Score
ABS 0.75 1.00 0.86
CF-ABS 1.00 1.00 1.00
CNT-ABS 1.00 0.89 0.94

A regression model, taking the form y = m;X; + ... +m;X,, + b, was developed to
predict the ultimate compressive strength of honeycomb specimens based on a selection
of input features and an 80/20% train—test split of the 65 experiment data points. In this
formula, X represents the features, m is the feature coefficients, and b is the intercept. These
features include material, hex size, print-layer height, surface area, mass, volume, and
density. Multiple regression algorithms were trained, and the coefficient of determination,
R?, to evaluate the fit of model predictions was determined through validation with the
test data, with the results shown in Table 3.

Table 3. Results from screening multiple regression algorithms for the prediction of ABS, CNT-ABS,
and CF-ABS compressive strength. The R? and mean absolute error for each algorithm is provided.

Algorithm R? Mean Absolute Error [MPa]
Ridge Regressor 0.91 0.83
Linear Regression 0.96 0.63
K-Neighbors Regressor 0.70 1.70
Gradient Boosting Regressor 0.88 0.99
Random Forest Regressor 0.79 1.40
Extra Trees Regressor 0.82 1.28
Decision Tree Regressor 0.79 1.5
Lasso Regression 0.36 2.34

The trained algorithms include ridge regressor, linear regression, k-neighbors regressor,
gradient boosting regressor, random forest regressor, extra trees regressor, decision tree
regressor, and lasso regression. Although R? has limitations, such as neglecting prediction
accuracy, this metric is still informative for evaluating regression performance [35]. Of these
algorithms, lasso regression had the weakest performance, with an R? of 0.36, whereas
the top-performing algorithm was linear regression, with an R? of 0.96. Ridge regressor
and gradient boosting regressor fell short, with R? values of 0.91 and 0.88, respectively.
The mean absolute error (MAE) values of these algorithms also provide insight to model
performance and are calculated as the average absolute error between the predicted and the
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actual ultimate compressive strength. The linear regression MAE of 0.63 MPa corresponds
to highly accurate predictions given the range of ultimate compressive strength falls
between 46 MPa and 58 MPa. The MAE also tends to decrease with decreasing R* and has
a value of 2.34 MPa for the lasso regression algorithm. Based on these findings, the linear
regression model predictions evaluated against corresponding experimental measurements
are further analyzed in Figure 11. The y = x line demarcates predictions that perfectly
correspond to experiment measurements, with under-predicted values falling below the
line and over-predicted values above. It is observed that an equal distribution of over- and
under-predicted values occurs across the full range of ultimate compressive strength values
within the test data set. This signals that the model is not apparently biased toward over-
or under-predicting and can perform well across the design space for which it was trained.
These observations are supported by the root mean square error (RMSE), 0.74 MPa, and
the mean absolute percentage error (MAPE), 1.2%, for the 13 test samples, which represent
a good measure of predictive accuracy for the model when compared with experiments.
Table 4 summarizes the intercept, features, and corresponding coefficients for this linear
regression model.
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Figure 11. Predicted ultimate compressive strength from trained linear regression model evaluated
against experimental measurements for ABS, CNT-ABS, and CF-ABS, resulting in an R? of 0.96,
mean absolute error (MAE) of 0.63 MPa, mean absolute percentage error (MAPE) of 1.2%, and a root
mean square error (RMSE) of 0.74 MPa. Predictions falling on the y = x correspond perfectly with
experiments.

Table 4. The intercept, features, and corresponding coefficients for a linear regression model with
one-hot encoding for material, hex size, and print-layer height: b—intercept; SA—surface area;
V—volume; D—density; M—mass; H1 (hex 1)—5.46 mm; H2—5.71 mm; H3—5.97 mm; H4—6.22
mm; H5—6.48 mm; H6—6.73 mm; H7—6.99 mm; LH1 (layer height 1)—0.2 mm; LH2—0.3 mm.

b SA vV D M ABS CF-ABS CNT-ABS H1 H2 H3 H4 H5 He H7 LH1 LH2
-20.0 -0.107 199 59.7 -7.20 -1.25 0.0150 1.23 206 221 140 -0.256 -0.105 —-1.7 —-3.62 0963 —-0.963

One-hot encoding was utilized to incorporate categorical features into the previously
described linear regression model. In this method, a value of 0 or 1 is assigned to the feature
depending on whether it is false or true, respectively. These categorical features included
material, hex size, and layer height. An approach with hex size and print-layer height as
continuous values will help reduce the number of features and result in a more generalized
linear regression model. Table 5 summarizes the intercept, features, and corresponding
coefficients for the generalized linear regression model. Here, mass was also dropped as
a feature due its redundancy with volume and density resulting in a negligible effect on

149



Molecules 2024, 29, 2736

model performance. This linear regression model demonstrated good predictive accuracy
and similar performance to the first model, yielding an R?, MAE, MAPE, and RMSE of
0.95,0.61 MPa, 1.2%, and 0.77 MPa, respectively, for the 13 test samples. It should be noted
that, similar to the classification model, additional experiments would be beneficial for
increasing the training data available and for expanding the utility of the model. However,
the linear regression model in its current state performed well at accurately predicting the
ultimate compressive strength of the honeycomb specimens in this work.

Table 5. The intercept, features, and corresponding coefficients for the generalized linear regression
model with continuous values for hex size and print-layer height and one-hot encoding for material:
b—intercept; SA—surface area; V—volume; D—density.

b SA A\ D ABS CF-ABS CNT-ABS HexSize Layer Height
—-10.0 —0205 245 637 —197 1.72 0.250 —3.15 —1.69

3. Materials and Methods

The specimens in this work were 3D-printed on a Makerbot Replicator 2X (MakerBot
Industries, LLC One MetroTech Center, Brooklyn, NY, USA). In addition to material type,
print process parameters that were varied included the dimensions of the hexagons com-
prising the honeycomb structures and the print-layer height, as summarized in Table 6. The
3D-printed filament material, manufactured by 3DXTech, included pure ABS, multi-walled
carbon nanotube reinforced ABS, and 5 wt.% chopped carbon fiber reinforced ABS, which
will now be referred to as ABS, CNT-ABS, and CF-ABS, respectively. Hex sizes, defined
as the distance between opposite walls of a hexagon, were 5.46 mm, 5.72 mm, 5.97 mm,
6.22 mm, 6.48 mm, 6.73 mm, and 6.99 mm. Specimens were printed with individual layer
heights of 0.2 mm and 0.3 mm and were printed to overall length, width, and height
dimensions of 25.4 mm, 25.4mm, and 12.7 mm, respectively. Each specimen had an open
face on the top and bottom layers and maintained a constant wall thickness. Processing
features that remained constant across all prints included nozzle diameter, 0.4 mm; filament
diameter, 1.75 mm; print speed, 120 mm/s; print temperature, 230 °C; and bed temperature,
110 °C.

Table 6. Processing features for testing.

Feature Properties
Material ABS | CF-ABS | CNT-ABS
Hex Size [mm] 5.4615.7215.9716.2216.4816.7316.99
Layer Height [mm] 0.210.3

Figure 12 shows a selection of coupons across the range of hex sizes that fabricated for
compression testing; they were loaded at a rate of 6 mm/min and nominally conformed to
ASTM C365 [36]. Figure 12a—c show hex sizes 5.46 mm, 6.22 mm, and 6.99 mm, respectively.
The overall lengths, widths, and heights of the specimens remained constant, resulting in a
reduced number of hexes for coupons with increased hex sizes. Several coupons for each
hex size and layer height were fabricated with ABS and CNT-ABS materials, while CF-ABS
specimens were of ancillary focus and were only printed with a 0.2 mm layer height and
hex sizes of 5.72 mm, 5.97 mm, and 6.22 mm.
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Figure 12. Honeycomb specimens with several hex sizes 3D-printed by FFF: (a) 5.46 mm hex; (b)
6.22 mm hex; (c) 6.99 mm hex.

A subset of specimens fabricated to the aforementioned specifications were machined
to obtain sample cross-sections in-plane with the print direction, as highlighted in Figure 13.
These samples were mounted in epoxy and were subsequently polished for examination
by optical microscope. It should be noted that Vakharia et al. [7,30] reported pull-out of
particulate reinforcement from PLA and ABS composites due to the machining and polish-
ing steps. Additional examination of cross-sections perpendicular to the print direction
and surface area measurements were conducted with a VHX-7000N (Keyence, Itsaca, IL,
USA) digital microscope. Individual images were stitched together with the microscope’s
software (version 3.0.34) to obtain panoramas of the entire cross-section. From these panora-
mas, the software calculated values for cross-sectional area. Prior to testing, the mass and
several measurements each for the length, width, and height by digital caliper (Mitutoyo,
Aurora, IL, USA), of all coupons was recorded. A prior investigation by Vakharia and co-
authors [30] conducted thermogravimetric analysis, scanning electron microscopy, energy
dispersive spectroscopy, and porosity quantification of pure ABS, CNT-ABS, and CF-ABS
material systems, and this is not repeated in this work.

Laver-wise Cross-Section

/
'. Print (2)
Direction

Figure 13. Cross-section of a 3D-printed honeycomb compression coupon in-plane with the print (Z)

12.7 mm

direction. The region of interest for the optical microscope is highlighted.

For compression testing, coupons were placed in an Instron 8562 test frame, with
the open hexagonal cells in contact with flat steel plates on either end, as illustrated in
Figure 14a. The load was applied through the honeycomb cross-sectional area (Figure 14b),
which had to be determined for each honeycomb due to changing hex sizes. Digital
image correlation was conducted with an ARAMIS (Trilion Quality Systems, Plymouth
Meeting, PA, USA) system. Two specimens for each ABS and CNT-ABS test condition
and three specimens for each CF-ABS test condition were tested. The Young’s modulus,
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compressive yield strength, and compressive strength were determined from the test data.
Although an increased sample size could be beneficial, the obtained data and confidence
intervals provided in Figures 5-7 are sufficient to discern trends in mechanical properties
across materials, hex sizes, and print-layer heights. Supervised machine learning models
leveraging publicly available Scikit-learn [37] packages were developed to classify materials
and predict the compressive strength based on process parameters and material features.
An 80/20% train-test split of the processing features and experimental results was utilized,
with the test data reserved for model validation. This split helps alleviate concerns related
to missing features from a minimized training set and provides a sufficient test set to
reduce potential performance bias. A stratified k-fold cross-validation with eight splits was
implemented to ensure an equal proportion of data from each material was included in
each split. Following training, the model was validated on the previously unseen test data.

(@)

Compressive Loading

(b)

G Steel Plate Cross-Sectional Area

Steel Plate

Perpendicular
to print layers

Figure 14. Schematic of honeycomb specimen compression testing: (a) honeycomb coupon sand-
wiched between two steel plates within a test frame, where force is applied perpendicular to the print
layers; (b) cross-sectional area of honeycomb where load is applied.

4. Conclusions

Several 3D-printed honeycomb specimens of ABS, CNT-ABS, and CF-ABS demon-
strated property variations stemming from porosity within the as-supplied filament and
due to the influence of processing conditions during fabrication. Examination of hon-
eycomb cross-sections across multiple hex sizes and print-layer heights revealed strong
correlation with inter-layer porosity. By increasing the hex size and print-layer height for
both CNT-ABS and ABS, a significant increase in porosity was realized within the FFF spec-
imens. Furthermore, the incorporation of carbon reinforcement promoted porosity in terms
of both size and quantity, where CNT-ABS specimens contained visibly increased porosity
relative to pure ABS specimens. This is, in part, due to treatment with reinforcement mate-
rial and the resulting adhesive strength with the matrix influencing the quality of extruded
filament. These process and structure relationships demonstrated a cascading effect on
properties and performance. Increased porosity and weaker inter-layer adhesion resulted
in repeated failure of compression coupons in their upper print layers. Although ABS
specimens generally reported higher compressive yield strength than carbon-reinforced
specimens, CNT-ABS specimens reached higher ultimate compressive strength values due
to the compaction of porosity upon yielding and subsequent strengthening. CF-ABS was
weaker than ABS and CNT-ABS in terms of both yield and ultimate compressive strengths,
having an increased magnitude of porosity, as affirmed by its reduced density.

Based on these findings, it is recommended that these materials are printed with
the smallest print-layer height to achieve reduced porosity and improved performance
under compression. The raster path and filament extrusion width should be monitored
to ensure proper cohesion of adjacent paths, especially at vertices. By leveraging a fully
sealed enclosure to attain a uniform elevated temperature prior to printing, the inter-layer
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adhesion throughout the print and the mechanical properties are expected to improve. Due
to the increased propensity for porosity in carbon-reinforced ABS, these materials are more
likely to benefit from refinement of processing procedures.

Classification and regression supervised machine learning models were developed
from the experimental data by leveraging publicly available tools. Although only a rel-
atively small data set was available for model training and testing, a stratified sampling
approach and a broad sweep of available classification and regression algorithms resulted
in well-performing models. The linear discriminant analysis material classification model
demonstrated a classification accuracy of 0.92: only predicting one label incorrectly. The
precision, recall, and F1-score metrics also supported the capability of this model to predict
the ABS, CNT-ABS, and CF-ABS material classes based on process parameters and me-
chanical properties. For predicting the ultimate compressive strength, the linear regression
model proved to be unbiased and accurate, with an R? of 0.96 and its mean absolute error
of 0.63 falling well within an acceptable margin for values in the range of 46 MPa to 58
MPa. By conducting additional testing, the performance and potential utility of these
models to assist with informing and guiding carbon-reinforced honeycomb design for
novel 3D-printed structures can be expanded.
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Abbreviations

The following abbreviations are used in this document:

ABS Acrylonitrile butadiene styrene

AM Additive manufacturing

CART Classification and regression decision tree
CNT Carbon nanotube

CF 5 weight-percent chopped carbon fiber
Ccv Cross-validation

DIC Digital image correlation

FDM Fused deposition modeling

FFF Fused filament fabrication

KNN K-nearest neighbors
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LDA Linear discriminant analysis
LH Layer height

LR Linear regression

MAE Mean absolute error

MAPE Mean absolute percentage error
NB Naive Bayes

PLA Polylactic acid

RF Random forest

RMSE Root mean square error

SEM Scanning electron microscope
SVM Support vector machine
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Abstract: Materials with monolithic structures, such as epoxy monoliths, are used for a variety of
applications, such as for column fillers in gas chromatography and HPLC, for separators in lithium-
ion batteries, and for precursor polymers for monolith adhesion. In this study, we investigated the
fabrication of epoxy monoliths using 1,3-bis(N,N-diglycidylaminomethyl)cyclohexane (TETRAD-C)
as the tetrafunctional epoxy and 4,4’-methylenebis(cyclohexylamine) (BACM) as the amine curing
agent to control pore diameters using polyethylene glycols (PEGs) of differing molecular weights as
the porogenic agents. We fabricated an epoxy monolith with micron-order pores and high strength
levels, and which is suitable for the precursors of composite materials in cases where smaller PEGs
are used. We discussed the effects of the porous structures of monoliths on their physical properties,
such as tensile strength, elongation, elastic modulus, and glass transition temperatures. For example,
epoxy monoliths prepared in the presence of PEGs exhibited an elastic modulus less than 1 GPa at
room temperature and Tg values of 175-187 °C, while the epoxy bulk thermoset produced without
any porogenic solvent showed a high elastic modulus as 1.8 GPa, which was maintained at high
temperatures, and a high Tg of 223 °C. In addition, the unique adhesion characteristics of epoxy
monolith sheets are revealed as a result of the combinations made with commercial epoxy and
acrylic adhesives. Epoxy monoliths that are combined with conventional adhesives can function as
sheet-type adhesives purposed with avoiding problems when only liquid-type adhesives are used.

Keywords: monolith; epoxy resin; porous structure; mechanical property; solubility parameter;
adhesive property

1. Introduction

A monolith is a highly porous material with a co-continuous structure that consists of
three-dimensionally continuous through-holes and a network frame [1-4]. Materials with a
monolithic structure are attracting attention as separation media used in chromatography,
immobilized catalysts, adsorbents, and sensors [5-9]. In addition, polymer monoliths can
be easily modified by functional groups or the usage of filler additives, although they are
inferior to inorganic monoliths in terms of heat resistance and mechanical strength. The
development and application of polymer monoliths using epoxy, acrylics, and styrene are
thus underway [10-13].

Generally, organic monoliths are formed through microphase separation processes
classified into the categorizations of polymerization-induced phase separation (PIPS) and
nonsolvent-induced phase separation. Epoxy monoliths are one of the co-continuous
porous materials formed by PIPS, and the phase separation is caused by spinodal decompo-
sition during the heat curing of the epoxy resin and crosslinker in the presence of porogenic
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solvents [3,14-19]. The phase-separated structure of epoxy resin is fixed as a result of
crosslinking reactions. Therefore, the rate of the crosslinking reaction greatly influences
the shape and pore size of the monolith [20,21]. Efforts are being made to take advantage
of continuous pores and to arrange catalysts on monoliths, imitating monoliths so as to
increase their activity levels [22,23].

In recent years, epoxy monoliths have been used for the construction of composite
materials. Shimizu et al. improved the tribological properties of monolithic polymer films
by tuning a fine pore structure for soft and resilient porous polymer lubricant systems [24].
Tominaga et al. reported on the mechanical strength and filling conditions using X-ray CT
when a second component was placed inside the porous materials [25,26]. Furthermore,
Sugimoto et al. provided a report on a monolith bonding method with an advantage of a
continuous porous structure [27,28]. The anchor effect is used to increase adhesive strength
by creating an epoxy monolith on the adherend when bonding difficult-to-adhere objects or
dissimilar materials. In these applications, monolith pores are filled with liquid or viscous
materials, and the incorporated materials are then solidified or cured. Thus, controlling the
pore sizes and three-dimensional structures of monoliths is important. It is also necessary
to consider increasing the tensile strength of the monolith and improving its heat resistance
so that it can be deployed for usage in various environments. A tetrafunctional epoxy
was used to increase the crosslinking density and improve upon both the heat resistance
and toughness compared to a monolith using a difunctional epoxy [29,30]. Meanwhile,
previous reports have shown that monoliths using tetrafunctional compounds have small
pore diameters and are not suitable for applications filling any polymer material in the
monolith [31,32]. It has already been reported that it is possible to form an appropriate
pore size by changing the fabrication conditions of monoliths [19,26,33].

An adhesion process often requires spacers, such as polymer or glass beads, which
are used for the controlling of adhesive thickness. In addition, the viscosity or fluidity
of adhesives should be finely justified since conventional adhesives are supplied in a
liquid form [34]. An epoxy monolith sheet with a unique porous structure is expected
to function as the gap adjuster for adhesives by the combination with commercial epoxy
and acrylic adhesives. Studies already show that it is possible to form an appropriate
pore size by changing the fabrication conditions of monoliths. It would be convenient
if the application process could be completed by simply putting things together, such
as double-sided pressure-sensitive adhesive (PSA) tape [35-37]. Here, we described the
results for the controlling of the porous structure and the physical properties of the epoxy
monolith for constructing a new kind of sheet-type adhesive resulting from combinations
with liquid-type adhesives. It was also expected that a new type of bonding using epoxy
and acrylic adhesives in combination with epoxy monolith sheets would be achieved,
because there are great operational advantages for using a liquid adhesive as the material
impregnated in the epoxy monolith sheet. In the case of the single-use of liquid adhesives,
it is actually necessary to regulate the application procedures and carefully control the
thickness of the adhesives, but these troublesome and time-consuming problems will be
avoided with the new adhesion method using the monolith sheets. The validity of monolith
sheets as porous molds deployed for adhesion using epoxy and acrylics as liquid adhesives
has thus been demonstrated.

2. Experimental Method
2.1. Fabrication of Epoxy Monoliths

The chemical structures of the reagents used in this study are shown in Figure 1. 1,3-
Bis(N,N-diglycidylaminomethyl)cyclohexane (TETRAD-C) manufactured by Mitsubishi
Gas Chemical Corporation, Ltd., Tokyo, Japan, was used as the base epoxy resin. Hy-
drogenated bisphenol-A type epoxy resin (HBPA) manufactured by New Japan Chemical
Corporation, Ltd., Osaka, Japan, was used as the additive. 4,4'-Methylenebis(cyclohexyl-
amine) (BACM) was purchased from Tokyo Chemical Industry Corporation, Ltd., Tokyo,
Japan, and was used as the crosslinking agent. Ethylene glycol (PEG50), diethylene glycol
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(PEG100), triethylene glycol (PEG150), and polyethylene glycol (PEG, Mn = 200), which
were used as the porogenic solvents, were purchased from Tokyo Chemical Industry Cor-
poration, Ltd., Tokyo, Japan. Table 1 shows the solubility parameters of the chemicals [38].
All reagents and solvents were used without further purification, unless stated otherwise.
Polyvinyl alcohol (PVA, Mn = 500) was purchased from Fujifilm Wako Pure Chemical
Corporation, Ltd., Osaka, Japan, and was used as the sacrificial layer placed on the glass
plate for easily peeling off the monolith sheet after the fabrication process.

Epoxy Amine curing agent
]>) K<\ H,N NH,
© TETRAD-C © BACM

Porogenic solvent

AT, et

HBPA PEGs

Figure 1. Chemical structures of the materials used in this study.

Table 1. Solubility parameters of the materials used for monolith fabrication.

Category Materials Solubility Parameter ? (—)
Epoxy TETRAD-C 10.1
HBPA 9.2
Amine curing agent BACM 9.7
Porogenic agent PEG50 14.1
PEG100 12.6
PEG150 12.1
PEG200 11.6

2 Estimated using the Fedors method [38].

Figure S1, which is contained within the Supplementary Materials, shows the pro-
cedure for preparing the epoxy monolith sheets. The monolith sheet was prepared as
follows. A solution of 1 wt% PVA in ion-exchanged water was applied onto the glass and
heated at 110 °C for 1 h to create a sacrificial layer of PVA on the glass surface. TETRAD-C,
HBPA, BACM, and a porogen (70 wt% for PEGs) were mixed well for 10 min using a
planetary centrifugal mixer (ARE-250; Thinky Corporation, Ltd., Tokyo, Japan) at a ratio
of 2[NH2]/[epoxy] (v value) = 1.0. The mixture of the chemicals was spread onto the
PVA-coated glass plate and sandwiched with another glass plate while maintaining the
desired thickness. The reaction mixture was cured at 130 °C for 30 min using an oven. After
curing, the samples were washed with ion-exchanged water using ultrasonics for 15 min
to remove the porogenic solvent. They were then stored in water overnight. The samples
were dried at 40 °C for 12 h in a vacuum oven (LCV-233; Espec Corporation, Ltd., Osaka,
Japan). The thickness of the epoxy monolith was determined using a digital thickness
gauge (547-401; Mitutoyo Corporation, Ltd., Kanagawa, Japan). Epoxy monolith sheets
with thicknesses of 200-250 pm and 80-120 pm were used for the measurement of physical
properties and for the adhesive tests, respectively.

2.2. Measurements

The differential scanning calorimetry (DSC) measurements were carried out using
a DSC-X7000 (Hitachi High-Tech Corporation, Ltd., Tokyo, Japan) with a heating rate of
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10 °C/min to determine the curing temperature in a sealed pan. The epoxy monolith
sheet was carefully cut using a sharp blade after cooling it with liquid nitrogen. The
cross-section of the epoxy monolith was observed using a TM4000 plus (Hitachi High-Tech
Corporation Ltd., Tokyo, Japan) with an acceleration voltage of 15 kV and with Pt vapor
deposition for pretreatment. Monolith sheets prepared under different conditions were cut
into strips of 10 mm x 40 mm using a stainless-steel cutter. The tensile test was carried out
at room temperature with a tensile rate of 1.0 mm/min using an Autograph AGS-10KN X
(Shimadzu Corporation, Ltd., Kyoto, JAPAN). The dynamic mechanical analysis (DMA)
measurement was carried out using an EXSTER6000 (Hitachi High-Tech Corporation, Ltd.,
Tokyo, Japan) in an atmospheric environment to examine the glass transition temperatures
and storage modulus of the monolith sheets. This test was conducted in a tensile mode, at
a heating rate of 2 °C/min and a frequency of 1 Hz.

2.3. Adhesion Test

Steel Plate Cold Commercial (SPCC) produced by Engineering Test Service Corpora-
tion, Ltd., Hyogo, Japan, was used as the adherend for the measurement of the lap-shear
adhesion strength. The surface of the SPCC was wiped with acetone and modified with
deep ultraviolet light using a low-pressure mercury lamp (11-13 mW /cm?) for 5 min before
the preparation of the test pieces. The specimens were prepared according to the ISO 4587
method [39]. The adhesive area used was 25.0 mm X 12.5 mm. The adhesive thickness was
adjusted at ca. 0.1 mm using glass beads or monolith sheets. Figure 2 shows the procedure
for adhesive structures consisting of commercial liquid-type adhesives and the epoxy mono-
lith used as the porous sheet. The commercial adhesives used in this study were either heat
curing-type epoxy adhesives or acrylic adhesives. Epoxy adhesive (CLS-1194) manufactured
by ADEKA Corporation, Ltd., Tokyo, Japan, was used, and an acrylic adhesive (AS-6704)
was purchased from Asec Corporation, Ltd., Kanagawa, Japan. The adhesives were cured
under the conditions recommended by each manufacturer. CLS-1194 was cured at 180 °C
for 30 min and AS-6704 was cured at 120 °C for 30 min. The tensile test was carried out at
room temperature at a rate of 10 mm/min.

Adherend

P —

Monolith sheet filled with the adhesive

<= -
Step 1. Prepare a monolith sheet. Step 2. Immerse the monolith sheet in
a liquid adhesive in a vacuum.

Step 3. Take out the monolith sheet after the Step 4. This monolith sheet is sandwiched
pores are filled with the liquid adhesive. between the adherend and cured sheet.

Figure 2. The procedure for a sheet-type adhesive structure using an epoxy monolith sheet in
combination with liquid-type conventional adhesives.

3. Results and Discussion
3.1. DSC Measurement

Table 2 shows the results of the DSC measurement for an epoxy curing system con-
sisting of TETRAD-C, BACM, and PEGs in the absence and presence of HBPA used as
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an additional epoxy. The onset and peak temperatures and the enthalpy values of the
exothermic reactions observed during thermal curing increased as the molecular weight
of glycol increased. This was interpreted by the acceleration of epoxy curing in a polar
medium or circumstance [40—42]. For example, strong hydrogen-bonding compounds
(such as alcohols) can stabilize transitions for the curing reactions and accelerate the nu-
cleophilic attack of amines. The acceleration of curing reactions by hydroxy groups has
been theoretically and experimentally demonstrated in the literature [43-48]. These results
support the idea that hydrogen bonding plays a more significant role in assisting the curing
reaction between epoxy and amine when glycols with a low molecular weight are used.

Table 2. Peak temperature and enthalpy for the thermal curing of the TETRAD-C/HBPA/
BACM/PEG system determined by DSC.

HBPA Content PEG Onset Peak
(mol%) Temperature (°C) Temperature (°C)
0 PEG50 69 112
0 PEG100 74 120
0 PEG150 79 133
0 PEG200 86 139
5 PEG200 72 138
10 PEG200 72 138
15 PEG200 71 138
20 PEG200 70 136
30 PEG200 68 136

As the molecular weight of PEGs becomes lower, the number of hydroxy groups that
can come into contact with an epoxy group increases. The reaction gradually started just
after the reagents were mixed at room temperature when PEG50 was used. As a result,
phase separation occurs more frequently because the SP values of low-molecular-weight
PEGs are larger than those of the epoxies and amines, as shown in Table 1.

On the other hand, the enthalpy value decreased without changing the reaction
temperature when HBPA was added. This was because the number of epoxy groups
included in the curing system decreased as the HBPA content of the bifunctional epoxy
increased. It is likely that the reactivities of the glycidyl groups of TETRAD-C and HBPA
are similar to each other, resulting in the constant onset and peak temperatures of the
DSC curves.

3.2. SEM Observations

Figure 3 shows the cross-sectional SEM images of the epoxy monoliths, which were
fabricated using different PEGs with curing at 130 °C for 30 min. Based on the cross-
sectional images, it is clear that the pore diameters increase as the molecular weights of
the PEGs decrease. PEGs with lower molecular weights have solubility parameter values
that are larger than those for TETRAD-C and BACM, as shown in Table 1. The pore and
monolith skeleton sizes change depending on the rate of Ostwald ripening during the
phase separation of the epoxy monolith curing system in the presence of PEGs as porogenic
solvents [19,33]. When there is a high level of miscibility of the epoxy or the amine in
relation to the porogenic solvents, phase separation occurs more slowly and the domain
size of the phase-separated layers decreases. The phase-separated structure is fixed at any
stage of the curing reaction due to the formation of the crosslinked network structure of
the epoxy. When PEG50 is used, the pores are too large and the epoxy monolith is difficult
to maintain in the shape of the sheet.
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Figure 3. Cross-sectional SEM images of the epoxy monolith fabricated from the TETRAD-
C/BACM/PEG system using different PEGs after curing at 130 °C for 30 min: (a) PEG200, (b) PEG150,
(c) PEG100, and (d) PEG50.

We also observed the changes in pore sizes depending on the curing temperature.
Figure 4 shows the cross-sectional SEM images of the epoxy monolith obtained using
PEG200 at various temperatures. The lower the curing temperature, the larger the pores
of the monolith. Similar observations of the temperature effects were reported in the
literature [24,32,34]. The magnitude of the change occurring as a result of different curing
temperatures is moderate when compared with the drastic changes in pore sizes controlled
by the molecular weights of the PEGs.

Figure 4. Cross-sectional SEM images of the epoxy monolith fabricated from the TETRAD-
C/BACM/PEG200 system at different curing temperatures for 30 min: (a) 90 °C, (b) 100 °C, (c) 110 °C,
(d) 120 °C, (e) 140 °C, and (f) 160 °C. See Figure 3a for the image of the monolith obtained at 130 °C.
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Figure 5 shows the additional effect of HBPA on the TETRAD-C/BACM/PEG200
curing system. The pore diameter of the monoliths increased according to the content of
HBPA present in the system. When 30 mol% of HBPA was added, aggregates of particles
were produced and the crumbly monolith sheet could not stand by itself. In this case,
the phase separation mode changed from the spinodal decomposition mechanism to the
nucleation and growth mechanism [49,50] when a large amount of HBPA was added. The
drastic change in the pore size is accounted for by the retardation of the fixing of the
phase-separated structure by the addition of HBPA as the difunctional epoxy to the curing
system of TETRAD-C as the tetrafunctional epoxy.

Figure 5. Cross-sectional SEM images of the epoxy monolith fabricated from the TETRAD-
C/HBPA/BACM/PEG200 system cured at 130 °C for 30 min: (a) HBPA 0 mol% (b) 5 mol%,
(c) 10 mol%, (d) 15 mol%, (e) 20 mol%, and (f) 30 mol%.

3.3. Mechanical and Physical Properties of the Monolith Sheets

Figure 6a shows the tensile strength and elongation at the point of breakage of the
monolith sheets (thickness: 200-250 um, N = 6). The figure includes no data for PEG50
because the epoxy monolith with the largest phase separation structure could not maintain
its whole sample shape. Both the strength and elongation values for the monolith sheets
become higher when PEGs with lower molecular weights are used. As shown in Figure 3,
the smaller PEGs provide epoxy monoliths with larger pores. It is interesting that the
presence of coarse pores exhibits favorable mechanical properties, such as high strength
and high elongation. Figure 6b shows the effect of the addition of HBPA on the tensile
strength and elongation. As shown in Figure 5, the pore diameter increases according to the
amount of HBPA added to the curing system. The tensile strength is constant, regardless
of the HBPA amount. With the addition of 10 mol% of HBPA, the elongation drastically
increased. The test pieces that included more than 20 mol% of HBPA were too brittle, and
thus difficult to use for determining the mechanical properties. In the systems that were
controlled by the molecular weights of the PEGs and the amounts of HBPA added, the
relationship between the pore sizes and the tensile strength was inconsistent. This is due
to that the network density of the cured epoxy also decreases with the addition of HBPA,
resulting in a decrease in the tensile strength of the monoliths. In contrast, the elongation
values increase when the pore size is larger for both series, a fact that demonstrates a
positive agreement with the results previously reported [26].
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Figure 6. Tensile strength and elongation at breakage for the tensile tests of the epoxy monolith fabri-
cated from (a) the TETRAD-C/BACM/PEG system and (b) the TETRAD-C/HBPA /BACM/PEG200
system. () Tensile strength and (A) elongation.

Figure 7 shows the results for the DMA measurement of the epoxy monoliths prepared
under various additive conditions. The structural, mechanical, and physical properties of
the monoliths and the bulk thermoset are summarized in Table 3. The epoxy bulk thermoset
obtained using TETRAD-C and BACM without any porogenic solvent was originally a
tough resin with a high elastic modulus (1.8 GPa), and which maintained evenness at high
temperatures, since the Tg value of the bulk thermoset reached a value as high as 223 °C, as
shown in Figure 7a and Table 3. In contrast, the epoxy monoliths prepared in the presence
of PEGs exhibited an elastic modulus less than 1 GPa at room temperature, and the Tg
values were as low as 175-187 °C. The Tg values slightly increased with an increase in the
molecular weights of the PEGs. The softening characteristics of the epoxy monolith arise
due to the plasticizing effect caused by the PEGs incorporated into the epoxy monolith
skeletons during the fabrication process of the monolith, as was pointed out in our previous
report [33]. Figure 7b shows the effect of the addition of HBPA on the DMA properties.
The properties of the cured epoxy containing HBPA reflected the softening effects caused
by the presence of bifunctional epoxy units, resulting in a slight decrease in the Tg value
and an increase in the elongation at breakage. Thus, it has been demonstrated that it is
possible to fabricate epoxy materials with the desired mechanical and thermal properties
by the introduction of a monolith structure into hard epoxy resin.
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Figure 7. DMA curves for the epoxy monoliths and the bulk thermoset fabricated under various ad-
ditive conditions. (a) Epoxy monoliths prepared in the presence of various PEGs and bulk thermoset
prepared in the absence of PEG, and (b) epoxy monoliths prepared with the addition of various
amounts of HBPA.

Table 3. Structural, mechanical, and physical properties of monolith sheets prepared in the presence
or absence of PEGs and HBPA.

HBPA Mean Pore Tensile Test DMA
(mol%) PEG Diameter Strength Elongation Tg Storage
(um) (MPa) (%) 0 Modulus at 25 °C (GPa)
0 PEG50 3.80 - - - -
0 PEG100 191 17.9 5.8 175 1.01
0 PEG150 0.63 13.3 5.6 177 0.66
0 PEG200 0.28 12.5 3.2 187 0.68
5 PEG200 0.87 114 33 172 0.56
10 PEG200 1.21 13.2 5.6 170 0.56
15 PEG200 3.15 9.5 6.5 161 0.59
0 - - - - 223 1.81

3.4. Adhesive Property

Figure 8 shows the results for the adhesion test of SPCC using the monolith sheets
fabricated in this study in combination with commercial adhesives. The test pieces used
for the lap-shear tensile test were prepared using SPCC plates as adherends and the
commercially available and most typical epoxy or acrylic adhesives in the presence of
an epoxy monolith sheet (with a thickness of 80-120 pm) used as the adhesive layer (see
Figure 2). As a result, the installation of an epoxy monolith sheet onto an adhesive layer
resulted in a decrease in the lap-shear strength in both cases using the epoxy and acrylic
adhesives (CLS1194 and AS6704). The adhesive strength of the epoxy adhesive varied
depending on the kind of monolith sheets with different pore sizes. On the other hand, the
constant strength value was obtained using the acrylic adhesive. This difference occurred
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due to the viscosity of the adhesive. The viscosities of CLS1194 and AS6704 are 4.0 Pa-s
and 0.10 Pa-s, respectively. Thus, the penetration of the epoxy adhesive with high viscosity
into the small pores of the monolith is difficult in cases involving the usage of PEG150 and
PEG200. Moreover, the deterioration of adhesive strength is attributable the fact that the
monolith layer was more likely to break in comparison with the higher storage modulus
values of the adhesive.

20
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Figure 8. Comparison of adhesive strength for the lap-shear tensile test of SPCC using composite
adhesive materials consisting of epoxy monolith sheets and commercial epoxy and acrylic adhesives.

Thus, we have succeeded in the demonstration of a new type of bonding using epoxy
and acrylic adhesives in combination with epoxy monolith sheets. Because there are great
operational advantages for using a liquid adhesive as the state impregnated in the epoxy
monolith sheet, the future challenge is to achieve greater adhesive strength by optimizing
the physical properties of the monolith sheet. Thus, in the future, monolith adhesive
structures will be applied, regardless of the type of adhesive.

4. Conclusions

We fabricated epoxy monoliths using TETRAD-C as the tetrafunctional epoxy and
BACM as the amine curing agent in the presence of PEGs with different molecular weights
used as porogenic solvents. It has been demonstrated that we can control the pore diameter
and mechanical properties by utilizing the differences of the molecular structures and
solubility parameters of porogenic solvents. This also affects the mechanical and physical
properties of epoxy monoliths, such as the tensile strength, elongation, elastic modulus,
and Tg values. For example, epoxy monoliths prepared in the presence of PEGs exhibited
an elastic modulus less than 1 GPa at room temperature and the Tg values of 175-187 °C,
while the epoxy bulk thermoset produced without any porogenic solvent showed a high
elastic modulus of 1.8 GPa, which is maintained at high temperatures, and a high Tg of
223 °C. It has been revealed that adhesive structure consisting of an epoxy monolith sheet
in combination with commercial epoxy and acrylic adhesives functions as a sheet-type
adhesive. The test pieces for the lap-shear tensile test were prepared using SPCC plates as
adherends and commercially available epoxy and acrylic adhesives in the presence of an
epoxy monolith sheet. The installation of an epoxy monolith sheet onto an adhesive layer
resulted in a slight decrease in the lap-shear strength, but a constant strength value was
obtained using an acrylic adhesive. The deterioration of adhesive strength is attributable
the fact that the monolith layer was more likely to break in comparison with the higher
storage modulus values of the adhesive. In the case of the single-use of liquid adhesives, it
is necessary to regulate application procedures and carefully control the thickness of the
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adhesives. In contrast, these troublesome and time-consuming problems could be avoided
with the new adhesion method using the monolith sheets.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29092059/s1, Figure S1: The procedure for preparing an
epoxy monolith sheet; Figure S2: DSC traces for thermal curing of the epoxy systems; and Figure S3:
Photographs of the fracture surfaces of the test pieces after the tensile test in Figure 8.
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Abstract: The aim of the study was to produce new elastomeric materials containing butyl rubber (IIR)
filled with silica and phyllosilicates (vermiculite, montmorillonite, perlite or halloysite tubes) with
enhanced hydrophobicity and barrier properties and reduced chemical degradation. It was found
that the filler type had a significant impact on the degree of cross-linking of butyl rubber and the
properties of its vulcanizates. The highest degree of cross-linking and the highest mechanical strength
were achieved for IIR composites filled with Arsil with perlite or halloysite tubes. The highest surface
hydrophobicity (119°) was confirmed for the IIR vulcanizates with Arsil and montmorillonite. All
tested samples showed high barrier properties because both the gas diffusion rate coefficient and
the permeability coefficient reached low values. Both unfilled and filled IIR vulcanizates retained
chemical resistance in contact with methanol for 480 min. Hour-long contact of a polar solvent
(methanol) with each of the vulcanizates did not cause material degradation, while the presence of
a non-polar solvent (n-heptane) worsened the mechanical parameters by up to 80%. However, the
presence of fillers reduced the chemical degradation of vulcanizates (in the case of cured IIR filled
with Arsil and halloysite tubes by 40% compared to the composite without fillers).

Keywords: butyl rubber; phyllosilicate; barrier properties; hydrophobicity; chemical degradation

1. Introduction

Rubbers have become essential materials in the industry with the advancement of
plastic technology. The popularity of rubbers is due to good performance properties and
the possibility of functionalization [1]. The areas of particular interest in elastomer research
include such features as self-healing, shape memory effect [2,3], superhydrophobicity [4],
reinforced mechanical properties, improved barrier properties [5], and enhanced damping
properties [6,7].

The opportunities provided by rubbers make it possible to create both elastomeric ma-
terials that perfectly dampen vibrations and those that can be repaired after breaking. For
this reason, elastomers are widely used in such fields as automotive, aerospace, industrial
equipment, and household appliances [2—4,7-9]. Noteworthy among rubbers is butyl rub-
ber (IIR). It is a synthetic elastomer that is formed by the polymerization of isobutylene and
isoprene. IIR vulcanizates exhibit very high anti-aging resistance and limited permeability
to gases and liquids. In addition, they are resistant to weathering, ozone, hot air, acids, and
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bases. Butyl rubber is mainly used for products with reduced permeability to gases and
liquids such as tire inner tubes, hoses, gaskets, and membranes [10-12]. However, the latest
research in the area of butyl rubber application shows that its use could be much wider.

El-Sabbagh S.H. et al. [13] investigated the compatibility of natural rubber (NR) with
butyl rubber to achieve elastomeric blends featuring both IIR and NR properties. The
authors showed that macrophase separations form in the IIR/NR mix, which is disadvan-
tageous for the properties of such blends. Moreover, a compatibilizer was used, which
decreased the extent of phase separation and increased interfacial adhesion between phases,
consequently reducing the size of dispersed phase domains, which led to better mechanical
properties including tensile strength and a higher value of Young’s modulus. Sukharev N.
et al. [14] studied elastomeric blends containing butyl rubber and ethylene-propylene-diene
rubber (EPDM). The study determined the influence of the proportion of elastomers in
uncured blends and their effect on phase structure formation patterns in multicomponent
polymer systems, changes in molecular mobility, and ozone resistance. The research has
shown that there is such a ratio of EPDM to IIR to obtain the highest possible resistance
to ozone. These materials can be successfully considered for use in applications where
ozone concentrations are higher, i.e., at heights above 15 km or in the aerospace industry.
A novel strategy to prepare interpenetrating polymer networks (IPNs) based on butyl
rubber and poly(n-octadecyl acrylate) (PC18A) was developed by Tavsanli B. et al. [15].
Solvent-free UV polymerization of the n-octadecyl acrylate monomer in the IIR melt at
ambient temperature resulted in IPNs with self-healing and shape memory functions.

According to Guo X. et al. [16], butyl rubber can be applied to materials with high
damping electromagnetic interference or multi-absorbing materials, including absorbing
electromagnetic waves. The study showed that the composites of butyl rubber with single-
walled carbon nanotubes (IIR/SWCNT) achieved good mechanical performance (tensile
strength reached 15 MPa), and the total electromagnetic shielding efficiency of the material
increased to 23.8 dB. In addition, the authors showed that water-induced modification of
the composite achieved good dispersion of SWCNTs to enhance electromagnetic shielding
while maintaining a wide damping temperature range from —55 °C to 40 °C with a
damping factor above 0.2. Chameswary J. et al. [17] studied butyl rubber filled with
barium titanate (BaTiO3) with micro- or nanometric sizes. The research showed that such
composites exhibited good mechanical properties, and they are flexible and absorb radio
frequency vibrations. These results prove that these composites are proper candidates for
the core of flexible dielectric waveguides and applications in flexible microwave substrates.
Hao, S., et al. [18] tested butyl rubber filled with graphene. Studies have shown that the
proper formulation of such a composite makes it possible to achieve excellent mechanical
properties, high conductivity, and high barrier to water vapor. The conductivity of the
IIR/ graphene nanocompound at a graphene content of 3.76% prepared by Liquid Phase
Redispersion reached more than seven orders of magnitude higher than the conventional
twin-roll mixing method. Due to the existence of homogeneously distributed networks of
segregated graphene, the tensile strength and elongation at break for the IIR/graphene
nanocomposites increased by 410 and 126%, respectively, at a graphene content of 3.76%.
The IIR/ graphene vulcanizate exhibited such electrical properties that it can be used as a
wearable sensor and physiological signal detection.

The presented examples of filled IIR compositions show the advantages of using
innovative substances such as elastomer fillers. However, for decades, the rubber industry,
especially the tire industry, has mainly used carbon black as a reinforcing filler. Since its
structure and surface can be changed over a wide range, carbon black can meet a wide
variety of requirements. However, with the passing of time and the necessity to invent
alternatives to carbon black, various types of silicas have been developed. In the 1940s
and 1950s, the specific surface area and structure of silica were constantly adjusted to
satisfy new requirements in the field of rubber materials [19-21]. As the development
proceeded, the advantages and disadvantages of silica compared to carbon black began
to be perceived. Therefore, the research began for new and more easily available fillers
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for rubber, which will not cause as much carbon dioxide emissions as carbon black. The
first and most obvious reason for using fillers is to improve mechanical properties, that is,
to enhance the elastomer [19,22]. Fillers such as carbon black or silica can reinforce cured
rubber, improving its tensile strength, durability, and wear resistance. This is particularly
important in applications where the rubber products will be subjected to significant stress
or abrasion. In addition to conventional fillers, various types of synthetic or natural
substances are used, which also reinforce the composite by forming elastomer—filler and
fillerfiller interactions, thus creating a spatial network in the structure of the elastomer,
which is responsible for carrying stresses [19,21,22]. Another reason for using fillers is to
reduce the cost of the rubber product. Fillers then act as diluents and reduce the amount of
expensive rubber in the product. This is important to keep the right properties reducing
production costs. Another reason is to control physical properties; fillers are used to adjust
hardness, elasticity, and electrical and thermal conductivity. This allows manufacturers
to customize rubber to suit specific requirements. In addition, the use of fillers allows
the dimensional stability of rubber composites to be maintained. The incorporation of
a filler into an elastomer matrix reduces shrinkage and increases the ability to retain
shape over time. This is important in terms of providing the accuracy of manufactured
parts, the efficiency of seals and gaskets, and the overall performance and reliability of
rubber components in various applications [20-22]. Additionally, some fillers improve the
processability of rubber compounds by facilitating molding, extrusion, or other processing
during production. The above reasons have contributed to the search for various fillers with
unique properties, and the specific choice of filler will depend on the requirements of the
product and the manufacturing process. Therefore, in recent years, more and more research
has been conducted on alternatives to silica and carbon black [19-23]. Substitution of
standard reinforcing fillers with montmorillonite (MMT) has improved some of the desired
properties of elastomeric compounds in addition to some reductions of the final weight and
price of the final products [24]. Montmorillonite organoclay has also been used as a filler in
the IIR composites to improve their physical and mechanical properties [25]. In this study,
melt mixing in an internal mixer was selected as the method of dispersing organoclay in the
elastomeric matrix, and the intercalation of rubber chains into the clay gallery was deduced
from the increase in basal spacing of the silicate layers as was measured by XRD. The
highest basal spacing was detected for the amount of MMT equal to 3 phr. Dispersion and
distribution of the organoclay were observed by SEM. The authors proved that organoclay
content and structure had a large impact on the mechanical and rheological properties of
nanocomposites as well as the permeability of carbon dioxide gas through their films.

This study has focused on layered silicates and their effects on butyl rubber vulcan-
izates because it is a very promising group of compounds, that indicate suitable properties
in the case of novel elastomeric materials. In this paper, the main focus was on the hydropho-
bic and barrier properties of butyl rubber vulcanizates filled with various phyllosilicates. A
material whose surface exhibits hydrophobic or superhydrophobic properties is the target
of much scientific research [4]. The term “superhydrophobic” describes surfaces with a
Young's angle of more than 150° and indicates very low wettability. This angle is defined
as the mechanical equilibrium of the drop under the action of three interfacial tensions:
solid—-vapor, ysy; solid-liquid, v; and liquid-vapor, vy, [26-28]. This equilibrium relation
is known as Young's Equation (1):

Y1vCOS eY = Ysv = Ysl (1)

where vy, Ysv, and yq represent the liquid—-vapor, solid—-vapor, and solid-liquid interfacial
tensions, respectively, and 0y is the Young’s contact angle [28].

The popularity of such surfaces was started by the “lotus effect” described by Barthlott
and Neinhus [29,30]. The lotus leaves owe their unusually high contact angle to a character-
istic structure that scientists want to replicate for superhydrophobic materials. Examples of
applications for such products could include self-cleaning materials [31], anti-corrosion [32],
anti-icing [32,33], protective coatings, and impermeability to liquids.
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Hydrophobicity microscopically is the tendency of chemical molecules to repel water
molecules from each other, while hydrophobicity macroscopically is the property of a
material’s surface to be non-wettable by water. Associated with this phenomenon in
polymeric materials are such terms as surface tension, surface free energy, and contact
angle [34]. The wettability of polymer surfaces, including elastomers, depends on the
contact angle, e.g., the angle formed by the tangent to the surface of a droplet on the surface
of a solid, and it is highly dependent on the surface tension [35-37].

The various values of Young's angle lead to different phenomena at the solid-liquid
interface. Therefore, several values of 6 are distinguished as follows:

— 0 =0, when the liquid wets the surface of the solid and tends to spontaneously spread
on it; this state is defined as the critical value of the surface tension of the liquid;

— 0< 06 <m/2, when the liquid spills on the surface and tends to shrink on the surface
within a limited range;

—  0>m/2, when the liquid does not spread on the surface and tends to shrink on the
surface of the solid, forming droplets [35-37].

In the context of the water—polymer interface, it must be considered that the contact
angle is a measure of the hydrophilicity of the surface of a polymer material. Because
water exhibits the highest surface tension compared to other liquids, the character of the
polymer surface can be determined by the value of the contact angle. A hydrophilic surface
is distinguished by the fact that the applied droplet spreads, thereby wetting the surface
(the angle 0 is small), for example, it is worth mentioning the surfaces of non-oxidized
metal or glass (6 < 20°). On the opposite side, according to the literature, a hydrophobic
surface is characterized by the fact that the applied water droplet does not spread on the
polymer surface (the angle 0 is large), such as the surface of polypropylene (6 = 110°) or
polystyrene (6 > 97°) [34].

Other important parameters describing elastomeric materials are their barrier prop-
erties. These are the features that determine whether a type of polymer can be used as,
for example, a film or protective coating against a toxic substance. Three coefficients are
used to describe them: permeability coefficient, diffusion coefficient, and solubility coef-
ficient [5,38,39]. To describe the permeation of gases through an elastomer, a diffusion
mechanism is used, which occurs across the material due to a pressure gradient. In this
case, the constant volume and variable pressure method is used to measure this coeffi-
cient. A vacuum was applied to both sides of the polymeric material, and the permeability
coefficient P is described by the following Formula (2):

_ vt (dp
P= A-R-T-Ap <dt) @

where V is the total amount of gas permeation through the sample into a cell, t; is the
sample thickness, A is the sample area, R is the gas constant, T is the absolute temperature,
Ap is the pressure gradient across the sample, dp/dt is the transmission rate [5,38,39].

In addition, the permeability coefficient (P) combines the effects of both the diffusion
coefficient (D) and the solubility coefficient (S) and can be explained as Formula (3):

P=DS 3)

where D is the diffusion coefficient, which describes the kinetic aspect of transport, S is
the solubility coefficient, which is related to the affinity of the penetrating substance (gas
or liquid).

The above relation holds true when the value of D is independent of concentration
and the value of S follows Henry’s law. It is used to describe gas transport in polymeric
composites reinforced with impermeable nanofillers. In the above diffusion—solubility
model, penetrant molecules initially dissolve into the high-pressure face of a film then
diffuse across it through thickness and finally desorb at the low-pressure face. Thus, the
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permeability of a penetrant depends on both its diffusivity and solubility. These properties
can be changed by the molecular structure of the polymer and environmental factors [38,40].

To increase the barrier properties of elastomers, layered fillers such as montmorillonite,
graphene, vermiculite, or halloysite are introduced [39-45]. The layers of this filler must
“split” and form a difficult path for the substance to penetrate the material under inves-
tigation. This process is called exfoliation and is not simple to achieve when the filler is
incorporated in situ into the polymer. Studies show that the most effective way to stop gas
diffusion is to position the filler layers in an orientation perpendicular to the movement of
the penetrating gas and increase the interactions at the polymer—filler interface [41-43,46].

It is common knowledge that the morphology and dispersion of layered aluminosili-
cates are key factors affecting the barrier properties of the composite. Therefore, proper
dispersion and achieving a high degree of exfoliation of the layered nanofiller in the poly-
mer matrix are the most important challenges in producing nanocomposites with improved
barrier properties. According to the literature, there are three possible morphologies in
nanocomposites (Figure 1) [38,47,48]:

—  Tactoid (conventional composite), when there is no separation of layered filler pack-
ages, micrometer-sized structures are present in the polymer medium;

— Intercalated nanocomposite, when the polymer is located between parallel filler gal-
leries, separation of filler layers occurs;

—  Exfoliated nanocomposite, when the structure with the highest degree of dispersion
of the filler in the polymer matrix, the polymer chains cause separation of the filler
layers [49-51].

The study aimed to produce new elastomeric materials containing butyl rubber and
characterized them by enhanced hydrophobicity and barrier properties and reduced chem-
ical degradation. To test the research, six various rubber compositions were prepared,
which differed in the kind of filler. Phyllosilicates were chosen as fillers in the tested IIR
compositions because they have the ability to interact with organic matter [49-55], as well
as the tendency to separate the packages that constitute them into nanometer-thick layers,
which theoretically allows the obtaining of materials classified as nanocomposites [56-61].

Clay

Polymer

T.;ctoid Intercalated Exofoliated
Figure 1. The possible morphologies of polymer/clay nanocomposites [38].

2. Results and Discussion
2.1. Characteristics of Phyllosilicates

Silicates, i.e., natural minerals, are most often formed as a result of the transformation
of dust or volcanic rocks. Phyllosilicates have different structures. Two-layer silicates with
a 1:1 structure are important for the rubber industry. This group mainly includes kaolinite,
halloysite, and perlite. These compounds have unique properties and after adding them
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to a polymer matrix, they can form nanocomposites by intercalating the packages [62,63].
Halloysite (HNT) used in the tested IIR compositions is a mineral characterized by high
porosity and specific surface (which is very desirable for elastomer fillers), high ion ex-
change (ability to absorb heavy metals), and easy chemical and mechanical processing [64].
It is an aluminosilicate containing approx. 45% silica and approx. 40% aluminum oxide.
The remaining ingredients are water and trace amounts of metal oxides, i.e., TiO,, Al,O3,
FeO, MgO, CaO, Na;0, and K,O. Halloysite usually forms very small, tubular crystals
visible under very high magnification. The mechanical, thermal, rheological, and barrier
properties of HNT-modified polymers depend on the two most important factors: the
degree of particle dispersion and the compatibility of the polymer with the nanofiller.
Pearlite (PER) is a two-phased, lamellar compound composed of alternating layers of fer-
rite (87.5%) and cementite (12.5%). Its chemical formula depends on the rock compositions,
but perlite consists of the following metal oxides: 5iO, (71-75%), Al,O3 (12-18%), Na,O
(8-4%), KoO (4-5%), Fe;O3 (0.5-1%), and MgO (0.1-1.5%). It is most often used as a filler
for polyethylene, polypropylene, or poly(vinyl chloride) [65].

Three-layer silicates include compounds such as montmorillonite, mica, talc, and ver-
miculite. Silicates with three-layer packages with a 2:1 structure type are distinguished by
the fact that the octahedral layer is located between two tetrahedral layers with their vertices
facing each other [62]. As the most famous of this group of silicates, montmorillonite (MMT)
is a nanofiller. It is a mineral from the group of dioctahedral smectites with the chemical
formula (Aly—xMgy)[SigO20](OH)4, where x = 0.67 and the Si:Al ratio is approximately 5:2.
Another silicate with a three-layer structure is vermiculite (VER) [66]. It is a phyllosilicate
that has a layered structure composed of an octahedral layer and two tetrahedral layers.
The chemical composition of this compound is (Mg,Fe, Al)3[(Al,51)4019](OH),-4H,0 [62].
During the heating, the layers expand, increasing the volume of the mineral. Vermiculite
is light, inexpensive, non-toxic, chemically inert, and resistant to thermal decomposition.
These properties make this material ideal as an insulator or filler in insulating applica-
tions [62,63,66-70].

The filler structure was examined based on images acquired with a scanning electron
microscope (SEM), with sample pictures presented in Figure 2.

The Arsil (ARS) particles are finely aggregated and agglomerated (Figure 2a). The
structure of montmorillonite (Figure 2¢c) and halloysite tubes (Figure 2e) looks very similar.
The vermiculite particle grains are completely different from the other fillers used and they
form large and flat grains, and there are many empty areas between them (Figure 2b). The
perlite particles have strongly jagged shapes and are loosely bound together (Figure 2d).

2.2. The Influence of Phyllosilicates on the Course of IIR Cross-Linking

The recipe for the compounding of the IIR composites filled with phyllosilicates is
given in Table 1.

The vulcanization parameters of rubber mixes depend on several factors, for example
the type of rubber, the cross-linking agent, and the filler type. The minimal rheometric
torque (Tnin) is responsible for the viscosity of the mix, while the rheometric torque
increment (AT) corresponds to the degree of cross-linking of butyl rubber. The next
parameters are the scorch time (tp2) and optimal vulcanization time (tgg), which determine
how long the mix will be vulcanized. The results in Table 2 clearly show that the addition of
montmorillonite increased the vulcanization time (16.0 min), while the sample filled with
vermiculite achieved the shortest cross-linking time (9.4 min). The other filled composites
achieved similar tgy values (from 10.3 to 12.5 min) compared to the unfilled IIR. The addition
of phyllosilicates resulted in shorter scorch times, as each filled sample reached a lower tp,
value than the reference sample, which proves that the filling of butyl rubber is related to a
reduced time for safe processing.
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Figure 2. Scanning electron microscope (SEM) images of the fillers used in IIR composites: Arsil (a),
vermiculite (b), montmorillonite (c), perlite (d), halloysite tubes (e).

Table 1. Compositions of the IIR mixes and vulcanizates.

Ingredient Amount (phr)
IR 10 100 100 100 100 100
S 2 2 2 2 2 2
ZnO 5 5 5 5 5 5
TMTD 2 2 2 2 2 2
SA 2 2 2 2 2 2
ARS - 10 10 10 10 10
VER - - 20 - - -
MMT - - - 20 - -
PER - - - - 20 -
HNT - - - - - 20
Sample designation 0 ARS VER MMT PER HNT

IIR—butyl rubber, S—sulfur, ZnO—zinc oxide, TMTD—tetramethylthiuram disulfide, SA—stearic acid,
ARS—silica, VER—vermiculite, MMT—montmorillonite, PER—perlite, HNT—halloysite tubes, phr—parts per

hundred of rubber.
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Table 2. Vulcametric parameters of IIR composites filled with silica and phyllosilicates.

Sample Designation

Properties
0 ARS VER MMT PER HNT
Tmin (dNm) 0.66 1.03 1.06 1.34 1.05 1.07
ATmax (ANm) 3.27 3.44 2.75 2.37 3.87 3.93
1o 0.95 0.96 0.97 0.84 0.96 0.94
top (min) 4.0 2.0 12 2.7 1.9 0.9
top (min) 12.0 10.4 9.2 16.0 10.3 12.3
CRI (1/min) 12.5 11.9 125 7.5 11.9 8.8
Qy (mL/mL) 3.54 £ 0.06 2.58 + 0.04 3.11 £ 0.06 3.79 £0.21 2.62 £ 0.05 2.58 £ 0.03
—Quw (mg/mg) 0.27 £ 0.01 0.14 +£0.01 0.27 £0.01 0.27 £ 0.01 0.26 +0.01 0.26 +0.01
Vr 0.212 £ 0.002 0.280 £ 0.003 0.243 £ 0.003 0.209 + 0.007 0.275 £ 0.003 0.279 £ 0.002
¢ 0.28 £ 0.02 0.39 £ 0.03 0.32 £0.03 0.26 £ 0.02 0.38 £ 0.04 0.39 £ 0.03

Tmin—minimal rheometric torque; ATmax—maximum rheometric torque increment; x—degree of conversion
(vulcanization); tg,—scorch time; top—optimal vulcanization time; CRI—cure rate index; Q,—equilibrium volume
swelling in toluene; —Q,,—content of the eluted fraction in toluene; Vg—volume fraction of rubber in swollen
material in toluene; x.—degree of cross-linking.

The filled samples achieved a higher viscosity than the unfilled sample, which is shown
in Table 2 by comparing the Tp,, values (IIR: 0.66 dNm; IIR/VER: 1.06 dNm). Moreover,
each of the filled samples achieved a rheometric torque increment equal to or higher than
the unfilled compound. This indicates that added phyllosilicates cause an increase in the
viscosity of the elastomer and an increase in the degree of cross-linking. The IIR/PER
and IIR/HNT samples recorded a higher increase in rheometric torque (3.87 dNm and
3.93 dNm, respectively). The MMT-filled IIR sample reached the lowest ATmax (2.37 dNm),
while its minimal rheometric torque was the largest (1.34 dNm). The degree of conversion
(e.g., degree of transformation of plastic material into elastic material) calculated on the
basis of vulcametric results also achieved the lowest result (0.84) for the sample containing
MMT. The «. value for the remaining IIR compositions was comparable and higher by 14%
(o =0.95). These results indicate a lower degree of cross-linking of butyl rubber if it was
filled with montmorillonite. Table 2 also summarizes the CRI values for all composites,
so it is observed that the addition of MMT or HNT significantly lowered the CRI values
(7.5 and 8.8 min~!, respectively) relative to the refereed compound, whereas for the other
samples, this parameter was like the IIR sample.

Figure 3 shows the time relationship of the torque for all samples. It is noted that the
course of the curves for all filled samples (except MMT) differed at the beginning of the
cross-linking process in relation to the unfilled IIR. On the curves of the IIR and IIR/MMT
samples, it is not noticed that the torque decrease during the scorch time was so pronounced;
moreover, it was longer than for the other mixes. In addition, these two compositions
were characterized by the least torque increment. The other curves were very similar; only
curves 3 and 6 could be differentiated due to their scorch times, which were the shortest
among the tested compositions. According to the data in Table 2, Figure 3 also shows
that IIR/PER and IIR/HNT composites achieved the highest values of rheometric torque
increment. All curves regardless of whether the sample was filled with phyllosilicates
showed no reversion ability.

Besides the vulcametric parameters, the degree of cross-linking of vulcanizates could
be determined by the equilibrium swelling. For this purpose, several parameters were
determined. The first is the volumetric equilibrium swelling (Qy), which accounts for how
much a given vulcanizate is cross-linked. The next is the content of the eluted fraction
during the swelling (—Q,,), which determines how much substance has been eluted after
contact with a selected solvent. The volume fraction of rubber in swollen material (VR)
determines the degree of cross-linking of the vulcanizate; the higher the value of this
parameter indicates the greater the degree of cross-linking («.). Table 2 shows the results
of equilibrium swelling and states that the addition of Arsil or Arsil with halloysite tubes
or perlite improves the degree of cross-linking of the IIR vulcanizates. The values of «. for
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these samples are 0.38-0.39, while this parameter for the reference sample was 0.28. Thus,
it was observed that there was a significant increase in the degree of cross-linking by filling
the vulcanizates. The Qy values obtained for all filled samples (without IIR/MMT) prove
that the addition of phyllosilicates increased the degree of cross-linking. The IIR/ARS
and IIR/HNT samples obtained the smallest Q, value (2.58 mL/mL), which indicates
the highest degree of cross-linking. The contents of the eluted fraction, except for the
IIR/ARS sample (—Qy = 0.14 mg/mg), were at a similar level of values to the reference
sample, i.e., about 0.27 mg/mg. The volume fraction of rubber in the swollen material
also confirmed that the samples containing ARS, PER, and HNT had the highest degree
of cross-linking, as the VR values were the largest among the samples tested (IIR/ARS:
0.280). It is worth emphasizing that the equilibrium swelling results of the produced IIR
vulcanizates presented in this part correlate well with the vulcametric results.

TR (0) ARS (1) ——VER (2) MMT (3) ——PER (4) ——HNT (5)

Torque (dNm)

0 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 3. Vulcametric kinetics of IIR composites filled with phyllosilicates.

2.3. The Influence of Phyllosilicates on the Mechanical Properties of IIR Vulcanizates

The results of the tensile strength test before and after thermo-oxidative aging are
summarized in Table 3. The obtained results before aging show that the addition of Arsil
or Arsil with perlite or halloysite tubes slightly increased the stiffness of the samples. The
composite samples filled with vermiculite and montmorillonite reached comparable Sq1¢g
values as the reference sample. In Table 3, TS, results confirmed the fact that the addition
of phyllosilicates to IIR mix increased the mechanical strength of the vulcanizate. Each of
the tested composites increased its tensile strength value by a minimum of 50%. Such a
correlation might be due to the formation of a spatial network of bonds between the filler
in the elastomer matrix, which results in the rigidity and enhancement of the elastomeric
composite. The greatest TS, values were obtained by the IIR/HNT (13.4 MPa), IIR/ARS
(11.1 MPa), and IIR/PER (11.0 MPa) vulcanizates, which indicates the best mechanical
strength of these two compositions. The elongation at break for all filled samples is more
than twice that of the unfilled IIR vulcanizate (IIR: 590%, IIR/PER: 1289%). However, in
addition to the strength parameters before aging, Table 3 summarizes the results after
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aging. This is important because as time passes, the mechanical properties of rubber
products undergo various changes, because of which the products may become useless
due to increased stiffness and cracking. Among the factors influencing the degradation
of elastomer properties, oxygen and increased temperature are the most important. The
results in Table 3 show that after thermo-oxidative aging, the tested composite became more
rigid, which could be seen to a greater degree for the IIR/HNT, I[IR/PER, and IIR/VER
samples. The values of Se199 and S'g19 for the IIR/VER vulcanizate were 0.48 MPa and
0.66 MPa, respectively, and this was since under the influence of increased temperature
and the presence of oxygen the vulcanizate begins to cross-link, making it more rigid
and resistant to deformation. This relationship was visible for silicate-filled composites,
while for the unfilled vulcanizates, no major changes in strain stress can be observed. The
tensile strength after aging increased for the IIR/MMT and IIR/VER samples (5.7 MPa
and 8.7 MPa, respectively), while it decreased for the other compositions. The IIR/PER
vulcanizate recorded the greatest decrease in tensile strength among those tested (from
11.0 MPa to 6.6 MPa), while the others decreased by a few tenths of an MPa. After aging, a
decrease in elongation values at break was also observed for all vulcanizates. The filled
samples, however, continued to reach values greater than the referenced composition. The
filled vulcanizate with the highest resistance to thermo-oxidative aging was the IIR/MMT
composition, as it achieved an aging factor of AF = 0.67, closely behind was the IIR/VER
vulcanizate with a value of AF = 0.63. These values can be explained by the fact that the
two samples have the lowest degree of cross-linking and after thermo-oxidative aging, the
vulcanizates undergo a process of cross-linking, while the other vulcanizates undergo a
process of degradation due to the higher degree of cross-linking.

Table 3. Strength properties of IIR vulcanizates filled with phyllosilicates before and after the
thermo-oxidative aging process.

Sample Designation

Properties
0 ARS VER MMT PER HNT
Se100 (MPa) 0.56 £+ 0.03 0.62 +0.03 0.48 4+ 0.03 0.56 £ 0.01 0.66 & 0.02 0.68 +0.01
Se200 (MPa) 0.83 & 0.02 0.88 & 0.05 0.68 & 0.04 0.76 £ 0.02 0.90 £ 0.02 0.96 & 0.02
Sea00 (MPa) 1.14 £ 0.02 1.18 £+ 0.08 0.88 4 0.04 0.96 £ 0.03 1.18 +0.03 1.27 £0.03
TS, (MPa) 2.5+0.0 111+ 1.1 79+0.6 53+04 11.0+ 04 134+1.0
Ey, (%) 590 £ 57 1260 £ 56 1277 £19 1286 £ 1 1289 £ 2 1287 £ 2
Se100 (MPa) 0.58 £ 0.08 0.62 & 0.06 0.66 & 0.02 0.67 £ 0.04 0.86 & 0.04 0.82 +0.05
S’ 200 (MPa) 0.87 £ 0.03 0.88 & 0.06 0.90 & 0.02 0.89 £ 0.05 1.12 £ 0.05 1.20 +0.09
S’e300 (MPa) 1.22 +0.09 1.16 £ 0.05 1.11 +0.02 1.12 £ 0.07 1.40 £ 0.08 1.56 +0.14
TS}, (MPa) 23+0.1 105+ 14 8.7+04 57+04 6.6 +0.6 13.0 £ 0.7
E[ (%) 558 + 27 634 1+ 34 732 +2 802 + 24 673 + 10 733 +9
AF (-) 0.85 0.48 0.63 0.67 0.31 0.55

Se100, Se200, and Sezgo—stress at elongation of 100%, 200%, and 300%, respectively; TS,—tensile strength;
Ep,—elongation at break; S’c100, S’e200, and S’e3p0—stress at elongation of 100%, 200%, and 300%, respectively,
after thermo-oxidative aging; TS{,—tensile strength after thermo-oxidative aging; E{J—elongation at break after
thermo-oxidative aging; AF—aging factor.

Other mechanical properties are summarized in Table 4. The results of the hard-
ness test of the vulcanizates showed that the addition of phyllosilicates increased hard-
ness. The IIR/PER and IIR/HNT samples achieved the highest Shore A hardness values
(57.6 °ShA and 56.2 °ShA, respectively). The IIR/MMT vulcanizate, despite the weakest
mechanical strength among the filled compositions, showed the highest tear resistance
(Ts = 5.46 N/mm); moreover, the addition of silicates made this parameter improved for
each sample relative to the unfilled sample. To determine the damping properties of the
rubber, hysteresis loops were determined on a graph at five tensile cycles and the Mullins
effect was calculated. This test was performed only for filled composites, due to the study
of filler—elastomer interactions.
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In Table 4, the results of hysteresis losses during the first and five stretching cy-
cles show that the IIR/HNT sample recorded the highest losses (AW = 51.2 N-mm and
AW5 =29.9 N-mm). The composite that achieved the fewest losses is the IIR/ARS vulcan-
izate (AW = 39.9 N-mm and AW5 = 27.4 N-mm), so it is considered the best damping
composite among those tested. The value of the Mullins effect (Ey) shows that the smaller
filler dispersion was better in the elastomeric matrix or indicates small agglomerates. The
IIR/ARS composite had the smallest value of Eyj (13.5%), which determines that the filler
in this sample was well dispersed.

Table 4. Other mechanical properties of IIR vulcanizates filled with phyllosilicates.

Sample Designation

Properties
0 ARS VER MMT PER HNT
HA (°ShA) 428+1.6 49.6 =24 50.8+23 537+ 15 576 +12 562424
Ts (N/mm) 2.29 £0.06 3.81 £0.53 4.45 £+ 0.39 5.46 £0.25 3.62 +0.33 3.87 +0.32
AW1 (N-mm) - 39.9 43.2 50.1 51.1 51.2
AW5 (N-mm) - 27.4 25.1 24.1 26.4 29.9
Em (%) - 13.5 23.3 32.9 26.7 20.7

HA—hardness; Ts—tear resistance; AW, AWs—hysteresis losses during the first and fifth sample stretching
cycles, Eyy—Mullins effect.

2.4. The Influence of Phyllosilicates on the Dynamic Properties of IIR Vulcanizates

The dynamic properties of rubber materials depend mainly on the quantity and
activity of the filler used. The distribution of filler particles in the elastomeric matrix is
also an important factor. Table 5 compares the results of the dynamic properties of the
filled vulcanizates tested. The unfilled IIR composite was not considered in this study.
The highest value of the storage modulus G’ was achieved by the IIR/PER composite
(0.278 MPa), indicating the greatest resistance to deformation of this sample and the
greatest fillerfiller interactions, which cause reinforcement of the composite. The other
vulcanizates obtained smaller values of the storage modulus. The loss modulus represents
the viscous part, or the amount of energy dissipated in the sample, and is related to the
material’s ability to dissipate stress through heat. The IR/ ARS sample (G” max = 0.012 MPa)
dissipates energies through the heating and shows the best damping properties due to the
smallest value of G”, which agrees with the study of damping properties by hysteresis
loops and the Mullins effect.

Table 5. Dynamic properties of IIR vulcanizates filled with phyllosilicates.

Sample Designation

Properties
ARS VER MMT PER HNT
G/ max (MPa) 0.066 0.122 0.183 0.278 0.172
G max (MPa) 0.012 0.022 0.033 0.067 0.022
AG' (MPa) 0.040 0.116 0.181 0.256 0.144

G’ max—maximum storage modulus; G’ max—maximum loss modulus; AG'—Payne effect.

The largest Payne effect values were achieved by the IIR/PER and IIR/MMT samples
(0.256 MPa and 0.181 MPa, respectively). Therefore, these vulcanizates probably had larger
aggregates and the spaces between them were smaller than the others, which was also
confirmed by the SEM analysis (Figure 2). The IIR/ARS composite probably had the
smallest aggregates due to the smallest value of AG’ = 0.040 MPa. In addition, each sample
had a storage modulus greater than the loss modulus, which was why these materials were
mainly elastic.

The variation of the storage modulus from the increased oscillation strain is shown
in Figure 4. The IIR/PER vulcanizate (curve 4) had the highest stiffness, and therefore
the greatest value of the storage modulus. The addition of perlite caused the formation of
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filler—filler bonds in the elastomer matrix, which made the G’ value increase. The strong
Payne effect in this case was probably caused by the structure of pearlite, and its particles
are highly corrugated (Figure 2d), increasing its specific surface area and interactions with
butyl rubber macromolecules. The I[IR/MMT sample (curve 3) also showed a high value
of G’ (0.183 MPa), indicating the appearance of a large amount of fillerfiller bonds. As
the oscillation strain increased, the storage modulus for each of the tested compositions
decreased. After crossing 10%, a noticeable decrease in the value of the storage modulus
was observed for each curve in Figure 4. In addition, it was observed that as the deformation
increased, the elastic properties of the tested vulcanizates decreased, which was due to the
deterioration of the spatial network structures of the filler in the elastomer matrix.
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Figure 4. Relationship of storage modulus to oscillation strain of IIR composites filled
with phyllosilicates.

Figure 5 shows the variation of loss modulus with increasing oscillation strain. Loss
modulus measures the energy dissipated or lost as heat per cycle of sinusoidal deformation.
The loss value was the largest for the IIR/PER sample (curve 4), the other compositions
achieved a lower sinusoidal peak value. In addition, a peak shift was observed with the
IIR/HNT vulcanizate (curve 5). This sample had its peak at about a 60% oscillation strain,
while the other compositions had this peak at about a 5% oscillation strain. The IIR/ARS
vulcanizate (curve 1) in the graph shown did not have a peak at all, indicating little energy
loss through heat. The shift of the peak perhaps indicated specific interactions between the
filler and the elastomeric matrix in the IIR/HNT sample.

2.5. The Influence of Phyllosilicates on the Hydrophobicity of IIR Vulcanizates

The contact angle is aimed at determining the nature of the surface of the polymer
under test. The surface can be hydrophobic or hydrophilic. For polymers, the addition
of selected fillers is often important, as they allow the surface to remain hydrophobic. In
Figure 6 the results of the contact angle are summarized. It is noted that filled samples
obtain greater hydrophobicity than the unfilled IIR vulcanizate. Also, the addition of phyl-
losilicates improved the hydrophobicity of butyl rubber materials. The largest contact angle
was obtained by the IIR/MMT composition (® = 118.9°). The other filled samples also ob-
tained such a value of ® that they are considered materials with improved hydrophobicity.
Among the filled products, the IIR/VER vulcanizate had the lowest contact angle value,
which was related to the poor dispersion of vermiculite in the elastomeric matrix. When
the fillers are unequally distributed in the matrix, the agglomerates and aggregates are
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formed, which causes disturbances in the character of the composite surface. The presented
results clearly show that IIR/HNT (® = 116.2°) and IIR/PER (& = 110.4°) vulcanizates had
better dispersion filler than the IIR/VER composition. In addition, an important aspect
influencing the hydrophobicity of the rubber material is the shape and size of the filler
particles. According to Figure 2, it is important to note that vermiculite has the largest
particles with regular shapes among the tested fillers. According to [71-75], fillers, which
have a smaller particle size (nano), cause an increase in the roughness of the material’s
surface and this results in an increase in the hydrophobicity of the composite according to
the Wenzel model and Cassie-Baxter model [72,76,77]. Thus, the IIR/MMT, IIR/PER, and
IIR/HNT samples achieved higher contact angle values than the other samples, although
all fillers belong to the hydrophilic. In summary, the degree of dispersion, the degree of
surface roughness, and the choice of filler and its size also affect the hydrophobicity of
the composite [71-73]. Nanofillers cause greater surface roughness, but it is more difficult
to disperse them evenly in the elastomeric matrix; therefore, the selection of appropriate
components when creating new rubber materials is very important [74,75].
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Figure 5. Relationship of loss modulus to oscillation strain of IIR composites filled with phyllosili-
cates.

2.6. The Influence of Phyllosilicates on the Barrier Properties of IIR Vulcanizates

The barrier test was conducted to determine the effect of added fillers on air perme-
ability. The calculated gas transmission rate and permeability coefficients are summarized
in Table 6. Analyzing the results, it was noted that the addition of fillers increased both GTR
and P values, making the filled composites more permeable than the reference sample. The
IIR/PER and IIR/HNT vulcanizates were the least permeable, as they achieved the lowest
GTR and P values. Filled vulcanizates should show lower permeability than the unfilled
sample, but the problem could be the lack of modification of the fillers or the process of
incorporating them into the elastomeric matrix. An important issue in achieving increased
barrier properties is to provide the right morphology of the composite (torturous diffusion
path). Aiming for exfoliation of filler layers is essential to raise the barrier properties of the
product. In this case, it is possible to achieve a very low degree of exfoliation of layered
filler packages, which translated into an unsatisfactory result.
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Figure 6. Contact angle values of IIR vulcanizates filled with phyllosilicates.

Table 6. Barrier properties of IIR vulcanizates filled with phyllosilicates.

Sample Designation

Properties
0 ARS VER MMT PER HNT
GTR (m;?glpa) 2.27 x 107 1.10 x 108 1.12 x 108 1.10 x 108 9.59 x 1077 1.06 x 108
P (-9 ) 262 x 10712 1.10 x 1078 121x 10~ 1 1.54 x 1071 1.09 x 101 1.09 x 1011

GTR—gas transmission rate; P—coefficient gas permeability.

2.7. Resistance to Permeation by Liquid Chemical Substances

Resistance to permeation by the test chemical was determined by measuring the
breakthrough detection time. Breakthrough detection time is the elapsed time from the
start of the test to the time the test chemical first breaks through the barrier material and
can be measured in the collecting medium. Resistance to permeation by liquid chemicals
was conducted according to the procedures described in the Materials and Methods section,
with the results given in Table 7. The tests involved two substances: methanol, which is a
polar solvent, and n-heptane, which is non-polar.

Table 7. Test results for permeation by liquid chemicals.

Sample Designation

Properties Test Substance
0 ARS VER MMT PER HNT
Breakthrough time methanol >480
(min) n-heptane 249 280 210 380 289 295

Previous research [78] indicates interest in the effects of fillers on the gas permeability
of polymeric materials. In their work, Takahashi et al. observed that the addition of
30 wt% vermiculite as a nanofiller to butyl rubber caused a more than 20-fold decrease
in the permeability of helium, hydrogen, oxygen, nitrogen, methane, and carbon dioxide
through the resulting vulcanizates as well as a higher diffusion coefficient for those gases
(by two orders of magnitude) as compared to IIR without the filler. While the cited study
revealed a beneficial (reducing) effect of nanofillers on the gas permeation rate through
elastomeric materials, these findings cannot be directly extrapolated to liquid permeation
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due to differences in the size and shape of gas and liquid molecules. In the present study,
the barrier properties of non-polar IIR were found to depend on solvent polarity as well as
on the surface properties of the nanofillers added to the system.

In the case of a polar solvent, the addition of fillers does not change the resistance
to penetration of liquid chemicals. The sample retained chemical resistance in contact
with methanol for 480 min, and in all cases, the highest performance level of 6 against the
permeation of liquid chemicals has been achieved by the EN ISO 374-1:2016 standard [79].
The presence of fillers did not reduce the protective parameter.

Fillers had no effect on the permeation of a polar solvent (methanol) through the non-
polar material (IIR), which exhibits a greater thermodynamic affinity to IIR than n-heptane.
In the case of n-heptane, the vulcanizates showed lower resistance than for contact with
the polar solvent.

Differences in the time taken for the liquid chemical substance to penetrate and change
were observed depending on the filler addition and times in the range from 210 to 380 min
were recorded. The lowest value of chemical resistance was observed for the IIR/VER
vulcanizate, in which the tested material achieved a performance level of 4. In other cases,
an effectiveness level of 5 was achieved by the EN ISO 374-1:2016 standard, and the longest
permeation resistance time of 380 min was obtained for the IIR/MMT sample.

While the n-heptane breakthrough time for unfilled IIR was 249 min, it increased by
approx. 30—45 min (20%) for the IIR/ARS, IIR/PER, and IIR/HNT composites (without
significant differences between nanofillers used). However, the breakthrough time for the
IIR/MMT sample was as long as 380 min, which means a 50% increase as compared to the
unfilled composite. The differential effects of the studied nanofillers on breakthrough time
for IIR with respect to liquids of varying degrees of thermodynamic affinity are probably
related both to differences in liquid sorbability and to the heterogeneous distribution of
surface energy in fillers with dissimilar chemical structures. Some influence on the barrier
properties of IIR composites may also be exerted by differences (if any) in the degree of
dispersion and aggregation of nanofiller particles [80].

Differences in breakthrough time for composites with nanofillers may result from
different amounts of n-heptane retained in the nano- and mesopores of aggregates of filler
particles (with the fillers differing in the surface polarity of their solid state particles).
Differences in polar liquid breakthrough times for composites also depend on the liquid
desorption rate, which is associated with the immobilization of its particles in aggregates
of nano- and mesopores and with different forces bonding the nonpolar liquid with the
surfaces of the applied fillers of different polarities. Among the studied fillers, the highest
polarity was found for MMT, which also exhibited the highest chemical resistance when
challenged with a non-polar solvent [81].

2.8. Chemical Degradation

Chemical degradation due to the action of liquid substances is defined as the percent-
age change in mechanical properties, i.e., piercing force, as a result of contact with chemical
agents. Chemical degradation tests for the studied vulcanizates were conducted according
to the procedures described in the Materials and Methods section, with the results given in
Table 8. As a result of the analysis, it is concluded that the polar solvent does not degrade
any of the tested vulcanizates. The opposite effect is present when vulcanizates come
into contact with a non-polar solvent, i.e., n-heptane. It is observed that the addition of
nano-fillers weakens the chemical degradation process, compared to the pure vulcanizate,
by up to 40%. The IIR/ARS and IIR/MMT as well as IIR/VER and IIR/PER composites
achieved similar chemical degradation values.

According to the literature data, cured butyl rubber is characterized by a similar
resistance to chemicals, including solvents and mineral oils, as silicone rubber. However,
as compared to butyl rubber, the sorptive capacity of silicone is almost 40% greater for non-
polar solvents (e.g., benzene) and much higher for polar chemicals, such as ethanol (leading
to a mass increase by 15 units after 168 h of immersion in the solvent). Consequently, the
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current findings concerning chemical degradation and resistance to liquid permeation
indicate an improvement in the barrier properties of filled vulcanizates (e.g., IIR/ARS)
as compared to non-polar ones (IIR). Szadkowki et al. also reported an improvement
in barrier properties by the addition of materials such as perlite and vermiculite to the
polymeric matrix, especially at high concentrations, when mineral particles may form an
impermeable layer due to their structure [82]. Vulcanizates filled with VER and PER, with
a finer structure, exhibit a higher mechanical strength following a controlled process of
immersing a vulcanizate surface in a non-polar solvent (i.e., n-heptane). The other fillers
with a looser and finer structure, as well as those with similar structures, are characterized
by even higher barrier properties, with permeation resistance results indicating longer
n-heptane breakthrough times for the [IR/MMT and IIR/HNT vulcanizates as compared to
composites containing perlite and vermiculite. Halloysite nanotubes led to the best results,
that, is, the lowest degree of chemical degradation of vulcanizates (approx. 38%), which is
consistent with the literature. Other authors tentatively attributed this phenomenon to the
infiltration of macromolecular polymeric chains through pores in nanotubes [83].

The surface of vulcanizates following exposure to n-heptane was examined using a
stereoscopic microscope under 7x magnification (Opta-Tech series SK, Warsaw, Poland),
with sample images presented in Figure 7.

Table 8. Test results for methanol-induced chemical degradation.

Sample Designation

Properties Test Substance
0 ARS VER MMT PER HNT

Results for methanol-induced chemical degradation

Pre-exposure 51.51 58.65 32.80 27.92 37.68 41.68
Mean puncture force (N)
Post-exposure 50.96 48.84 35.23 28.06 39.00 41.39
Sample degradation (%) 1.07 16.74 —7.39 —0.49 —3.49 0.70
Results for n-heptane-induced chemical degradation
Pre-exposure 51.51 58.65 32.80 27.92 37.68 41.68
Mean puncture force (N)
Post-exposure 10.60 21.79 14.43 10.53 17.24 25.48
Sample degradation (%) 79.42 62.84 56.01 62.30 54.24 38.88

2.9. Abrasion Resistance

The abrasion resistance of the fabricated vulcanizates was tested according to the
procedures described in Section 3.10. In the case of this test, a deviation from the test in
accordance with the standard EN 388:2016+A1:2018 [84] was used. Due to the high friction
of the samples, the test was stopped after 500 rub cycles. The surface of the fabricated
vulcanizates before tests and after 500 rub cycles was examined based on the acquired SEM
images, with sample pictures presented in Figure 8.

The literature shows that the vulcanizate hardness increases with silicate concentration
and with the diameter of filler particles due to higher cross-linking density resulting from
polymerfiller interactions. Mostafa et al. observed greater abrasion-related mass loss for
vulcanizates containing fillers (vs. unfilled ones) and for vulcanizates with higher filler
concentrations [85].
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Figure 7. Stereoscopic microscope images of the surface of vulcanizates before and after n-heptane-

induced chemical degradation.
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Figure 8. SEM images of the surface of fabricated vulcanizates before and after abrasion tests.

3. Materials and Methods
3.1. Materials

In this work, butyl rubber, IIR (type: Butyl 206) with 2.3% mol. unsaturated bonds,
a density of 0.91 g/mL, and Mooney viscosity of ML 1 + 8 (125 °C): 51 (delivered by
ExxonMobil Chemicals&Specialties, Irving, TX, USA).
The curing system consisted of the following substances:
- Sulfur (S) as a cross-linking agent, with a density of 1.8-2.36 g/mL (delivered by
Chempur, Piekary Slaskie, Poland);
- Zinc oxide (ZnO) as a cross-linking activator, with a density of 5.6 g/mL (delivered by
Chempur, Piekary Slaskie, Poland);
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- Tetramethylthiuram disulfide (TMTD) as a cross-linking accelerator, with a density of
1.29 g/mL (delivered by Brenntag Polska Sp. z o. 0., Kedzierzyn-Kozle, Polska);

- Stearic acid (SA) as a cross-linking activator and dispersing agent, with a density of
0.94 g/mL (delivery by Chempur, Piekary Slaskie, Poland).
The following fillers were used:

- Silica (ARS), type: Arsil, with a density of 2.20 g/mL (delivered by Zaklady Chemiczne
“Rudniki” S.A., Rudniki, Poland);

- Vermiculite (VER), FlameHunter VE MIC, with a density of 0.85-1.00 g/mL, and an
average particle size of 250-710 um (>80%) (delivered by NYSA Chem® Sp. zo. o,
Wroctaw, Poland);

- Montmorillonite (MMT, NanoBent ZR), modified with a quaternary ammonium salt
with two short- and two long-chain alkyl substituents, with an average particle size
of 20-60 um (56%), <20 um (44%) and layer separation of 2.0-2.4 nm (delivered by
ZGM “Zebiec”, Zebiec, Poland);

- Perlite (PER), type: EP100F, with a density of 0.06-0.14 g/mL (delivered by Perlipol,
Betchatéw, Poland);

- Halloysite tubes (HNT), with a density of 2.53 g/mL (delivered by Sigma-Aldrich
Chemie, Steinheim am Albuch, Germany).

3.2. Compounding and Vulcanization

The IIR composites were prepared using a two-roll mill (type: Laborwalzwerk, Krupp-
Gruson, Magdeburg-Buckau, Germany) with a roll diameter of 200 mm and a roll length
of 450 mm, at a roll temperature of 30-35 °C. The total time to create the composition
was 5-8 min. First, the rubber was plasticized and the ingredients were incorporated in
the following order: stearic acid, ZnO, filler, accelerator, and sulfur. The obtained rubber
composites were stored separately in tightly closed foils at room temperature.

The produced mixes were vulcanized in hydraulic presses in appropriate metal molds.
The vulcanization parameters were a temperature of 160 °C, a pressure of 150-180 bar, and
a cure time of 30 min.

3.3. Characteristics of the Cross-Linking Process

The vulcanization process is characterized by determining the cure kinetics, and the
equilibrium swelling. The cure kinetics of the IIR composites were determined using the
Alpha Technologies (MDR 2000) oscillating disk rheometer (Alpha Technologies, Hudson,
OH, USA) at 160 °C (ASTM D5289-17 standard [86]), which was employed to determine
the following parameters: scorch time (t(;); vulcanization time (tgp); and minimal torque
(Tiin); maximum torque increment (ATmax), which is the difference between the torque
after heating and minimal torque values. The degree of vulcanization (conversion) in the
vulcametric studies was defined according to Formula (4) [87].

T To

o= 7Th — (4)

where T; is the torque value at a given time during the vulcanization (in this case: Tys),
Ty is the torque value at time zero, Ty, is the torque value at the end of vulcanization (in
this case: T3p).

The cure rate index (CRI) was designated according to Formula (5):

100
too — to2

CRI =

©)

Swelling behavior was assessed using toluene (according to ASTM D471 [88]). From
each vulcanizate, four test pieces of 25-60 mg of different shapes were cut out, weighed
using an electrical balance, and swollen in toluene until equilibrium was reached (for 72 h).
After this time, the swollen samples were removed from toluene and washed with diethyl

187



Molecules 2024, 29, 1306

ether, and their weights were determined again. The samples were dried to a constant
weight at a temperature of 50 °C and then reweighed.
Equilibrium volume swelling (Qy) was calculated using Formula (6):

d
Qy = Qu X div (6)
S
where Q,, is the value of the equilibrium mass swelling (mg/mg), dy is the vulcanizate
density (g/mL), and ds is the solvent density (g/mL).
Equilibrium weight swelling was calculated from Formula (7):

Q= )

My
where mg is the swollen sample weight (mg), mg is the dry sample weight (mg), and
my’ is the reduced sample weight (mg). The reduced sample weight was calculated from
Formula (8):
* Mm
md:md—mo-?t (8)

where my is the initial sample weight (mg), my, is the mineral content in the blend (mg),
and m; is the total weight of the blend (mg).

Negative equilibrium weight swelling (—Q,,), interpreted as the amount of leaching
substances, was calculated from Formula (9):

mp —mj

Q=" ©)
The rubber volume fraction (VR) was calculated from Formula (10):
Ve= ot (10)
14+Qy
The degree of cross-linking (c«.) was determined using Formula (11):
%= g ()

3.4. Determination of Surface Morphology

The morphology of the vulcanizates was assessed using a scanning electron micro-
scope (SEM). This was a Hitachi Tabletop Microscope TM-1000 (Tokyo, Japan) product.
The preparation of the samples for measurement consisted of placing a double-sided self-
adhesive foil onto a special table and gluing the testing sample to it. Then, a gold layer was
applied to the prepared sample using the Cressington Sputter Coater 108 auto vacuum
sputtering machine (Redding, CA, USA) at a pressure greater than 40 mbar for 60 s. The
samples prepared in this way were placed into the scanning electron microscope chamber,
and the measurement was performed.

3.5. Determination of Dynamic and Mechanical Properties

For the vulcanizates, the following properties were determined: strength properties,
hysteresis losses and Mullins effect, tear resistance, hardness, elasticity, loss modules, and
Payne effect.

Measurements of the tensile properties were carried out using a testing machine
(Zwick1435/Roell GmbH & Co. KG, Ulm, Germany). The parameters determined from
this test were stress at elongation of 100, 200, and 300% (Se100, Se200, Se300); tensile strength
(TSp); and relative elongation at break (E}p,). Each property was determined for five samples.
The test was conducted at a constant speed of 500 mm /min.
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The hysteresis losses were determined using a testing machine (Zwick1435/Roell
GmbH & Co. KG, Ulm, Germany). Each test was conducted for three samples, which were
stretched five times to 200% elongation at a stretching speed of 500 mm /min, and the initial
force was 0.1 N. The Mullins effect was determined according to Formula (12):

Ey = Wlw;lm x 100% (12)
where W is the hysteresis loss at the first extension of the sample (N-mm) and W5 is the
hysteresis loss at the fifth extension of the sample (N-mm).

The tear strength (Ts) was tested in accordance with method A of the standard ISO
34-1:2022 [89] using a testing machine (Zwick1435/Roell GmbH & Co. KG, Ulm, Germany).
Rectangular specimens with dimensions of 100 mm x 15 mm and a cut of 40 mm were
used for the tests.

Hardness (HA) was tested on the Shore A scale using a Zwick/Roell hardness tester
according to ISO-48-4:2018 [90]. Each test was performed ten times. The samples were in
the shapes of cylinders, with diameters of 80 mm and heights of 6 mm.

The dynamic properties of the vulcanizates were determined by the minimum and
maximum storage modulus (G'iin, G'max), the maximum loss modulus (G'max), and the
Payne effect (AG/, Formula (13)) at room temperature. The test was performed using the
Ares G2 rotational rheometer (New Castle, UK) according to ISO 4664-1:2022 [91]. The
tested samples, in the form of discs with dimensions of 25 mm x 2 mm, were placed
between special measuring plates of the apparatus. The parameters that were used were as
follows: a soak time of 10 s, an angular frequency of 10 rad/s, a logarithmic sweep with
strain from 0.005 to 70% s, 20 points per decade, and an initial force of 5 N.

AG/ = G/max - G/min (13)

where G’ pay is the maximum storage modulus (MPa) and G’ i, is the minimum storage
modulus (MPa).

3.6. Resistance to Thermo-Oxidative Aging

The thermal aging of the IIR vulcanizates was carried out in a forced circulating aging
oven at 70 °C for 7 days. After conditioning at room temperature for 24 h, the changes of
mechanical properties (stress at 100%, 200%, or 300% strain, tensile strength, elongation at
break) were evaluated based on the aging factor (AF) according to Formula (14):

_ IS, B

AF =
TS, Ep

(14)

where TS is the tensile strength after thermo-oxidative aging (MPa), TS, is the tensile
strength before thermo-oxidative aging (MPa), E{ is the elongation at break after thermo-
oxidative aging (%), and Ej, is the elongation at break before thermo-oxidative aging (%).

3.7. Determination of Hydrophobicity

The contact angle of the vulcanizates surface was determined using a goniometer from
DataPhysics Instruments GmbH OCA 15EC (Filderstadt, Germany). The embedded drop
method was used. At the beginning of the measurement, a drop of water with a volume of
~5 uL was placed on the surface of the vulcanizate using a Hamilton microsyringe. Then,
using a special program, a photo of the drop was taken within 10 s so that the boundary
between the surface and the drop was visible. The contact angle was measured by analysis
in a computer program adapted for this study. A minimum of 5 drops were deposited into
each sample and the average value of the contact angle was calculated.
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3.8. Determination of Barrier Properties

The barrier properties were measured using a device that tests gas permeability using
the manometric method. The measurement of barrier properties was based on a method
that used pressure differences in measurement chambers on both sides of the tested sample.
The apparatus consisted of a measuring cell in which the test sample was placed. The
measuring cell was divided into two parts, i.e., an atmospheric pressure chamber and
a low-pressure chamber. The test gas (air) was supplied to the chamber at atmospheric
pressure. The low-pressure chamber contained a high-sensitivity sensor that measured
pressure changes occurring in the measuring chamber as a result of gas permeating through
the partition between both chambers containing the tested sample. A vacuum pump was
connected to the low-pressure chamber, generating low pressure in the chamber (<10 Pa).
From the results obtained, the gas transmission rate (GTR) was calculated according to
Formula (15):

Ve
R-T-Py-A

where V. is the volume of the low-pressure chamber (I), R is the gas constant
(8.31 x 103) [(1-Pa)/(K-mol)], T is the measurement temperature (K), Py is the gas pres-
sure in the high-pressure chamber (Pa), A is the area of gas permeation through the sample
(m?), dp/dt is the pressure changes per unit of time (Pa/s).

The coefficient gas permeability (P) was determined according to Formula (16):

GTR = (dp/dt) (15)

P = GTR-d (16)
where d is the sample thickness (m).

3.9. Chemical Degradation

Chemical degradation studies for the obtained vulcanizates were carried out in accor-
dance with the standard EN ISO 374-4:2019 [92]. Samples with a diameter of 20 mm were
acclimatized at (23 £ 2 °C) for 24 h as per EN ISO 2231:1995 (PN-EN ISO 2231:1999) [93].
Then they were secured in glass vials containing 2 mL of heptane or methanol sealed with
septa having a center hole 12 mm in diameter. The samples were placed under the septa.
Vials prepared in this way were inverted to make sure that the test chemical was in direct
contact with the vulcanizate surface for one hour.

Subsequently, the mechanical parameter of puncture force was determined in a com-
parative system, namely, for vulcanizates exposed and not exposed to the test chemicals
(Figure 9); the latter served as reference values. Puncture force was measured at a probe
advance rate of 100 mm/min (the initial distance between the puncture probe and the
sample surface was 100 mm). The mean difference (1 = 3) of the puncture force for samples
exposed and not exposed to the test chemicals was expressed as a percentage.

3.10. Abrasion Resistance

Abrasion resistance was tested according to the standard PN-EN 388:2017-02 [94]
with a modified maximum number of rubs. Samples with a diameter of 38 mm were
acclimatized at a temperature of (23 &+ 2) °C and a relative humidity of (50 £ 5)% for
24 h according to EN ISO 2231:1995 (PN-EN ISO 2231:1999). The mechanical parameter
of resistance to cyclical abrasion was determined after 500 rubs executed at a force of
(9 £ 0.2) kPa using a Martindale apparatus (James Heal, Sterling, VA, USA).

190



Molecules 2024, 29, 1306

Figure 9. Measurement stand for determining chemical degradation according to EN ISO 374-4:2019
(Satra Technology, Kettering, United Kingdom).

4. Conclusions

The effect of applied fillers on the IIR composite performance illustrates a radar chart
(Figure 10).

GIR

—IR —ARS —VER —+MMT —PER ——HNT

Figure 10. Comparison of properties of tested IIR vulcanizates filled with phyllosilicates (1—the
weakest property; 6—the best property); TS,—tensile strength, «.—cross-linking degree, AF—aging
factor, WCA—water contact angle, CD—chemical degradation, GTR—gas transmission rate.

Based on the research conducted, the following conclusions were drawn:

1. The IIR composite filled with Arsil and vermiculite was characterized by the shortest
cross-linking time (9 min) and the highest cure rate index (12.5 min~1).

2. The highest degree of cross-linking (0.39) was achieved for IIR composites filled with
Arsil or Arsil with perlite or halloysite tubes. The samples with the highest degree of
cross-linking also obtained the highest mechanical strength.
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3. The tested vulcanizates did not show high tear resistance; however, the vulcanizates
filled with Arsil and montmorillonite had the lowest tear resistance.

4. The hardness of the tested compositions did not exceed 60 °ShA. The vulcanizates
filled with Arsil and perlite were characterized by the highest hardness.

5. Most of the tested compositions achieved an aging factor of approximately 0.6, which
indicates good resistance to thermo-oxidative aging. The samples filled with Arsil
and vermiculite or montmorillonite were characterized by the highest resistance to
thermo-oxidative aging.

6.  Vulcanizates filled with Arsil achieved the lowest values of the Mullins effect, which
may indicate the best degree of filler dispersion and the best vibration damping effect.

7. The highest Payne effect was achieved for the IIR vulcanizate containing Arsil
and perlite.

8.  The highest surface hydrophobicity (119°) was confirmed for the IIR vulcanizates
with Arsil and montmorillonite.

9.  All tested samples showed high barrier properties because both the gas diffusion rate
coefficient and the permeability coefficient reached low values.

10. No changes were observed on the surface of the tested vulcanizates, such as shrink-
age, chipping, peeling, or hardening, after contact with organic solvents of different
polarity (methanol and n-heptane). Permanent deformation of the sample was visible
after contact of all variants of vulcanizates with heptane.

11.  The sample retained chemical resistance in contact with methanol for 480 min. The
presence of fillers did not reduce the protective parameter.

12.  In the case of contact of vulcanizates with n-heptane, the time taken for the liquid
chemical substance to penetrate changed in the range from 210 to 380 min.

13. Hour-long contact of a polar solvent (methanol) with each of the vulcanizates did
not cause material degradation, while the presence of a non-polar solvent (heptane)
worsened the mechanical parameters by up to 80%. However, the presence of fillers
reduced the chemical degradation of vulcanizates (in the case of vulcanizates filled
with Arsil and halloysite tubes by 40% compared to the vulcanizate without fillers).
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Abstract: In this study, a fluorine-containing flow modifier (Si-DF) with low surface energy is suc-
cessfully synthesized, which is applied to fabricate ideal electronic packaging materials (BN/PPS
composites) with high thermal conductivity, excellent dielectric properties, processability, and tough-
ness by conventional melt blending. Si-DPF is located at the interface between the BN fillers and the
PPS matrix, which not only improves the dispersion of BN fillers but also strengthens the interaction.
With the help of 5 wt% Si-DF, BN/PPS/Si-DF (70/25/5) still exhibits the high thermally conductive
coefficient (3.985 W/m-K) and low dielectric constant (3.76 at 100 MHz) although BN fillers are
loaded as high as 70 wt%. Moreover, the sample processes a lower stable torque value (2.5 N-m),
and the area under the stress—strain curves is also increased. This work provides an efficient way to
develop high-performance polymer-based composites with high thermally conductive coefficients
and low dielectric constants for electronic packaging applications.

Keywords: BN/PPS composites; fluorine-containing flow modifier; dispersion; thermal conductivity;
dielectric property

1. Introduction

Polyphenylene sulfide (PPS) has been widely used as electronic packaging material in
the field of electronic communications due to its outstanding thermal dimensional stability,
superior chemical resistance, and high flame retardance. With continuous miniaturization
and increased power in electronic devices, the comprehensive performance of electronic
packaging materials makes more stringent requirements [1-4]. An ideal electronic packag-
ing material should demonstrate high thermal conductivity, excellent dielectric properties,
processability, and toughness. Unfortunately, the PPS matrix has a relatively low thermally
conductive coefficient (<0.4 W/m-K), which needs to be enhanced by incorporating ther-
mally conductive particles [5-8]. Some studies have shown that introducing a large number
of thermally conductive particles leads to a dramatic increase in the thermal conductivity of
the PPS-based composites, such as boron nitride (BN), expanded graphite (EG), aluminum
nitride (AIN), and carbon nanotubes (CNT) [9-12].

However, a high loading of particles easily forms a large number of agglomerates,
deteriorating the processability and toughness of the composites [13,14]. Moreover, the
serious agglomeration of particles also leads to more interfacial thermal barriers, which is
not conducive to the fabrication of composites with high thermally conductive coefficients
and low dielectric constants [15]. Thus, a major challenge in the fabrication of ideal
electronic packaging materials (PPS-based composites) is to achieve the uniform dispersion
of thermally conductive particles in the PPS matrix.

Usually, the PPS-based composites with high thermal conductivity are prepared
by a hot-compression technique in which the surface-modified particles are premixed
with the PPS matrix, which greatly improves the dispersion of the particles [16-19].
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Yang et al. [16] modified BN fillers using a silanization reaction with y-aminopropyl tri-
ethoxy silane/aminopropyllsobutyl polyhedraloligomeric silsesquioxane (f-BN) and found
that f-BN fillers had better dispersion in the PPS matrix. The thermally conductive coefti-
cient (A) value of the f-BN/PPS composite with 60 wt% f-BN was improved to 1.122 W/m-K,
four times higher than that of the PPS matrix (0.286 W/m-K). Ryu et al. [19] reported that
the grafting of (3-Aminopropyl) triethoxysilane onto the surface of BN fillers reduced
agglomeration. The A value of 3.09 W/m-K was exhibited by the modified BN containing
60 wt%. However, due to the complexity of this method, it cannot be extended to large-
scale industrial production. Therefore, the uniformly dispersed particles in the PPS matrix
could be easily realized by melt blending technology, which is of prime importance for the
development of ideal electronic packaging materials in industry.

In this work, a fluorine-containing flow modifier (Si-DF) is designed and synthesized
(Figure 1), which is introduced into BN /PPS composites (the weight ratio of BN to PPS is
60:40 and 70:30) by a conventional melt processing technique. The -CF3 terminal groups
endow Si-DF with low surface energy, which enables Si-DF to locate at a two-phase
interface [14]. It is expected that the BN fillers will be dispersed in the PPS matrix, and
the BN/PPS composites will present high thermal conductivity, excellent processability,
and toughness. The composite will also maintain a low dielectric constant with the help of
Si-DF. In addition, the dispersion mechanism is explored.
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Figure 1. Synthesis route of Si-DF.

2. Experimental
2.1. Main Materials

Polyphenylene sulfide (PPS) was purchased from Nanjing Deyuan Science and Tech-
nology Co. Ltd. (Nanjing, China) Boron nitride (BN, mean diameter of 20-30 pum, thermally
conductive coefficient of 33 W/m-K) was received from Qinhuangdao ENO High-Tech
Materials Development Co., Ltd. (Qinhuangdao, China) Amino silicone oil was pur-
chased from Shin-Etsu Chemical Industrial Co. Ltd. (Tokyo, Japan) 9,10-dihydro-9-oxa-
10-phosphaphenanthrene 10-oxide (DOPO) and 3-(Trifluoromethyl) benzaldehyde were
purchased from Shanghai Aladdin Biochemical Co. Ltd. (Shanghai, China).

2.2. Synthesis of Si-DF

Amino silicone oil (17.2 g, 0.02 mol), 3-(Trifluoromethyl) benzaldehyde (6.96 g, 0.04 mol),
and 100 mL of ethanol were added sequentially to a 250 mL round-bottom glass flask
equipped with a nitrogen inlet, a condensing device, and a magnetic stirrer. The mixture
was stirred at 80 °C for 8 h until the complete conversion of amino silicone oil and 3-
(Trifluoromethyl) benzaldehyde, as confirmed by FTIR, and then the intermediate (5i-CF)
was obtained. DOPO (8.64 g, 0.04 mol) was added into the system and then further reacted
for 12 h at room temperature. After the complete conversion of DOPO was tested via
FTIR, the ethanol was removed using a rotary evaporator, and the residual solid was
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recrystallized from ethyl acetate to yield a yellowish powder named Si-DF (30.76 g, yield:
93.8 %). GPC data: M, = 1398 g/mol, PDI = 1.22.

2.3. Preparation of BN/PPS Composites

BN and PPS were dried in a vacuum oven at 90 °C for 12 h. The BN /PPS composites
were prepared by melt blending in a twin-screw extruder, and the temperatures of the
extruder were set in the range from 265 °C to 295 °C at a screw speed of 120 rpm. After
being granulated and dried, the pellets were injection-molded on an injection-molding
machine to obtain different specimens. The molding was conducted at zone temperature
profiles of 275-280-290-290-295 °C. The composite preparation process and composition are
simply illustrated in Scheme 1, and the compositions and code names of the samples are
listed in Table 1.
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Scheme 1. Schematic illustration of PPS composites preparation.

Table 1. Compositions and code names of the samples.

Samples BN (g) PPS (g) Si-DF (g)
BN/PPS (60/40) 60 40 -
BN/PPS/Si-DF (60/35/5) 60 35 5
BN/PPS (70/30) 70 30 -
BN/PPS/Si-DF (70/25/5) 70 25 5

2.4. Characterization

The FTIR spectra (scanned between 400 and 4000 cm~!) were obtained on a Nicolet
50XC spectrometer (Nicolet, Glendale, WI, USA). The 'H NMR and 3'P NMR spectra were
recorded on an AV400 unity spectrometer (Bruker, Billerica, MA, USA) operated at 400 MHz
with DMSO-dg as a solvent. The number-averaged molar mass (Mpy) and polydispersity
(M / Mp) of Si-DF were measured by gel permeation chromatography (Waters, Milford,
MA, USA). The contact angles were determined on a DSA100 contact angle instrument
(KRUSS, Hamburg, Germany) with water and diiodomethane at 25 °C, respectively. Scan-
ning electron microscopy (SEM) images were obtained on a Nova NanoSEM430 scanning
electron microscope (FEI, Hillsboro, OR, USA). The torque values of the samples were
measured on a Haake torque XSS-300 rheometer (Haake, Vreden, Germany) at a rotation of
50 rpm at 285 °C for 10 min. The thermally conductive coefficient values of the samples
were measured on a TPS2200 Hot Disk instrument (AB Corporation, Visteras, Sweden).
Dielectric constant values of the samples were measured on a high-frequency Q instrument
of QBG-3D (Shanghai Aiyi Electronic Equipment, Shanghai, China). According to ISO
527-2 standard, the tensile strengths of the samples were tested on an AGS-10KNI universal
material testing machine (Shimadzu, Kyoto, Japan) at the speed of 10 mm/min.
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3. Results and Discussion
3.1. Characterization of Si-DF

During a typical synthetic process, the intermediate Si-CF is first synthesized via
a Schiff base reaction between amino silicone oil and 3-(Trifluoromethyl) benzaldehyde
in an EtOH solution. The flow modifier Si-DF is then performed through the addition
reaction of DOPO and Si-CF. Figure 2 shows the infrared spectra of Si-CF and Si-DF. The
synthesis of the Si-CF intermediate is performed by the condensation of amino silicone
oil and 3-(Trifluoromethyl) benzaldehyde. Obviously, the strong peak of -CH=N- (Schiff
base) appears at 1650 cm !, and the peak of -CF3 appears at 1650 cm !, which indicates
the triggered aldimine polymerization between amino silicone oil and 3-(Trifluoromethy]l)
benzaldehyde. The Si-DF is performed through the addition reaction of DOPO and Si-CF.
Additionally, the peak of -CH=N- is absent at the same wavenumber for Si-DF, indicat-
ing that DOPO has successfully carried out the addition reaction with the intermediate
containing the -CH=N- group [14,20-22].

Si-CF

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. FTIR spectra of Si-CF and Si-DF.

The 'H NMR spectrum of Si-DF is displayed in Figure 3a. The peaks at —0.12-0.16 ppm,
0.32-0.46 ppm, and 1.16-1.42 ppm are attributed to the protons in -5i-CHj3, Si-CH,-, and
-CH,-CHj;-, respectively. The peaks at 5.29-5.32 ppm and 5.07-5.11 ppm are attributed
to the protons in -NH- and P-CH. The peaks at 6.5-8.2 ppm are attributed to the protons
in the benzene ring. The 3'P NMR spectra of DOPO and Si-DF are shown in Figure 3b.
Based on the 3'P NMR spectrum of DOPO, the peaks at 14.40-15.75 ppm are observed,
while the peaks are absent at the same wavenumber for Si-DF, and new peaks are observed
at 31.50-34.85 ppm. The results from FTIR, 'H NMR, and 3'P NMR show that the flow
modifier Si-DF has been successfully synthesized.
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Figure 3. (a) TH NMR spectrum of Si-DF. (b) 31p NMR spectra of Si-DF and DOPO.
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3.2. Phase Morphology

For highly filled polymer-based composites, how to disperse the fillers in the matrix is
a key issue presenting a challenge in the fabrication of high-performance composites. To
display the effect of Si-DF on the dispersion of BN fillers, the morphology of the BN fillers
in the samples is observed by SEM (Figure 4).

Figure 4. SEM images of BN/PPS (60/40) (a1), BN/PPS/Si-DF (60/35/5) (az), BN/PPS (70/30) (b1)
and BN/PPS/Si-DF (70/25/5) (b3).

There exists serious agglomeration of BN fillers in the sample BN/PPS (60/40) (Figure 4a)
and BN/PPS (70/30) (Figure 4b;). With the addition of Si-DF, the morphology of the BN
fillers presents a striking contrast. It is obviously found that BN fillers exhibit a homoge-
neous dispersion in the samples BN/PPS/Si-DF (60/35/5) (Figure 4a,) and BN/PPS/Si-DF
(70/25/5) (Figure 4b,).

In our previous work, we demonstrated that the fluorine-containing flow modifiers
(PMFs) with low surface energy were located at the MH/LLDPE interface in the highly
filled MH/LLDPE composites (80:20 by weight), which improved the dispersion of MH
particles [23]. Meanwhile, the distribution of flow modifiers can be estimated by evaluating
the wetting coefficient (w,) [24]. Herein, Young’s model is used to calculate the w, of Si-DF.
Additionally, when —1 < w, < 1, Si-DF is preferred to locate at the interface. The surface
energy of the individual components (PPS, BN, and Si-DF) is examined by measuring
the contact angles, and the interfacial energies are calculated using the surface energy
of the individual components using the geometric-mean equation or harmonic-mean
equation [25-27]. All of the data are listed in Tables 2 and 3, respectively.
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Table 2. Contact angles and surface energies of PPS, BN and Si-DF.

S | Contact Angle (°) 0% A4 v

amples 2 2
P Water Diiodomethane (mJ/m?) mJ/m?) (m]/m*)
PPS 90.37 24.76 46.99 46.63 0.36
BN 89.12 64.89 26.8 22.5 4.3
Si-DF 98.45 51.20 34.08 33.78 0.3

Table 3. Preferential distribution of Si-DF in the BN/PPS composites according to interfacial energies
v and wetting coefficients w.

Based on Based on

Interfacial . . Flow Modifiers
Energy Geom'etrlc-Mea;I Harm‘omc-Mearz\ wg wWH Distribution
Equation (m]J/m?) Equation (m]J/m*)
YBN/PPS 6.52 11.75
‘YSi-DF/PPS 1.04 2.06 —-0.37 —0.31 BN/PPS interface
‘YSi-DF/BN 3.47 5.74

As seen, the values of w, for Si-DF are —0.37 and —0.31, respectively, as calculated
from the geometric-mean equation, the harmonic-mean equation, and Young’s model,
indicating that Si-DF tends to locate at the interface between the BN fillers and PPS matrix.
Combining with the phase morphology and theoretical calculations, it is concluded that the
distribution of Si-DF at the two-phase interface is effectively able to reduce the formation
of agglomeration in the matrix.

3.3. Thermal Conductivity

Figure 5 presents the thermally conductive coefficient (A) values of the PPS matrix and
BN/PPS composites. The A value of the PPS matrix is 0.372 W/m-K. The composites reveal
a dramatic enhancement in thermal conductivity in comparison with the PPS matrix. The A
values of BN/PPS (60/40) and BN/PPS (70/30) are 3.379 W/m-K and 3.569 W/m-K, which
are approximately 9 and 9.6 times higher than that of the PPS matrix, respectively. With the
addition of Si-DF, the samples present higher thermal conductivity, and the corresponding
A values are increased to 3.873 W/m-K of BN/PPS/Si-DF (60/35/5) and 3.985 W/m-K of
BN/PPS/Si-DF (70/25/5), respectively. This implies that efficient thermal transfer pathways
could be formed at a high loading of BN fillers in the PPS matrix by the introduction of
Si-DF [16,28]. Additionally, it is believed that the homogeneous dispersion of BN fillers
in the PPS matrix is the key to the formation of thermal transfer pathways. Furthermore,
Si-DF forms a protective layer on the BN surfaces, which shows relatively lower interfacial
thermal barriers with the PPS matrix compared to the samples without Si-DF, resulting in

higher A values.
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Figure 5. Thermal conductivity of PPS matrix and BN/PPS composites.
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Table 4 summarizes the reported thermally conductive coefficient and thermal conduc-
tivity enhancement for the BN /PPS composites. It is noted that the BN /PPS composites
with higher BN filler contents in this work show a high thermally conductive coefficient
and the highest thermal conductivity enhancement. This work provides a relatively more
efficient and facile method to improve the thermal conductivity of BN/PPS composites.

Table 4. Comparison of thermally conductive coefficient and thermal conductivity enhancement in

BN/PPS composites.
Thermally Thermal
Filler Loading Conductive Conductivity
Samples [wt%] Coefficient Enhancement Strategy Year [Ref]
[W/m-K] [%]
BN/PPS 60 2.638 822.3 Hot-compression 2017 [15]
BN/PPS 60 1.122 292.3 Surface-modification, 2017 [16]
Hot-compression
BN/PPS 40 (vol) 2.45 880 Hot-compression 2017 [18]
BN/PPS 60 3.1 785.8 Surface-modification 2017 [19]
BN/PPS 60 2.7 610.5 Melt blending 2017 [19]
BN/PPS 60 3.873 941.1 Melt blending This work
BN/PPS 70 3.985 971.2 Melt blending This work

3.4. Dielectric Property

As a key parameter of electronic packaging materials, a low dielectric constant is
conducive to reducing the signal propagation time in electronic components, which is
very important in practical applications. The dielectric constant-frequency curves of the
PPS matrix and BN /PPS composites are displayed in Figure 6. The PPS matrix possesses
a dielectric constant value of 3.32 at 100 MHz. It can be seen that the dielectric constant
value of the samples is increased as the loading of BN fillers, and the corresponding values
are increased to 3.75 for BN/PPS (60/40) and 3.98 for BN/PPS (70/30). It is worth noting that
the introduction of Si-DF is beneficial in decreasing the dialectic constant of the samples.
For samples BN/PPS/Si-DF (60/35/5) and BN/PPS/Si-DF (70/25/5), the dielectric constant
values decreased to 3.55 and 3.76, respectively. The lower dielectric constant should be
attributed to the weakening of interface polarization [29,30]. Si-DF not only improves the
dispersion of BN fillers but also strengthens the interaction between the BN fillers and PPS
matrix, weakening the polarization between the BN fillers and PPS matrix, resulting in
relatively lower dielectric constant values of the BN/PPS composites.
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=
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Figure 6. Dielectric constant-frequency curves of PPS matrix and BN /PPS composites.
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3.5. Processability

The processability of BN/PPS composites is evaluated by the torque rheology test [31].
Figure 7 shows the torque vs. time curves for the BN/PPS composites. As expected,
the stable torque values of the samples are increased with the loading of BN fillers, and
a pronounced decrease in the torque values of the BN/PPS composites with the addition
of Si-DF is observed. For samples BN/PPS (60/40) and BN/PPS (70/30), the stable torque
values are 3.0 N-m and 11.7 N-m. When 5 wt% of Si-DF is added, the corresponding
values are decreased to 2.1 N-m of BN/PPS/Si-DF (60/35/5) and 2.5 N-m of BN/PPS/Si-DF
(70/25/5), respectively, indicating that Si-DF has an obvious advantage in improving the
processability of the BN /PPS composites. Si-DF tends to be located at the interface and
effectively reduces the melt viscosity, which prevents BN fillers from aggregation and
decreases the friction between the BN fillers and between the BN fillers and the PPS matrix.

20
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—e— BN/PPS (70/30)

—&— BN/PPS/Si-DF (70/25/5)
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Figure 7. Torque versus time of BN/PPS composites.

3.6. Mechanical Properties

Mechanical properties are critical for composites, especially tensile strength and
toughness. In this work, tensile testing of the PPS matrix and BN/PPS composites is
conducted, and the results are shown in Figure 8. The tensile strength of the PPS matrix
is 38 MPa. With the addition of BN fillers, the tensile strength of the samples increased,
and the corresponding strength increased to 48 MPa for BN/PPS (60/40) and 43 MPa for
BN/PPS (70/30). The tensile strength is slightly decreased for the samples with Si-DF. The
toughness of the samples is evaluated by calculating the fracture work derived from the
area under the stress—strain curve [32,33]. The work of the fracture of the PPS matrix is 13.66
MJ/m3, and the work of the fracture is decreased with the loading of BN fillers. For samples
BN/PPS (60/40) and BN/PPS (70/30), the work of the fracture decreased to 7.46 MJ/m3 and
5.53 M]J/ m3, respectively. This is understandable because BN fillers aggregate easily and
form agglomerations in the PPS matrix. As expected, after adding 5 wt% of Si-DF, the work
of the fracture of the samples increased to 11.05 MJ/m?> of BN/PPS/Si-DF (60/35/5) and
8.97 MJ /m? of BN/PPS/Si-DF (70/25/5), indicating that Si-DPF has an obvious advantage
in improving the toughness of the highly filled BN/PPS composites. This result is mainly
ascribed to the distribution of Si-DF; that is, Si-DPF tends to be located at the interface
and forms a “barrier layer” for BN fillers. Si-DF not only reduces the agglomeration but
also transfers the external force received by the samples to the small aggregate of BN filler,
which is able to act as the stress concentration points to dissipate the external energy, and
the toughness of the sample is achieved.
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Figure 8. Strain-stress curves of PPS matrix and BN/PPS composites.

4. Conclusions

A fluorine-containing flow modifier Si-DF was successfully synthesized and applied
to the fabrication of ideal electronic packaging materials (BN /PPS composites) by conven-
tional melt blending techniques. Si-DF with low surface energy was dominantly located at
the BN/PPS interface, leading to the relatively homogeneous dispersion of the BN fillers,
thus successfully achieving simultaneously high thermal conductivity, excellent dielectric
properties, processability, and toughness in BN /PPS composites, solving the well-known
problem that polymer-based composites with high loading thermally conductive fillers
usually present high thermal conductivity but poor processability and toughness due to
the unavoidable aggregation of the fillers. The Si-DF located at the interface effectively
constructed thermal conductive paths and reduced the interfacial heat resistance between
the BN fillers and the PPS matrix as well. Meanwhile, the carefully developed additive
weakened the polarization between the fillers and the matrix, which reduced the dielectric
constant of the composites. In addition, the BN/PPS exhibited excellent processability and
toughness. Most importantly, this work paved the way for constructing ideal electronic
packaging materials through the rational design of flow modifiers.
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Abstract: Organosilicon materials have shown potential as dehydration agents for waterlogged
wooden artifacts. These materials can polymerize under normal conditions to form polymers
with favorable mechanical strength, antibacterial properties, and aging resistance. However, the
insolubility of most organosilicon hindered their penetration into waterlogged wood, which may lead
to an unwanted cracking. This study aimed to evaluate the effectiveness of polydimethylsiloxane
(PDMS) and hydroxy-terminated polydimethylsiloxane (PDMS-OH) with low viscosity and moderate
reactivity for dehydrating waterlogged wooden artifacts from the Nanhai No.1 shipwreck. Four
surfactants ((3—aminopropyl) triethoxysilane (APTES), alkyl polyoxyethylene ether (APEO), tri-
methylstearylammonium chloride (STAC), and fatty alcohol polyoxyethylene ether (AEO)) and
cosurfactant were employed to transform the two kinds of water-repellent silicone oils into eight
groups of highly permeable oil-in-water (O/W) emulsions. Under the catalysis of a neutral catalyst,
in situ polymerization occurred within the wood cells. Group P2-2 formulated with PDMS-OH and
APEO showed the best efficiency in maintaining the dimensions of the wood during dehydration.
The dehydrated wood exhibited a natural color and texture with a minimal volume shrinkage rate of
1.89%. The resulting polymer adhered uniformly to the cell walls, effectively reinforcing the wood
cell structure. The weight percent gain of the wood was only 218%, and the pores of the cell lumen
were well maintained for future retreatment. This method effectively controlled the sol-gel reaction
process of the organosilicon and prevented damage to the wooden artifact during the dehydration
process. Moreover, the dehydrated wood samples only experienced a low weight gain of 17% at 95%
relative humidity (RH), indicating their great environmental stability.

Keywords: silicone oil; emulsion; in situ polymerization; waterlogged wooden artifacts; dehydration;
conservation materials

1. Introduction

Archaeological wooden artifacts are rich in historical information and provide invalu-
able evidence for the study of the technological, artistic, and cultural aspects of ancient
human societies [1,2]. However, due to degradation from combined chemical and biological
factors, waterlogged archaeological wood usually exhibits high decay levels and complex
degradation patterns [3]. The structural integrity of the wood cell walls made the physical
and mechanical properties of the wood severely compromised [4-6]. The breaking of
hydrogen bonds within the polysaccharide framework and cellulose network leads to the
degradation of cellulose and hemicellulose [7]. Additionally, the substantial degradation
of hemicellulose acetyl side chains, —O—4 linkages, and the oxidation and demethylation
of lignin also contribute to the deterioration process. All these degradations resulted in
the loss of the structural integrity of wood cells, creating numerous pores occupied by free
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water within the wood [8-10]. Consequently, waterlogged archaeological wood typically
exhibits increased porosity and a loose, sponge-like structure, which is easy to break down
once it has gone through the dehydration process [11].

Therefore, dehydration is a critical step in the conservation of waterlogged wooden
artifacts [12]. Researchers continuously seek dehydration materials that offer superior
dimensional stability, high permeability, efficient dehydration, low hygroscopicity, and
enhanced durability [13,14]. Organosilicon materials, known for their high strength, water
resistance, antibacterial properties, and aging resistance [15], have found applications in
wood modification and waterproofing [16]. These materials are also highly modifiable [17],
with reports of silicone oil being used to prepare wood-based biomimetic materials [18,19].
In recent years, they have also been found to hold significant potential in cultural heritage
conservation [20,21].

The application of organosilicon materials to waterlogged wooden artifacts involves
in situ polymerization to support and reinforce the wood matrix. Currently, the reported
organosilicon materials for dehydrating archaeological wood primarily include siloxane
monomers, silane coupling agents, and silicone oils. Studies have shown that in wa-
terlogged wood, organosilicon materials exhibit efficient sol-gel transition [22,23]. This
property is advantageous for the dehydration and reinforcement of severely degraded
waterlogged archaeological wood but also means the polymerization is more difficult to
control.

Among the earliest attempts was the use of tetraethoxysilane (TEOS), which was
commonly employed in stone artifact conservation. Although TEOS monomers provided
good dimensional stability and reinforcement for wood, the stress generated during the
sol-gel process could lead to wood cracking [24]. Consequently, organic segments need
to be introduced to enhance the toughness of the gel network structure. In the early
1990s, researchers used ethanol solutions of methyltrimethoxysilane (MTMOS/MTMS)
and 2—(heptadecafluorooctyl) ethyltrimethoxysilane (HFOETMOS) to impregnate wood
under vacuum conditions, achieving improved waterproofing, dimensional stability, and
UV resistance [25]. Additionally, resistance to decay fungi was also enhanced [26,27].
Recently, Broda et al. evaluated the dehydration and reinforcement effects of a dozen
organosiloxanes containing various functional groups on waterlogged wooden artifacts.
Among these, 3-mercaptopropyltrimethoxysilane (MPTES) demonstrated the best results
for dimensional stability [28,29]. Hamilton’s conservation manual introduces a method for
protecting archaeological wood using a mixture of silicone oil and isobutyltrimethoxysilane.
This method also requires ethanol and acetone to remove water from the wood, and due to
the weaker reactivity of silicone oil compared to silane, the polymerization of silicone oil is
catalyzed at 52 °C [14].

Existing studies indicate that the volumetric shrinkage rate of waterlogged archaeo-
logical wood treated with organosilicon materials can be reduced to approximately 2% to
5%. Post treatment, organosilicon primarily undergoes polymerization and solidification
within the cell walls of the wood, preserving the natural porous structure of the cell cavi-
ties [30-32]. However, these methods require substantial use of organic solvents, posing
significant limitations for practical applications. To eliminate the need for organic solvent
replacement, the insolubility of organosilicon in water presents challenges in penetration
and rapid surface polymerization. An effective way to solve this problem is to prepare
aqueous dispersions or emulsions from insoluble substances [33,34].

In this study, two low-molecular-weight silicone oils were selected as the primary
agents. Four commonly used surfactants were utilized to encapsulate the organosilicon
within microspheres formed by the surfactants through an emulsification process, creat-
ing a water-in-oil (O/W)-type silicone oil emulsion that is easily soluble in water. This
approach aimed to achieve the direct penetration and water displacement of organosilicon
in waterlogged wooden artifacts. Subsequently, with the catalysis of dibutyltin dilaurate
(DBTL), in situ polymerization of the silicon oil on the wood cell walls was expected to
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occur, to achieve dehydration and stabilization by supporting the cell wall structure and
sealing the hydroxyl groups.

2. Results
2.1. Silicone Oil Emulsions

The PDMS emulsions were marked as group P1, and the PDMS-OH emulsions were
marked as P2. Four different commonly used surfactants were introduced to the two kinds
of silicon oils (Figure 1a) and prepared into eight groups of emulsions numbered as P1-1
to P1-4 and P2-1 to P2-4, respectively. The resulting emulsions exhibited a milky white or
semi-transparent appearance, as illustrated in Figure 1b. We found that the viscosity of the
emulsions was predominantly influenced by the kind of surfactant we used but not the
silicone oil (Table 1). The viscosity of the emulsion was minimal in the case of the STAC
(P1-4 and P2-4), imparting a high degree of flowability. However, emulsions formulated
with AEO (P1-3 and P2-3) exhibited significantly high viscosity up to 105 mPa-s, which
even resembled a gel-like consistency. The viscosity of the emulsions in the remaining
groups fell within a moderate range, closely approximating the viscosity of pure silicon oils
(~40 mPa-s). The overall variation was minor while PDMS emulsions had slightly higher
viscosity than HPDMS-OH emulsions due to their molecular weight differences.
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Figure 1. (a) Schematic diagram of the silicone oil emulsion preparation process. (b) The 8 groups of
silicone oil emulsions.

Table 1. Viscosity of the silicone oil emulsions.

Group P1-1 P1-2 P1-3 P1-4 P2-1 P2-2 P2-3 P2-4

Viscosity /mPa-s 54.0 76.5 105.0 21.5 49.5 68.0 89.5 26.5

2.2. Physical Properties and Appearance

The waterlogged wood was cut into sample cubes of 1 cm3 and separately immersed
in the eight groups of silicone oil emulsions for 3 days. Then, dibutyltin dilaurate (DBTL)
was added to the emulsions for catalytic polymerization. After 3 days of reaction, the
wood samples were cleaned and thoroughly dried together with the untreated sample in a
normal condition. The dehydration process was as shown in Figure 2.

Figure 3 illustrates photos of wood samples before and after being treated with the
silicone oil emulsions, with the volume shrink rate (Sy) and weight percent gain (WPG)
of each group presented in Table 2. The top three groups exhibiting the best dimensional
stability were P2-2, P2-4, and P1-1. The group P2-2 resulted in a minimal S, of 4.23%,
maintaining its shape well with only slight wrinkling. This formulation demonstrated
moderate weight gain on the wood, with a WPG of 218.42%. The group P2-4 showed
comparable dimensional stability to P2-2, with a S, of 4.93% after dehydration. However,
its WPG after treatment was even lower, at 182.37%. The P1-1 also showed an acceptable
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Sy of only 4.60%, but, unfortunately, with significant shape distortion. This formulation
also exhibited a low WPG at 180.61%.

Gelation for 3 days.

Add 0.5% DBTL. '
NN
y " y Remove excess gel. Coating on cell wall
‘ ‘3 days|

Dry for 7 days.

LA

Figure 2. Schematic diagram of the dehydration process of waterlogged archaeological wood.

(a)P1-1

(i) Untreated

(b) P1-2
&
(c)P1-3 (9) P2-3
(i E
(d) P1-4 | (h)P2-4 |
[
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Figure 3. The dehydrated pine wood samples before (left) and after (right) treatment with silicone
oil emulsions. (a) P1-1; (b) P1-2; (c) P1-3; (d) P1-4; (e) P2-1; (f) P2-2; (g) P2-3; (h) P2-4; (i) Untreated
wood.

Table 2. The weight percent gain (WPG) and volume shrink rate (Sv) of pine wood samples treated

with silicone oil emulsions.

Group Sv WPG
P1-1 4.60% 180.61%
P1-2 N/A* 213.16%
P1-3 14.09% 126.93%
P1-4 13.34% 110.74%
P2-1 16.16% 179.49%
P2-2 4.23% 218.42%
P2-3 N/A* 155.59%
pP2-4 4.93% 182.37%

* Accurate data were not obtained due to the destruction of severely cracked samples.

The samples in groups P2-2 and P1-2 appeared to exhibit the most natural texture, just

like untreated wood. Polymer accumulation on the wood surface was barely visible even
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on cross-sections and concave areas. In contrast, varying degrees of polymer accumulation
were observed in the remaining groups. The excessive polymers mainly caused uneven
whitening on the wood surfaces, while the P1-1 group exhibited an unnatural resin-like
texture due to the polymer filling inside the cell lumen.

The simulated color according to the CIELab color model of each group is depicted
in Figure 4. All of the dried wood showed a lighter shade compared to the color of
waterlogged wood. Compared to untreated air-dried wood, P1-1, P1-2, and P2-4 colors
significantly darkened, while P1-4 and P2-3 exhibited pronounced whitening due to a
layer of excessive polymers on the surface. The color of P2-2 closely matched that of the
untreated air-dried wood, presenting a natural pine wood hue. The colors of the remaining
two groups notably shifted towards grey tones.

*=34.49 *=37.95
a*=7.20 a*=5.07
b*=12.67 b*=12.70

AE*=16.02 AE*=13.00 AE*=8.52 AE*=14.79

1*=49.81 *=50.06 1*=38.63
a*=5.78 a*=7.28 a*=4.91
b*=11.29 b*=18.44 b*=11.21

P2-1 AE*=8.40 { P2-2 AE*=1.95 AE*=16.65 AE*=13.34
L*=24.86

a*=4.28
bi=7:392

Untreated-waterlogged Untreated-dried

Figure 4. Simulated color according to the CIELab color model of the wood samples.

2.3. Vapor Adsorption—Desorption Test

The vapor adsorption—-desorption curves at 0% to 95% RH of the wood samples
are shown in Figure 5. The untreated wood samples did not exhibit a distinct moisture
adsorption—desorption critical point, with a moisture absorption rate of 21% at 95% RH,
displaying desorption hysteresis. After desorption, the untreated samples returned to their
original weight, indicating reversible moisture adsorption.
(a) (b)

25 25

o P2-1
—=—P2-2
P2-3
P2-4

15} —*— Untreated

RH(%) RH(%)

Figure 5. The vapor adsorption—desorption curves at 0% to 95% RH of the wood samples treated
with (a) P1 and (b) P2.

We found that the hygroscopicity of the dehydrated wood primarily depended on
the surfactants used in the emulsion, but not on the type of silicone oil. Compared to
untreated wood samples, the wood treated with the emulsion using STAC (P1-4 and P2-4)
had noticeably reduced hygroscopicity, with a maximum moisture absorption rate of 10%.

212



Molecules 2024, 29,4971

Group P1-1 and P2-1 showed moisture absorption rates at around 21-22.5% at 95% RH,
slightly higher than untreated samples. The other two surfactants had no significant impact
on the hygroscopicity of the wood, with moisture absorption rates slightly lower than
untreated samples at around 17-20% at 95% RH, indicating better environmental stability.
It is also noteworthy that only the groups P1-1 and P2-1 still retained the desorption
hysteresis, while all other groups were different. Same as the untreated wood, these treated
wood samples were also able to desorb immediately with decreasing humidity, but differed
in that their mass was slightly lower than the initial value rather than the same when RH
dropped back to 0%. This mass loss of the treated wood was less than 2.5% in all groups.

2.4. Microstructural Analysis

For the microstructural analysis of wood samples, scanning electron microscopy (SEM)
was utilized. The result showed that the silicone oil emulsion, after polymerizing in the
wood matrix, displayed a diverse range of microstructural characteristics. This variation
led us to identify three typical patterns of polymerized silicone within the wood cells,
depicted in Figure 6.

/\r‘

Regulus8100 15.0kV 19 oniilx4 00k SE(U)

Figure 6. Typical distribution of organic silicon polymerization products in archaeological wood cells
(a,b). Pattern 1: organosilicon polymers formed in the cell lumens in P1-2 and P2-2; (¢,d) pattern 2:
organosilicon polymers only adhere to the cell walls of earlywood and latewood cells in P2-2 samples;
(e) pattern 3: wood cells in P2-1 samples filled with organosilicon polymers; (f) the control group
samples without silicone oil treatment showed severe deformation of wood cells after being dried in
normal conditions.

In the majority of the groups, the silicone oil emulsions predominantly entered the
wood cell wall and spared the cell lumens from significant filling. Their wood cell walls
became denser, which enhanced their strain resistance. Notably, both latewood and ear-
lywood cells maintained their original shapes well with minimal distortion or collapse.
Dendritic polymers were found in only a very small percentage of cells, as shown in
Figure 6a,b. However, in three groups (P1-3, P1-4, and P2-1), we found the polymers
accumulated and filled the cell lumens (Figure 6e).

2.5. Chemical Structure

To investigate the hydrolysis and condensation reactions within processed wood
samples, infrared spectroscopy analysis was conducted. Figure 7 enumerates the primary
characteristic peak observed in the infrared spectra pertinent to organosilicon compounds.

Notably, characteristic absorption peaks of Si-O-5Si were detected across all sample
groups, including antisymmetric and symmetric stretching vibrations at 1080 cm ! and
795 cm~!. These peaks confirm the extensive formation of Si-O-Si networks within the
wood matrix post hydrolysis and condensation reactions. An additional Si—C stretching
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vibration absorption peak was observed at 744 cm~!. The antisymmetric and symmet-
ric stretching vibration absorption peaks of CH, within long chains were identified at
2915 cm ™! and 2849 cm !, respectively, while the terminal CHj stretching vibrations ap-
peared at 2961 cm ! and 2867 cm~!. These peaks became pronounced in the spectra of
the treated wood samples. Furthermore, a notable decrease in the O-H absorption peak
intensity at 3400 cm .

L
7/

~——P1
P2

/ k‘ 795 ~—Untreated

#3400

Absorbance

4 T % T T * T £ T
4000 3500 3000 1500 1000 500

Figure 7. FT-IR spectrum of wood before and after silicone oil emulsions” dehydration treatment.

3. Discussion

By comparing the effects of eight groups of silicone oil emulsions on the dimensional
stability, moisture resistance, and color of waterlogged archaeological wood samples, this
study preliminarily verified the effectiveness of silicone emulsions in the dehydration of
waterlogged wooden artifacts. We found that samples with higher WPG generally display
lower volume shrinkage, although the S, and WPG did not exhibit an absolute negative
correlation. This observation suggested that an adequate material loading capacity may
contribute to enhancing the dimensional stability effect. However, the impact of color
and appearance also needs to be carefully considered. Overall, considering both physical
properties and appearance, P2-2 exhibited the best dehydration effect.

To achieve higher dehydration effectiveness, the selection of surfactants was partic-
ularly crucial. In this study, the compatibility of APEO and HPDMS was the best (P2-2),
while PDMS did better with APTES or APEO (P1-1 and P1-2). The applicable surfactant
can disperse silicone o0il droplets more evenly and reduce the viscosity of emulsion, thus
making it penetrate wood more efficiently. However, the high-viscosity emulsions using
AEO (P1-3 and P2-3) might not play an optimal structural support role due to uneven
penetration in wood cells. In addition, we found that using STAC as a surfactant carried a
risk of producing white polymers on the surface of the wood, which has a negative impact
on the color of the wood after drying (P1-4 and P2-4).

We also tried to reveal the mechanism of silicone oil emulsion changing wood stability
from the perspective of chemical structure and microstructure. The SEM analysis results
showed that the distribution of organosilicon polymers in wood cells can be divided
into three patterns: (i) the polymer appears as a branched network, with a small amount
present in the cell lumens; (ii) the polymer only appeared on the cell wall; (iii) the polymer
completely filled the cell lumens. An interesting observation was that all groups showing
the third pattern exhibited significant shrinkage and polymer enrichment on the wood
surface. In contrast, samples presenting patterns 1 and 2 generally maintain their shapes
well, such as P2-2 and P1-2. This suggested that excessive silicone polymer filling did
not equate to better stabilization. Premature polymerization of silicone oil before its entry
into the wood substrate might lead to an uneven distribution of the resulting polymers,
affecting its ability to stabilize the cellular structures. The volumetric shrinkage of silicone
polymer caused by its excessive polymerization might also paradoxically increase the
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shrinkage. According to our experimental results, the polymer generated on the cell wall
was sufficient to support the cell wall, avoid collapse and deformation during dehydration,
and provide a certain degree of moisture resistance. Moreover, it is advantageous to
preserve the cell lumen as much as possible for future conservation and restoration works,
facilitating the infiltration of reprocessed materials without the need to remove the original
dehydration agent.

Absorption peaks of silicone oil polymers were found in the infrared spectra of all
samples treated with silicone o0il emulsions. Variations in the peak shapes and relative
intensities of these absorption features indicate the influence of functional groups from
organosilicon molecular chains on the chemical structure of the wood cell walls. Simulta-
neously, a decrease in the intensity of the hydroxyl absorption peak was observed, which
suggested potential chemical cross-linking between the organosilicon compounds and the
wood cell walls, leading to a significant reduction in hydroxyl content and absorption
water. This finding highlights the transformative impact of silicone oil treatment on the
wood cell wall chemical composition. In DVS testing, the disappearance of the desorption
hysteresis phenomenon also implied that the generated polymer effectively sealed off the
hygroscopic groups on the cell walls and prevented their binding to water, thus improving
the stability of the wood artifacts under changing humidity. The mass loss that occurred
after desorption was presumably attributed to the incomplete hydrolysis polycondensation
reaction of the silicone oil, suggesting that the encapsulation of the silicone by the surfactant
limited the degree of polymerization of the silicone oil.

The low cost and the easy availability of silicone oil emulsions afford this dehydration
method potential application. However, before applying it to large-sized wooden artifacts
in practice, specific application techniques need to be considered in future research. The
durability and microbial resistance of reinforced wood require rigorous evaluation. It is
also necessary to involve archaeological wood of different tree species and decay degrees.

4. Materials and Methods
4.1. Archaeological Wood

Archaeological pine wood (Pinus sp.) was sourced from the 800-year-old Nanhai No. 1
shipwreck in the Guangdong Maritime Silk Road Museum (Yangjiang, Guangdong, China)
and has been immersed in pure water for four years. The long-time degradation has led
to a heavy softening of the wood. The average maximum moisture content (MWC) was
488% and the average basis density was 0.19 g/cm?, indicating a severely degraded state
distinguished by the international standard [7,35]. Before dehydration, these wood samples
were cut into 1 cm® segments and cleaned in pure water.

4.2. Emulsion Preparation

This study utilized polydimethylsiloxane (PDMS) and hydroxy-terminated poly-
dimethylsiloxane (PDMS-OH) as the base of the emulsion agents. Four kinds of surfactants
were selected, including (3—aminopropyl) triethoxysilane (APTES), alkyl polyoxyethylene
ether (APEO), trimethylstearylammonium chloride (STAC), and fatty alcohol polyoxyethy-
lene ether (AEO). A 5 wt% of 2—(2-butoxyethoxy) ethanol was used as a cosurfactant, and
a 0.5 wt% of dibutyltin dilaurate (DBTL) was introduced as the catalyst. Comprehensive
details on the application of these chemical reactants are outlined in Table 3.

Emulsion agents were formulated with 30 wt% of silicon oil, 10-15 wt% of surfactants,
and 5 wt% of cosurfactant. The formulations are exhibited in Table 4. The preparation steps
of the emulsion were as follows (shown in Figure 7): (i) mix surfactants and pure water
uniformly into the solution A; (ii) combine the silicone oil with the cosurfactant to form the
solution B; (iii) gradually drip the solution B into A, while stirring at 5000 rpm for 20 min;
(iv) increase the stirring speed to 8000 rpm for 5 min, until the formation of a clear or milky
white water-in-oil emulsion. The resultant emulsion should readily dissolve in water and
remain stable upon standing for at least 24 h. The viscosity of the emulsion is tested to
prevent excessive pre-polymerization during preparation.
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Table 3. Materials used for the silicone oil emulsion.

Materials Mw (g/mol) Molecular Formula Manufacturer/Purity
Polydimethylsiloxane (PDMS) ~770 [-Si (CH3),0-]n Sigma-Aldrich/99%
Hydroxy terminated polydimethylsiloxane B g N o
(PDMS-OH) 400~700 HO-(C,H¢OSi),-H Gelest/99%
2—(2-Butoxyethoxy) ethanol 162.23 CgH1503 Aladdin/99%
Dibutyltin dilaurate (DBTL) 631.56 C3HgsO45n Aladdin/95%
(3-Aminopropyl)triethoxysilane (APTES) 221.37 CyoHy3NO35i Aladdin/99%
HO(CH,CH,O0) .
Alkyl polyoxyethylene ether (APEO N/A Aladdin/99.5%
Trimethylstearylammonium chloride (STAC) 348.05 Cy1HyCIN Aladdin/98%
Fatty alcohol polyoxyethylene ether (AEO) 315/590 RO-(CH2CH20) ,-H Aladdin/98%

Table 4. Formulations of the silicone oil emulsion.

Group Silicone Oil Surfactant
P1-1 10% APTES
P1-2 Y 15% APEO
P1-3 30% PDMS 15% AEO
P1-4 10% STAC
P2-1 10% APTES
P2-2 o 15% APEO
P2-3 30% PDMS-OH 15% AEO
P2-4 10% STAC

4.3. Dehydration of Wood

Each group of wood samples of 1 cm® was separately immersed in the prepared
silicone oil emulsions for three days. Subsequently, a 0.5 wt% DBTL was introduced into
the emulsion, and the immersing process was sustained for an additional two days. After
that, gels on the wood surface were cleaned in water, and samples were then left to dry
under normal conditions (at 25 °C with a relative humidity of 34.5 & 1.5%) until the weight
remained constant.

4.4. Testing and Characterization Methods

Photos of the wood samples were taken at 20 x magnification to compare their overall
appearance before and after treatment using a three-dimensional video microscope (VHX-
6000, KEYENCE, Osaka, Japan).

The Basic Density (BD) and Maximum Water Content (MWC) of wood were calculated
according to Equation (1) and Equation (2), respectively. The mass of the waterlogged
sample with the size of about 10 mm x 10 mm x 10 mm was measured with an analytical
balance (JA2003, SUNNY HENGPING Instrument, Shanghai, China) and recorded as
M;. After being dried in an oven at 103 & 2 °C, the mass of the sample was recorded
as My. The drainage method was used to measure the waterlogged volume V; and dry
volume Vj under normal conditions. On the analytical balance, the sample was completely
immersed in pure water without touching the bottom and wall of the beaker. According to
Archimedes’ principle, the volume of the wood sample (cm?) equals the increased weight
(g) in value of the pure water.

The weight percent gain (WPG) was calculated using Equation (3), and the anti-
shrinkage effect of the treatment was evaluated using the volume shrink rate (Sy) calculated
with Equation (4). In Equation (3), m; is the dry mass of the wood after treatment and
reaching equilibrium in a normal environment, and 1y is the theoretical dry mass of the
wood sample, which is estimated according to the M; and MWC.

_ Mo

BD = v 1)
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Sy = 49 % 100% @)
Vi

The color difference (AE*) between the dried samples before and after treatment with
the emulsions was measured with a spectrophotometer (CM-26D, Konica Minolta, Tokyo,
Japan) under a D65 light source. The following equation was used to calculate the color
difference AE*:

AE* = [(AL*)? + (Aa*)? + (Ab*)z]%, (5)

where L* ranges from 0 to 100 and indicates the change in color from black (dark) to white
(light), a* varies from negative to positive and represents the change in color from green to
red, and b* ranges from negative to positive and indicates the change in color from blue to
yellow.

In the scanning electron microscope (SEM) analysis, an ultra-high-resolution field-
emission scanning electron microscope (Regulus 8100, HITACHI, Tokyo, Japan) was used.
Gold was sputtered to the surfaces of samples as a conductive coating. The microscope was
operated with an accelerating voltage of 15 kV, a resolution of 0.7 nm, a working distance
of 15 mm, and a secondary electron imaging (SE) working mode.

The maximal moisture content under different relative humidity (RH) conditions
was measured using a high-throughput dynamic moisture-adsorption tester (SPSx-1y,
ProUmid, Ulm, Germany). Preceding the test, the samples were air-dried at 103 °C for
more than 24 h until their weights no longer decreased. The humidity scope of this test
ranged from 0 to 95% RH, at a gradient of 10% RH and a stable temperature of 25 °C. The
default measurement frequency was every 10 min. The time taken for every gradient fell
between a minimum of 60 min and a maximum of 600 min. The default weight limit had
an upper cap of 1000%. The equilibrium condition was defined as dm/dt < 0.01.

In chemical structure analysis, wood samples were tested using a Fourier transform
infrared spectrometer (Nicolet™ iS™5, Thermo Scientific, Waltham, MA, USA) with 32 scan-
ning times and a resolution of 4.000 cm~!. The absolute dry mass ratio of the wood sample
to potassium bromide powder was 1:100.

5. Conclusions

The biggest challenge in achieving controllable and in situ polymerization of organosil-
icon is how to regulate the contradiction between organosilicon and water. Water-repellent
organosilicon materials cannot enter the interior of the wood through the waterlogged
pores and will initiate polymerization reactions once they encounter moisture, which makes
the dehydration and shaping process uncontrollable.

In this study, low-molecular-weight silicone oil was prepared into oil in water emul-
sions, which realized the direct replacement of water in wood without organic solvents.
After entering the wood cells, silicone oil tended to form on the cell wall and undergo
slow polymerization. The generated organic silicon polymer effectively supported and
strengthened the wood cell wall during the dehydration process.

Among the eight groups of silicone oil emulsions, P2-2 showed the best efficiency,
with a shrinkage rate of only 1.63%, and the appearance of the wood is also very natural.
The weight gain rate was only 218%, which was conducive to reducing the burden of
external consolidants on the wooden artifacts. Overall, the filling degree of the cell lumen
via organosilicon polymers was limited. Under SEM, it can be seen that the silicone oil only
polymerized on the wood cell wall, with almost no filling in the cell lumen. The wood cell
wall was well shaped, without severe deformation or collapse like the untreated sample.
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This study indicated that this in situ polymerization reinforcement method has a
good stabilizing effect on the shape of waterlogged archaeological wood. In addition, it is
significant for the restoration of cultural relics that this method can effectively preserve the
pore structures of wood cells so that retreatment materials can still penetrate the wooden
artifacts in the future.
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Abstract: Additive manufacturing (AM), commonly referred to as 3D printing, has revolutionized the
manufacturing landscape by enabling the intricate layer-by-layer construction of three-dimensional
objects. In contrast to traditional methods relying on molds and tools, AM provides the flexibility to
fabricate diverse components directly from digital models without the need for physical alterations
to machinery. Four-dimensional printing is a revolutionary extension of 3D printing that introduces
the dimension of time, enabling dynamic transformations in printed structures over predetermined
periods. This comprehensive review focuses on polymeric materials in 3D printing, exploring their
versatile processing capabilities, environmental adaptability, and applications across thermoplastics,
thermosetting materials, elastomers, polymer composites, shape memory polymers (SMPs), including
liquid crystal elastomer (LCE), and self-healing polymers for 4D printing. This review also examines
recent advancements in microvascular and encapsulation self-healing mechanisms, explores the
potential of supramolecular polymers, and highlights the latest progress in hybrid printing using
polymer-metal and polymer—ceramic composites. Finally, this paper offers insights into potential
challenges faced in the additive manufacturing of polymer composites and suggests avenues for
future research in this dynamic and rapidly evolving field.

Keywords: additive manufacturing; 3D printing; 4D printing; polymers; shape memory

1. Introduction

The world of manufacturing is undergoing a profound and transformative evolution,
and at the heart of this revolution lies the ground-breaking technology of additive manu-
facturing, more commonly known as 3D /4D printing [1-5]. This revolutionary approach
allows for the meticulous layer-by-layer deposition of materials to create intricate and
bespoke objects, thereby altering the very foundations of how we conceive, design, and
manufacture [6-12]. Since its inception and subsequent commercialization, 3D printing
has witnessed widespread adoption across a spectrum of industries, notably engineering,
manufacturing, healthcare, aerospace, and the automotive sector. Its applications, ranging
from rapid prototyping to the fabrication of intricate lightweight structures, have brought
about a transformative wave of innovation in contemporary manufacturing. The impact
of 3D printing on the landscape of industrial part/component design and equipment de-
velopment is profound [1-4,13,14]. This revolutionary technology has not only challenged
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but also transcended the limitations of conventional manufacturing methods. It has em-
powered manufacturers and researchers to embark on endeavors that were once deemed
unattainable using traditional processes. Over the past three decades, the relentless pursuit
of enhancements and innovations has fueled the remarkable evolution of 3D printing
technology [5,11,15-19].

Central to this innovative transformation are polymeric materials, a remarkably di-
verse class of substances that offer unmatched versatility, accessibility, and opportunities
in the realm of additive manufacturing. Polymeric materials, also commonly referred
to as plastics, have gained substantial traction within the domain of additive manufac-
turing [10,20]. Their appeal stems from their exceptional adaptability and widespread
availability [21,22]. These materials are the cornerstone of an ever-expanding range of
applications, enabling the production of prototypes, intricate components, and customized
solutions across a spectrum of sectors, including aerospace, healthcare, and consumer
goods. This transformative shift in the additive manufacturing landscape is significantly fa-
cilitated by the intrinsic advantages that polymeric materials bring to the table. Schematics
of the overall 3D and 4D printing process are shown in Figure 1.
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Figure 1. Schematics of the overall 3D and 4D printing process using polymeric materials.

Foremost among these advantages is the acceleration of product development cycles.
Additive manufacturing, in conjunction with polymeric materials, empowers engineers and
designers to seamlessly transition digital designs into tangible prototypes, facilitating rapid
testing, validation, and redesign processes. This, in turn, results in remarkable time and re-
source savings, bolstering the speed and efficiency of product development [5,11-13,15-19].
Moreover, additive manufacturing offers a fresh perspective on the design and geometry of
creations. It allows the realization of complex and intricately structured components that
were previously unattainable using traditional manufacturing techniques. This capability
to reimagine and innovate geometrically enables designs that are not only aesthetically
appealing but also functionally superior. In addition to these transformative advantages,
additive manufacturing contributes significantly to sustainability initiatives [7,18,23]. It
aids in minimizing material wastage, reducing energy consumption, and minimizing the
carbon footprint of various industries. By its very nature, additive manufacturing is a
process that generates minimal waste and, through localized production, reduces the
need for long-distance transportation. This is a crucial step forward in reducing carbon
emissions and aligning the manufacturing industry with the noble objectives of a more
sustainable future.

This comprehensive review navigates the intricate landscape of additive manufac-
turing with a focus on polymeric materials, providing an in-depth exploration of recent
advancements, challenges, and future trajectories in this transformative technology. Our
goal is to offer a holistic perspective on how polymeric materials within the realm of
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additive manufacturing are reshaping the realms of creativity, efficiency, and sustainability
in diverse domains.

The Evolution of Polymer 3D Printing: A Journey through Time

The history of polymer 3D printing is a fascinating tale of innovation and technologi-
cal progress. This narrative unfolds alongside the timeline of 3D printing, with polymer
materials playing a pivotal role. The development of feedstock materials, especially poly-
mers, has been instrumental in shaping the world of 3D printing as we know it today. The
chronological history of 3D printing, along with the evolution of polymer materials, is
depicted in Figure 2. It is important to note that the foundations for many of the polymers
used in 3D printing today, such as polyamides, polylactic acid (PLA), and epoxy, were laid
during the 1920s and 1940s [20]. These early discoveries set the stage for the polymer-based
3D printing revolution. The conceptual groundwork for additive manufacturing (AM) was
laid over 50 years ago, highlighting the longstanding fascination with the idea of creating
objects layer by layer. However, it was not until the 1980s and 1990s that we witnessed
the birth and rapid growth of 3D printing as a practical technology. The watershed mo-
ment came in 1987 when stereolithography, one of the first 3D printing methods, was
commercialized. This was a significant leap forward, and it marked the beginning of a new

era.
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Figure 2. Illustration of the historical progression of 3D printing and the advancements in poly-
mer materials for 3D printing, marking a shift from rapid prototyping to scalable and tailor-made

production. Figure reproduced with permission from [21].

The 1980s and 1990s also saw the invention of other ground-breaking 3D printing
techniques, including fused filament fabrication (FFF) and selective laser sintering (SLS) [24].
These methods, which are still widely used today, further expanded the horizons of 3D
printing technology. The late 1990s brought a surge of innovation as various versions
and iterations of 3D printing techniques emerged, thanks to the concurrent advancements
in computer technologies. This period of rapid development paved the way for the
widespread exploration of 3D printing applications in various industries. In the early
2000s, 3D printing started to find its footing in industries like medicine and aerospace,
where its potential for creating complex and customized parts was particularly valuable.
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Simultaneously, many early patents for 3D printing techniques began to expire, allowing
numerous companies to enter the 3D printing market. This accessibility brought 3D printers
within reach of the public, democratizing a technology that was once confined to the realm
of research and development. The journey of polymer 3D printing is a testament to human
ingenuity and the relentless pursuit of innovation. As technology continues to advance, the
future of polymer 3D printing holds the promise of even more remarkable developments
and widespread applications.

In the last decade, 3D printing technology has undergone a transformative journey,
marked by significant advancements that have greatly elevated its precision, accuracy,
and speed. The initial stages of additive manufacturing predominantly involved the
adaptation of existing polymer materials to suit the demands of 3D printing. However, the
landscape has rapidly evolved, and today, there is a growing emphasis on the development
of polymers uniquely tailored for 3D printing. This progress has been accelerated by the
rapid emergence of high-performance 3D printing materials. These cutting-edge materials
encompass a broad spectrum, including intelligent polymers and advanced engineering
plastics. The synergistic integration of these materials with additive manufacturing has
catalyzed a new industrial revolution across various sectors. A notable example of these
pioneering materials is the category of shape memory polymers [25-28], which exhibit
the remarkable ability to “remember” and return to their original shape under certain
conditions. Smart hydrogels [29-31], another breakthrough, demonstrate sensitivity to
environmental stimuli, enabling them to change volume or shape in response to factors
like temperature, moisture, or pH levels. The advent of liquid crystal polymers (LCPs)
and liquid crystal elastomers (LCEs) [32-35] further exemplifies this paradigm shift. These
materials, characterized by their anisotropic properties and molecular orientation control
in response to temperature fluctuations, have ushered in a new era typified by 4D printing.
The concept of 4D printing encompasses the creation of objects that can undergo dynamic
transformations over time in response to external triggers, representing a paradigm shift
in the realm of manufacturing. This innovative approach has unlocked new avenues
for the production of smart devices, advanced robotics, and cutting-edge biomedical
products [18,19,36-38]. The fusion of novel materials with 3D printing technology has
ushered in a new era of limitless possibilities, giving industries the tools to fabricate smart,
adaptive, and innovative solutions that were once considered beyond reach.

2. Polymer Materials and Design for 3D Printing

Three-dimensional printing technology is fundamentally driven by digital models,
where physical objects are created by adding successive layers of printing materials. Var-
ious methods are used for the preparation of polymer composites, each with its unique
advantages and disadvantages. These methods include deposition molding, selective laser
sintering, ink-jet 3D printing, stereolithography, and 3D drawing, among others. While
some technologies are well-established and widely adopted, others are still in the research
and development stage or are used by a limited number of scientists. The choice of a specific
3D printing technology depends on several factors, such as the raw material requirements,
processing speed and precision, cost considerations, and the final performance character-
istics of the products to be manufactured. Each method has its own set of strengths and
limitations, making it crucial to match the chosen technology with the specific requirements
of the intended application [22]. These methods are briefly discussed as follows. Deposition
molding: This method involves depositing successive layers of materials, often in filament
or granular form, to build the final object. It is widely used and suitable for a variety of
applications due to its relatively simple and cost-effective nature. Selective laser sintering
(SLS): In this approach, a laser is used to selectively sinter powdered material, typically
thermoplastic polymers or metals, to create the desired object. It is renowned for produc-
ing high-quality, functional parts with good mechanical properties. Ink-jet 3D printing:
This method operates on the principle of depositing liquid material (often polymers) in a
layer-by-layer fashion using an inkjet-style print head. It is valued for its ability to create
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full-color and multi-material prints, making it popular in applications requiring vibrant
aesthetics. Stereolithography (SLA): SLA is a photopolymerization process that utilizes
a UV laser to solidify liquid resin layer by layer. Additionally, some SLA systems use a
DLP projector to display the UV image of each layer, allowing simultaneous exposure
of the entire layer. The advantage of using a DLP projector lies in its ability to expose
an entire layer simultaneously, potentially speeding up the printing process compared
with systems that use a laser to trace each layer point by point. SLA is renowned for its
high resolution and precision, making it suitable for creating detailed and intricate objects.
Three-dimensional drawing: This method typically involves manually controlling a 3D
printing pen, which extrudes a thermoplastic filament to create freeform structures. It is
a versatile and accessible option for artists, designers, and hobbyists. Further extensive
details of these printing methods can be found in the literature [4,6,12,39-43].

The choice of polymer 3D printing technology should be made after a thorough
assessment of the unique requirements and constraints of the intended application. While
some technologies may excel in precision and detail, others may prioritize speed and cost-
effectiveness. Additionally, as the field of 3D printing continues to evolve, it is essential to
stay informed about emerging technologies that may offer even more advanced capabilities
in the near future. The dynamic landscape of polymer 3D printing technologies is illustrated
in Figure 3, showcasing the options available and their respective applications.
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Figure 3. The evolving landscape of polymer 3D printing technologies for varied applications. Figure
reproduced with permission from [12].

2.1. Thermoplastics

Thermoplastic polymers, commonly utilized for their ability to soften when heated
and solidify upon cooling, exhibit distinctive characteristics based on their molecular
structure, as depicted in Figure 4a. Amorphous thermoplastics possess a randomly ordered
molecular structure without a distinct melting point, facilitating thermoforming. In contrast,
semi-crystalline thermoplastics feature a highly organized molecular structure with a well-
defined melting point, transitioning abruptly from solid to liquid upon heat absorption.
The strong intermolecular forces in semi-crystalline polymers contribute to their favorable
mechanical properties. Notably, all thermoplastic polymers offer reversible processing
capabilities, rendering them well-suited for extrusion-based 3D printing.

The mechanical characteristics of pure thermoplastic materials in their pristine state might
not be adequate for specific applications, necessitating modifications to bolster their properties
for fused filament fabrication (FFF). Ning et al. [44] embarked on a study where they combined
plastic particles, specifically acrylonitrile butadiene styrene (ABS), with carbon fiber during the
FFF process. This incorporation of 5 wt% carbon fiber led to notable enhancements in bending
stresses, bending moduli, and bending toughness compared with pure plastic, marking increases
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of 11.82%, 16.82%, and 21.86%, respectively. It is noteworthy that the samples containing 10%
carbon fiber displayed the highest porosities, as indicated in Figure 5. Another investigation
conducted by Tekinalp et al. [45] revolved around the utilization of short carbon fibers (ranging
from 0.2 to 0.4 mm) as an additive to ABS for 3D printing using FFF technology. This approach
led to remarkable increases in tensile strength and the modulus of elasticity of the 3D-printed
samples, showing improvements of around 115% and 700%, respectively, in comparison with
traditionally molded composites. Despite the relatively high porosities observed in 3D-printed
composites, they consistently exhibited substantial tensile strengths and moduli.
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Figure 4. Frequently utilized polymers in 3D printing along with their respective properties: (a) ther-
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Tian et al. [49] introduced long carbon fibers as a reinforcement to a polylactic acid
(PLA) matrix, creating a raw silk material suitable for 3D printing using the FFF process.
By fine-tuning the process parameters, they managed to achieve impressive results. The
3D-printed samples, containing 27% long carbon fibers, exhibited maximum bending
tensile strengths and elastic moduli reaching 335 MPa and 30 GPa, respectively. These
enhancements in mechanical properties rendered the printed samples potentially useful
in aerospace applications. Furthermore, Eutionnat-Diffo et al. [55], using FFF, delved into
the relationship between the tensile deformation of non-conductive and conductive PLA
filaments deposited on polyethylene terephthalate (PET) fabrics, the fabric properties,
and the printing platform temperature. Their research also involved the presentation
of a theoretical and statistical optimization model. Notably, they observed that the non-
conductive PLA printing guide demonstrated improved durability after washing or with
the addition of a conductive filler. However, the washing process had an impact on the
fracture stress of the woven fabric after printing.

ABS exhibits compatibility with various materials, including styrene ethylene buta-
diene styrene, ultrahigh-molecular-weight polyethylene [56], montmorillonite clay [57],
layered silicates [58], and other petroleum-based and biobased substances. This article fo-
cuses on the recent advancements in 3D printing utilizing ABS, a versatile polymer widely
applicable in automotive applications, electrical devices [59,60], custom-fit prosthetics [61],
aerospace, energy storage [62,63], artifact complex designs [64], multi-purpose sensor de-
signs [65,66], and dielectric devices [67]. ABS was reinforced with polycarbonate (PC) in
different proportions (10, 20, and 30 wt%), and the resulting ABS/PC composite filaments
were used in FFF-based 3D printing [68]. The mechanical properties of 3D-printed pure
ABS, pure PC, and ABS/PC composite samples were assessed and compared, revealing en-
hanced flexural modulus, tensile strength, and flexural strength in ABS/PC composites due
to modified void formation and improved interfacial bonding (Figure 6a,b). Chen et al. [69]
conducted an analysis of the scratch resistance and mechanical performance of 3D-printed
ABS specimens, both before and after the addition of poly(methyl methacrylate) (PMMA).
The incorporation of 30% PMMA resulted in a significant improvement in scratch resis-
tance, hardness, melt flow rate, mechanical performance, and surface glossiness of ABS.
Additionally, the toughness of ABS/PMMA blends was enhanced by introducing small
quantities of methacrylate-butadiene—styrene (MBS) as a toughness modifier.
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In a another study, the FFF-based 3D printing of ABS with biomass-derived lignin (10,
20, and 30 wt%) was investigated, following compatibilization with 10 wt% poly(ethylene
oxide) (PEO) [70], as depicted in the schematic representation in Figure 6c. The findings
indicated that a lower percentage of lignin in ABS led to a decrease in tensile strength,
which was partially mitigated by the inclusion of PEO in ABS/lignin composites, reducing
the activation energy of the blend via improved plasticization of the hard phase. The
dispersion and dimensions (300-1000 nm) of lignin in ABS significantly contributed to
the enhanced mechanical properties. With PEO as an interfacial adhesion promoter, the
dimensions of lignin particles were further reduced to the range of 200-500 nm (as shown
in Figure 6d). Additionally, the incorporation of chopped carbon fibers (20 vol%) into
the ABS/lignin/PEO composite system resulted in 3D-printed samples with superior
mechanical strength (77-80 MPa), demonstrating its potential application in the fabrication
of automotive parts.

Another study by Shim et al. [71] investigated the influence of varying printing orien-
tations (0°, 45°, and 90°) when using PMMA for 3D printing of denture base resin. Their
comprehensive study revealed that the selected printing orientation played a pivotal role
in determining key factors such as print resolution, bending strength, surface morphol-
ogy, and microbial reactions. Consequently, their research highlights the significance of
precise printing direction selection for achieving superior performance in denture resin
3D printing.

2.2. Thermosetting Polymers

In contrast to thermoplastic polymers that soften when heated and harden when
cooled, thermosetting polymers undergo a chemical transformation during the initial heat-
ing process that sets them apart. This transformation results in the formation of cross-linked
structures within the polymer matrix, making them rigid and stable upon cooling. Crucially,
in contrast to thermoplastics, thermosetting polymers cannot be melted or reshaped when
subjected to heat again. Some notable examples of thermosetting polymers include pheno-
lic plastics, amino plastics, epoxy plastics, unsaturated polyester plastics, and organosilicon
plastics [72]. The appeal of thermosetting polymers in 3D printing lies in their capacity to
produce objects with exceptional structural stability and resilience.

Thermosetting polymers undergo irreversible hardening through the curing process
of a viscous liquid prepolymer or resin. In contrast to unidirectional growth, active re-
action sites within the polymer chain interact with adjacent chains, forming a closely
interconnected polymer network. The mechanical strength, hardness, heat resistance, and
chemical resistance of thermosets increase with higher crosslinking density. Curing can
be achieved with heat, appropriate radiation, high pressure, and the inclusion of catalysts.
Figure 4b illustrates the interconnected molecular structure of thermosetting polymers,
delineating different components based on curing methods. Discussed below are a few
further noteworthy explorations into the applications of thermosetting polymers in 3D
printing:

Porous Carbon-Free Scaffolds for Biomedical Applications: Fu et al. [73] adopted a
novel approach, combining 3D printing with ceramic conversion techniques, to fabricate
porous carbon-free embedded scaffolds. These scaffolds, constructed from silicon resin
infused with calcium carbonate filler under controlled atmospheres and high-temperature
conditions, demonstrated impressive anti-tumor properties, particularly in bone tissue en-
gineering. Additionally, these scaffolds exhibited the ability to enhance cell differentiation
and foster bone tissue regeneration.

Clinical-Grade Photopolymerization Resins: Lin et al. [74] embarked on the develop-
ment of photopolymerization resins ideally suited for 3D printing applications, leveraging
an ultraviolet (UV) 3D printer. The results were impressive; the printed samples exhibited
robust mechanical properties. Specifically, the bending strengths ranged from 60 to 90 MPa,
the bending moduli fell within the range of 1.7 to 2.1 GPa, and the surface hardness values
spanned from 14.5 to 24.6 HV. Such mechanical characteristics mirrored those of clinically
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used resin materials, pointing toward the significant clinical application potential of these
3D printable materials.

Strengthening Epoxy Resin with Nanomaterials: Hmeidat et al. [75] delved into the po-
tential of integrating functional nano-clay into fiber-free reinforced epoxy resin, an endeavor
realized using direct 3D printing technology. This pioneering approach yielded results that
were nothing short of extraordinary. The samples produced demonstrated a remarkable
strength range, measuring between 80 and 143 MPa. This strength exceeded any previously
reported values for 3D-printed thermosetting composites, even those incorporating short
fiber reinforcements. Their study underscores the promise of enhancing epoxy resin with
nanomaterials to augment its viability in the context of direct 3D printing applications.

These investigations collectively emphasize the versatility and growing potential of
thermosetting polymers in the exciting field of 3D printing. From innovative bone tissue
scaffolds to precision denture production, these polymers are expanding the horizons of
what is possible in additive manufacturing.

2.3. Hydrogels

Hydrogels are highly suitable materials for 3D printing, particularly in extrusion-
based methods, due to their feasibility as ink materials [76]. The hydrogel structure
consists of a 3D crosslinked hydrophilic polymer network, as depicted in Figure 4c.
They can be categorized based on preparation methods into homopolymers, copoly-
mers, and semi-interpenetrating networks (semi-IPN) [77]. Examples of homopolymers
include poly(hydroxyl ethyl methacrylate) (PHEMA) and polyethylene glycol (PEG), while
copolymers, such as PEG-PEGMA and carboxymethyl cellulose, incorporate two types of
monomers. Semi-IPN, exemplified by acrylamide/acrylic acid copolymer, forms when a
linear polymer penetrates another cross-linked network without chemical bonding. Sol-
vents like water, ethanol, water—ethanol mixtures, and benzyl alcohol are commonly used
for solution polymerization (Figure 4c) [78].

2.4. Elastomers

Within the realm of elastomeric materials for 3D printing, Polydimethylsiloxane
(PDMS) stands out as a dominant choice, celebrated for its remarkable qualities. PDMS
boasts outstanding mechanical flexibility, stretchability, chemical inertness, biocompatibil-
ity, and exceptional thermal stability when compared with other elastomers. Moreover, it
maintains high chemical stability under demanding conditions of elevated temperatures
and pressures. Wang et al. [22] used a direct ink writing 3D printer to craft specialized
wetted surfaces using PDMS ink. They intricately patterned porous structures with varying
geometric parameters and honed their design using parameter optimization. This meticu-
lous approach resulted in the creation of sample films featuring a remarkable water contact
angle of approximately 155 degrees. Notably, the porous PDMS films exhibited superhy-
drophobic properties and demonstrated exceptional durability, even when subjected to
thermal aging.

Hollander et al. [79] explored the possibilities of using semi-solid extrusion 3D print-
ing in conjunction with UV-LED cross-linking technology to produce PDMS drug delivery
devices. Their work specifically focused on creating devices containing prednisolone. A
standout aspect of this approach was its room temperature compatibility. By avoiding
the need for elevated temperatures, it emerged as a promising method for manufacturing
drug delivery devices designed for temperature-sensitive pharmaceuticals. Xiang et al. [80]
ventured into the development of UV-curable silicone elastomers using thiol-ene photopoly-
merization. These materials exhibited excellent biocompatibility and found applications
in skin wound healing as wound dressings. Their research highlighted the precision and
versatility inherent in the thiol-ene photoreaction. It enabled the preparation of various soft
structures with photolithography and the creation of three-dimensional elastic structures
characterized by smooth surfaces and exceptional performance.
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3. Smart Polymer Materials for 4D Printing

In recent years, there has been a growing interest in exploring new materials capable
of exhibiting specific responses to external stimuli. This heightened interest is primarily
driven by the quest to develop advanced devices, sensors, and actuators with applications
spanning biomedical and electronic fields. Among the innovative materials gaining atten-
tion are smart materials, characterized by their ability to undergo changes in properties,
such as shape, color, or size, in response to external stimuli like light [27], heat [25,26,34],
humidity [34], or electric and magnetic fields [28,33]. This class of programmable materials
introduces a unique dimension to 3D printing, referred to as 4D printing. In 4D printing,
the same process as 3D printing is used, but the printed objects possess the remarkable
capability to dynamically transform their shape or properties over time in response to
external stimuli [19,81].

Numerous smart polymers, including SMPs, smart hydrogels, and LCPs/LCEs, have
been developed; however, these materials exhibit certain limitations. Some smart polymers
exhibit minimal responses over extended periods or possess limited reversibility in their
transformations. Despite the need for further advancement in achieving swift and precise
transformations in 4D-printed objects, the realm of 4D printing presents novel opportunities
across diverse applications such as textiles [82], aerospace [18,19,83], medical industries,
electronics, and robotics [18,19,84-86]. This section focuses on exploring smart polymers
for 4D printing, particularly SMPs, smart hydrogels, and liquid crystals.

3.1. Shape Memory Polymers

Shape memory polymers (SMPs) have emerged as remarkable candidates for 4D
printing applications due to their versatile processing capabilities, aligning perfectly with
the requirements of various additive manufacturing (AM) technologies. These polymers
exhibit elastic behaviors, making them well-suited for the intricate geometric transforma-
tions involved in 4D printing [8]. What sets SMPs apart is their ability to endure substantial
deformation strain across a range of temperatures, allowing for dramatic and impressive
shapeshifting. It is no wonder that polymeric materials have found their way into the realm
of AM due to their exceptional processing attributes, making the transition to 4D printing a
seamless one.

An illustrative example is a shape-changing structure under a magnetic field, depicted
in Figure 7a. This structure, composed of poly(lactic acid) and magnetic iron oxide (Fe304)
nanoparticles, undergoes remote heating under magnetic fields through hysteresis [28].
Utilizing direct ink writing (DIW) printing with UV curing facilitates the production of
these shape-changing structures. While the transformation mechanisms align with other
examples using thermal response, this structure exhibits fast, remotely actuated behaviors
and magnetically guidable properties.

Another approach to activate SMPs involves leveraging a heat-shrinkable property,
obviating the need for a shape-programming step. Figure 7b illustrates a 3D configuration
transforming from a planar sheet to a final flower structure in response to temperature
changes [25]. The release of internal strain in the polymer, generated during FFF, maintains
the printed composite in a flat state when heated. Upon cooling to room temperature, the
structure transforms into a flower configuration due to the mismatch in the coefficient of
thermal expansion (CTE) between different materials. Additionally, Figure 7c presents
another example using time-lapse to showcase the evolution of shape with temperature
change [26]. In this instance, both geometry and printing patterns, including dimensions,
the number of grooves, and active elements, were controlled during printing to induce the
transformation of floral leaves into different shapes at specific times.

SMPs can be readily tailored to specific environments and applications by manipu-
lating the crystalline content of the polymer. This fine-tuning enables the programming
of critical transition temperatures, such as the glass transition temperature (Tg) and the
melting temperature (Tr) [87,88]. A notable example of utilizing SMPs for 4D printing is
the work of Ge et al., who pioneered a multi-material system for printing shape memory
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polymers using micro-stereolithography. Their ingenious ink formulation incorporated
methacrylate-based monomers, along with essential components like the photoinitiator
Phenylbis(2,4,6-trimethyl benzoyl)phosphine oxide (BAPO), Sudan I, and Rhodamine B.
By adjusting the proportions of PEGDMA, BPA, DEGMA, and BMA, they could precisely
tailor the Ty to achieve fixity control at distinct temperatures, such as 43 °C and 56 °C
(Figure 7d). This precision allowed the bloom motion of their printed flower to unfold in
two distinct phases [29].
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Figure 7. (a) A collection of polymer composites designed for 4D printing, featuring various inno-
vative applications. Schematic and demonstration of a restrictive shape recovery process triggered
by an alternating magnetic field [28]. (b) A flower-like 4D structure transforming from a flat sheet
to a final flower structure [25]. (c) A time-lapse illustration showcasing the folding sequence of a
tulip [26]. (d) Examples of 4D-printed flower morphologies with different bilayer directions (90°/0°
and 45°/45°) [29]. (e) CAD models of multi-material sea stars (left), and demonstration of swelling
over time in water (right) [30]. (f) An illustration of an initial joint and folding of bars with spring—
mass systems [31]. (g) [llustration of the Liquid Crystal Elastomer (LCE) ink states during hot-DIW:
disordered LCE ink within the barrel (i), aligned LCE ink as it moves through the nozzle (ii), and
the resulting crosslinked LCE filaments post-printing (iii). Additionally, a visual representation
of the printed LCE actuator with a meander-line print path showcases distinct elongation states
corresponding to different temperatures [34]. (h) A schematic illustrating the printing of a core—
shell microstructure with a highly aligned shell using fused filament fabrication (FFF) [35]. Figures
reproduced with permission from corresponding references.
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Smart hydrogel composites, with their ability to swell upon water immersion while
maintaining structural integrity, hold significant promise as smart materials. Their applica-
tions span diverse fields, from biomedicine including drug delivery devices [89], artificial
organs, and tissue engineering [19,90], to agriculture [91,92]. In 4D printing, these hydrogel
composites present an innovative method for various applications such as custom-designed
sensors and robotics [19,85,86]. For example, Figure 7d illustrates biomimetic hydrogel com-
posites in the form of functional folding flowers capable of being folded and twisted [29].
The shape transformation is governed by the anisotropic swelling behavior of the hydrogel
composite, which is controlled by the alignment of cellulose fibrils along the printing
directions. Another approach involves incorporating different components with distinct
swelling properties within a single hydrogel structure. Figure 7e showcases sea stars that
actuate via spatially controlled swelling produced with Vat Polymerization (VP) [30]. The
sea stars exhibit different swelling behaviors in their center region (strain-limiting area in
purple) and arms (more swellable materials in white), causing gradual curling toward the
center regions over time in water. Lastly, Figure 7f depicts evolving bars composed of rigid
materials (white) for bars, disks, and bottom parts of links, with the top of the links made
of hydrogel (red), enabling the folding of the structure [31].

Recent advancements in the realm of 4D printing have introduced the fascinating
world of cross-linked liquid crystalline polymers (LCPs) and liquid crystal elastomers
(LCEs). These materials have sparked innovation in the creation of actuators and soft
robotics using the process of direct ink writing (DIW) [93,94]. LCEs, in particular, are
a class of materials characterized by their anisotropic nature, where their properties are
finely controlled by the orientation of their molecular structure, a property that can be
tailored by temperature variations [95]. Their remarkable capacity for shape transformation
allows them to craft intricate structures like cones, paraboloids, and even origami-like
folds [96]. Moreover, external stimuli, including heat, light, and electrical fields, rendering
them dynamic and versatile, trigger the mechanical responses of LCEs.

The fascinating behavior of LCEs hinges on the arrangement of rigid molecules known
as mesogens, and this behavior can be fine-tuned by altering the temperature. LCEs
shift from an ordered, anisotropic state to a disordered, isotropic state at a specific transi-
tion temperature, often referred to as the isotropic transition temperature (T; or Tm) [97].
Lopez-Valdeolivas and colleagues embarked on an endeavor to create thermo-actuators
using LCEs with an extrusion-based printer. In contrast to traditional methods that rely
on heat-induced mesogen orientation, their innovative approach involved the extrusion
process, which aligned polymer chains, effectively establishing orientational order within
the mesogens. The result was an impressive 50% contraction of the printed parts when
heated to 90 °C, followed by a rapid recovery to their original length upon cooling [98].
LCEs’ distinct advantage lies in their rapid recovery rates, a characteristic not commonly
observed in the swelling behavior of hydrogels.

Notably, LCEs offer distinctive attributes in the world of 4D printing. For instance,
Yang et al. harnessed the power of infrared (IR) light (808 nm) to fabricate, repair, and
assemble carbon nanotubes (CNTs) and xLCEs for soft robotic actuators designed for low-
temperature environments [99]. XLCEs boast the remarkable ability to self-heal micro-cracks
through photo-healing, ensuring a sustainable and efficient material life cycle. Furthermore,
CNT-xLCEs are manufactured with transesterification processes carried out at temperatures
exceeding 180 °C. While many of the mentioned shape memory polymers (SMPs) thus far
have been thermoplastic in nature, designed to regain their shape through temperature-
induced transitions involving the glass transition temperature (Tg) and melting temperature
(Tm), there exists a realm where robustness is paramount. In scenarios where extreme and
harsh environments demand chemically and thermally stable materials, thermoset plastics
have often been the choice due to their strong chemical covalent cross-links, ensuring
excellent chemical and thermal stability.

Figure 7g depicts variations in the morphologies of photopolymerizable liquid crystal
elastomer (LCE) ink during direct ink writing (DIW) and the diverse elongation of the
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printed LCE based on the aligned printing path, depending on the temperature relative to
the nematic—isotropic transition. In another extrusion printing process using solid filaments,
liquid crystal polymers (LCPs, Vectra A950) [35], as shown in Figure 7h, exhibit a notable
alignment of nematic domains through the nozzle due to shear forces during extrusion.
Despite the initial alignment, the printed filament tends to lose its orientation and solidifies
from the surface, resulting in a core-shell microstructure with a highly aligned shell. The
mechanical properties of this printed hierarchical structure can be further strengthened
with thermal annealing, facilitating chemical crosslinking of chain ends between filaments.

A study conducted by Zhang et al. demonstrated a fascinating correlation between color
transmittance and the nanostructure of a 4D-printed shape memory polymer (SMP) [100].
Using microstereolithography (MPL), the group 4D printed submicron-scale grids using
VeroClearTM. When these grids were illuminated with white light, they selectively transmitted
a limited range of wavelengths due to the differential scattering of the spectrum by the grid
(see Figure 8). The dimensions of the grid determined which wavelengths could pass through.
Upon programming the structure, i.e., heating it above the glass transition temperature (Tg)
to 80 °C, distorting it, and cooling it, the structure became transparent to all wavelengths,
achieving an “invisible” state. Reheating above Ty restored the nanostructure to its as-printed
state, allowing only a specific range of wavelengths to pass through once again.
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Figure 8. Illustration depicting the color and shape transformation of a constituent nanostructured
element in the “invisible ink” 3D printed with a shape memory polymer. The as-printed structures
feature upright grids on the left, acting as a structural color filter that selectively transmits a limited
wavelength range of visible light. Deformation of the structures at elevated temperatures flattens
the nanostructures on the right, resulting in a colorless state, which persists as an invisible state
after cooling to room temperature. Heating restores both the original geometry and the color of the
nanostructures, showcasing a submicron demonstration of 4D printing. Figure reproduced with
permission from [100].

LCEs have also been successfully 3D printed in their isotropic state, providing the user
with the flexibility to manually determine the nematic director of the mesogens post-printing.
The resulting 4D-printed smart LCE object demonstrates the capability to switch between
the high-order post-printing programmed shape and the low-order shape determined by
the printing process. In the study by Barnes et al., a specially formulated LCE ink was used,
comprising RM257 mesogens and chain extenders 2,2’-(ethylenedioxy)diethanethio (EDDET)
and pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) (Figure 9a) [101].
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Figure 9. Schematic illustration of the reactive 4D printing process and shape programming of liquid
crystal elastomers (LCEs). (a) Depiction of the LCE synthetic scheme, highlighting the network-
forming components and three distinct reactive steps during the fabrication process. (b) Schematic
representation of the 4D printing of LCEs, involving printing in a catalyst bath, followed by defor-
mation and UV curing for shape programming. The resulting LCE demonstrates reversible shape
changes between the printed and programmed structures when heated and cooled, respectively.
Figure reproduced with permission from [101].

The ink was partially crosslinked and DIW-printed into a catalyst bath, where further
crosslinking occurred, resulting in a 3D LCE structure without a defined director (Figure 9b).
The printed object contained residual unreacted acrylate functional groups. By stretching
the object in a specific direction, a nematic director was established parallel to that direction,
and UV light was applied to crosslink the residual acrylate groups, setting the programmed
shape. Upon heat treatment to the transition to nematic isotropy (INI) at 75 °C, the
mesogens relaxed, and the programmed structure reverted to the original printed structure.
This shape evolution could be reversed by cooling the object.

Azobenzene moieties undergo isomerization from the trans to cis state upon UV irra-
diation, causing an expansion of the polymer matrix. This phenomenon has been utilized
in 4D printing to create light-responsive actuating silicone bilayers [102]. In the case of 4D
printable LCEs, azobenzene moieties contribute to light responsiveness at ambient tem-
perature, inducing stress and mesogen misalignment. Ceamanos et al. demonstrated the
3D printing of an azobenzene-containing LCE strip that contracted under UV light, lifting
a weight, and recovered its initial length under blue light [103]. However, spontaneous
relaxation of azobenzene moieties over time posed stability challenges. Lu et al. addressed
this issue by incorporating 2-ureido-4[1H]-pyrimidinone (UPy) physical crosslinkers into
the LCE ink, allowing the structure to change shape via photoisomerization of azoben-
zene moieties under UV light. The shape was then stabilized by the reformation of UPy
crosslinks when the UV light was removed [104], as shown in Figure 10.
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Figure 10. (a) Illustration and (b) photographs depicting the photo-switchable deformations of a
flower-like actuator 4D printed with light-sensitive LCE. Under 365 nm UV light, the flower curled,
and the process was reversed with 450 nm blue light. After UV irradiation, the curled shape was
stabilized at room temperature via the formation of UPy crosslinks. The original flat shape was
recovered by heating to 65 °C, breaking the crosslinks, and allowing the LCE to entropically switch
back to the isotropic state. Figure reproduced with permission from [104].

3.2. Self-Healing Polymer Materials

In the context of 4D printing, self-healing materials present a remarkable capability.
These materials have the unique ability to adapt and evolve over time, offering increased
longevity and reliability to printed components in a variety of applications, including
electronics and healthcare monitoring. Self-healing materials are a valuable addition to
the toolkit of 4D printing, offering the potential for more resilient and long-lasting printed
structures. By integrating self-healing properties into 4D printing materials, engineers
and designers can create structures that can endure harsh environments, maintain their
functionality over extended periods, and reduce the environmental impact associated with
the disposal of damaged items. This remarkable feature of self-healing materials represents
a significant advancement in 4D printing technology, with widespread potential across
multiple industries and applications. Self-healing materials operate by autonomously
initiating the repair process when defects like cracks or scratches occur. This spontaneous
healing occurs as the material fills the void created by the defect with fresh material. The
ultimate goal of an ideal self-healing material is to fully restore the original mechanical
and chemical properties of the pristine material [105]. These self-healing materials can be
broadly categorized into two main types based on their healing mechanisms. Autonomous
materials are capable of immediately commencing the healing process upon sustaining
damage. This spontaneous repair is facilitated through mechanisms like reversible hydro-
gen bonds, non-covalent bonds, or the release of self-healing substances that are embedded
within the host material and triggered by damage [106]. Ton-autonomous materials, in
contrast, require external stimuli to initiate the healing process. These stimuli can include
factors such as exposure to UV light, application of heat, or mechanical activation. These
external influences are necessary to trigger repair [106].

3.2.1. Microvascular Self-Healing Mechanisms

Self-healing mechanisms using microvascular systems incorporate a network of chan-
nels within a material, filled with a healing agent, traversing the material’s matrix. Upon
the occurrence of a crack or damage, capillary action initiates the release of the healing
agent into the damaged area, where it solidifies to seal the crack. This concept draws inspi-
ration from the natural arterial system [107,108]. Li et al. [109] introduced an innovative
biomimetic 3D vascular design inspired by nature for self-healing cementitious systems
(Figure 11a—c). The 3D printed design featured a polylactic acid (PLA) vascular network
produced on an Ultimaker® 3D printer (FFF). This network incorporated the healing agent
sodium silicate. In instances where a crack formed in the cement matrix, the vascular design
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adhered to Murray’s law for circulatory blood volume transfer, thereby facilitating the
healing process. Another approach was taken by Wu et al., who developed a microvascular
network using a fugitive ink and hydrogel reservoir to create a self-healing printed material
tailored for applications in healthcare microvascular devices [110].
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Figure 11. (a) Representation of a vascular beam crack pattern and microscopic imagery documenting
the healing process following a 4-point bend [109]. (b) A CT grey level image unveiling the concrete
matrix, cracks, PLA vascular tubes, and sodium silicate self-healing agent. The 3D system was
reconstructed to illustrate the vascular mechanisms, with the yellow area symbolizing the cement,
violet sections representing the PLA vascular structure, blue section representing sodium silicate
gel, and the green area depicting the gel filling in cracks [109]. (c) Depictions of colored self-healing
polyurethane samples that were cut, connected, and healed at 80 °C for 12 h. The healed sam-
ple is showcased while being stretched and supporting a 5 kg weight [111]. Figures reproduced
with permissions.

Balancing the characteristics of printable inks with multiple functionalities is a delicate
task, as it involves finding the right balance between printability properties and functional
properties. In this instance, thiol groups play a role in the photocuring process, while
disulfide groups contribute to self-healing properties. Li et al. also documented the
printing of a photocurable elastomeric material using DLP (Figure 11c) [111].

3.2.2. Encapsulation Self-Healing Mechanisms

Encapsulation-based self-repair mechanisms utilize micro- or nano-sized capsules
filled with a healing agent, such as a polymer or catalyst. Each capsule is shielded by a case
or coating made from an inert material to prevent interference with the bulk material. This
ensures that the healing process only commences when damage occurs, not prematurely.
The capsule’s shell is designed to be fragile, enabling easy rupture upon damage. These
capsules are distributed throughout the material’s matrix to ensure a rapid release of
the healing agent upon rupture. The healing agent inside the capsules should have low
viscosity to facilitate capillary action into the damaged area. For efficient healing, the
healing agent should polymerize quickly at room temperature without shrinkage [112].

235



Molecules 2024, 29, 319

Davami et al. used SLA 3D printing to create structures that entrap photocurable resin
within unit cells, acting as a self-healing agent. When damage occurs, the self-healing agent
tflows out of the cell through capillary action to the damaged site, where it is cured using UV
light. Davami et al. reported a healing efficiency of 52% based on fracture toughness [113].

3.2.3. Autonomous Self-Healing Polymers: Supramolecular Polymers

Most polymers typically require the presence of a host network containing a self-
healing agent, such as capsules or vascular systems, while supramolecular polymers
constitute a distinct class of materials. Characterized by reversible non-covalent bonds,
these polymers can reform and repair after being cleaved [114]. The inherent self-healing
properties of supramolecular polymers distinguish them, allowing for repeated healing
without depleting a host healing agent. Often described as “solid-liquids,” these polymers
consist of associated groups typically covalently bonded to chain ends or side chains of a
polymer. These groups bring together liquid-like polymers into a network of non-covalently
cross-linked polymers, exhibiting plastic behaviors. The reversible reforming process of
supramolecular polymers involves non-covalent crosslinks like 7-7r stacking, hydrogen
bonds, host-guest interactions, ionic interactions, and metal coordination. Evaluating the
effectiveness of restoring a self-healing material involves examining various properties,
such as mechanical, electrical, and thermal properties, before and after healing. This
assessment, known as healing efficiency, is calculated using the ratio of these properties
before and after healing [114].

4. Hybrid Materials for Printing
4.1. Polymer—Metal Composites
4.1.1. Three-Dimensional Printing of Polymer—-Metal Composite Feedstocks

Polymer—-metal composites involve the amalgamation of metal particles with a liquid
polymer resin, typically an unsaturated polyester, in the form of water-based substances
exhibiting heightened viscosities. In Figure 12, diverse methodologies are depicted for
crafting resilient structures utilizing polymer-metal hybrid materials across various 3D
printing techniques [115]. In specific environments, such as high-temperature settings,
metal filaments and water-based metallic ink can be extruded through a nozzle, subse-
quently solidifying rapidly upon cooling or further sintering in a furnace (Figure 12a,b).
Photo-hardening polymers, comprising liquid polymer resin, a crosslinking agent, an initia-
tor, and a photosensitizer, can be cured with UV light, wherein the binding liquid facilitates
bonding metallic particles together in powder form (Figure 12c). Objects 3D printed with
metallic nano/microparticles have gained extensive application in the creation of catalytic
and mechanically robust structured materials (Figure 12d).
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Figure 12. Deployment of metallic nano/microparticles spans various additive manufacturing tech-
niques: (a) integration of polymer-metal filaments in fused filament fabrication (FFF), (b) utilization
of water-based metal inks in direct ink writing and inkjet printing, (c) application of UV-curable metal
resin in stereolithography and 3D powder printing, and (d) illustration of characteristic metallic
structures designed for catalyst applications. On the right side: portrayal of the nickel nanolattice
octet truss post-pyrolysis [115,116]. Figures reproduced with permission.
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In addition to utilizing polymer-metal feedstocks, the synthesis of metal-polymer
composites can be achieved with a distinct 3D printing approach—constructing a metal
framework and subsequently infusing it with polymers. This method brings forth no-
table advantages, notably heightened conductivity in functional applications and superior
mechanical properties. The synergistic effect of the composite material disperses energy
efficiently, substantially enhancing fracture toughness, particularly in scenarios where tra-
ditional 3D-printed parts exhibit imperfections from the manufacturing process [117]. The
stiffness balance between the soft and hard phases can be finely tuned to bolster fracture
toughness in structured materials. Epoxy stands out as the preferred base material for poly-
mers due to its commendable strength and straightforward processing. Bapari et al. [118]
conducted insightful studies that illustrated the pivotal role of the soft phase in fortify-
ing rigidity in metal-particulate polymer composites. Meanwhile, Li et al. [119] delved
into the intricacies of interpenetrating phase composites (IPCs) within selectively laser-
melted (SLM) metallic micro-lattices. Their experiments and simulation models unveiled
that achieving uniform deformation in reinforced struts demanded more energy than the
buckling of freestanding struts.

The amalgamation of polymers and metals in the fabrication of objects unveils capti-
vating mechanical and functional properties. Despite the conventional belief that metal—-
polymer blends may not be ideal for swiftly manufacturing objects with high mechanical
strength, significant research efforts have been devoted to exploring innovative materials.
Fafenrot and colleagues [120] noted the impact of polymer—metal feedstocks containing
bronze, revealing a noticeable reduction in mechanical properties. Zhu and his team
presented a groundbreaking creation—hierarchical nanoporous gold with meticulously
engineered nonrandom macro-architectures using DIW (direct ink writing) and dealloying
techniques. The resulting nanoporous metals showcased significantly enhanced mass
transport properties and reaction rates for both liquids and gases. Furthermore, Vyatskikh
and collaborators pioneered a lithography-based process for producing intricate 3D nano-
architected metals boasting approximately 100 nm resolution. This breakthrough tran-
scended the limitations of existing methods, which typically offer resolutions in the range
of 20 to 50 um for 3D-printed metals.

4.1.2. Surface Coating of Metals on 3D-Printed Polymers

Nature demonstrates its mastery in developing robust and flexible materials through
the creation of intricate, multi-scale hierarchical structures. This has led to the development
of a unique class of biological layered lattice materials, featuring hierarchical levels ranging
from the microscale to the nanoscale. These mechanical metamaterials, characterized by
lightweight properties, derive their high mechanical strength from the well-established
principle that “smaller is stronger”, rooted in the effects observed at the nanoscale and
optimized geometric arrangements. What sets these materials apart is their ability to exhibit
unconventional mechanical behaviors, such as twisting or expanding in all directions under
uniaxial compression—feats unattainable with traditional materials.

In the realm of architected materials, the focus of many studies is to replicate the
exceptional characteristics found in natural structural materials. One approach involves
the creation of core-shell composites, featuring soft polymer cores enveloped by layers of
ultra-strong but brittle metallic or metallic glass (MG) coatings (Figure 13a—c). Numerous
instances of 3D-printed trusses showcase feature sizes spanning various orders of magni-
tude, from tens of millimeters to hundreds of nanometers (Figure 14). For example, Cu octet
lattices have achieved specific strengths of approximately 400 MPa, exceeding the yield
strengths of bulk counterparts by an impressive 80% (Figure 14a—d) [121]. The remarkable
strength of these core-shell metallic lattices is attributed to a size effect, with the material
consisting of single-crystalline metal featuring submicron dimensions. These findings offer
valuable insights into and a deeper understanding of the mechanical properties achieved
with the utilization of hierarchical structures and innovative material design.
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Figure 13. [llustration depicting the manufacturing procedure for creating hierarchical polymer-metal
composites: (a—c) application of metal coatings on 3D-printed polymers, and (d,e) production of
hollow-beam metallic architected materials. Figure reproduced with permission from [12].
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Figure 14. Hierarchical polymer-metal composites from mesoscale to microscale: (a,b) creation
of core—shell Cu meso-lattices using two-photon lithography followed by electroplating, (c) cross-
sectional milling of Cu film with a focused ion beam, (d) stress—strain curve of core—shell Cu lattice
demonstrating higher compressive yield strengths compared with its monolithic bulk counter-
parts [121], and (e) construction of a hierarchical metamaterial composed of Ni micro-lattices with
periodic hollow tubes, spanning critical feature length scales across seven orders of magnitude [122].
Figures reproduced with permission.
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Thus, combining metals and polymers in 3D printing opens up opportunities to
create materials with exceptional properties and characteristics. Researchers have explored
various methods, such as nanoporous structures and core-shell composites, to enhance the
mechanical and functional aspects of these hybrid materials. These innovations have the
potential to impact fields like aerospace and medicine where advanced materials are in
demand. The primary objective of the current research is to empower hierarchical polymer—
metal composites to achieve remarkable levels of stiffness, strength, and toughness while
maintaining very low densities. The challenge lies in finding the right balance between
structure-dominated buckling failure and metal-dominated brittle failure. For instance,
polymeric octet lattices with 1 um strut diameters coated with a 10 nm NiB metallic film
exhibited delayed buckling.

This elastic buckling allowed for significant rotation of the nodes, resulting in ductile-
like deformation. On the other hand, thicker coatings, such as 100 nm, led to brittle
failure [123]. The susceptibility to brittle failure also depends on the type of metal and the
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specific architecture. When utilizing High-Entropy Alloys (HEAs), the film thickness can be
increased to 50 nm, overcoming the strength-recoverability trade-off [124]. While thicker
coatings can better contain the polymer core, the optimal coating thickness was found to be
in the range of 14-50 nm to prevent catastrophic failure. To leverage the “smaller/thinner
is more ductile” size effect, it is crucial to devise innovative architectures and explore the
potential of strong yet ductile metallic films.

One common approach for architectural design involves etching away the plastic
core to obtain a pure, ultra-lightweight metal (Figure 13d,e). A hollow-beam nickel lattice,
characterized by a nearly constant specific strength, demonstrated a high tensile elasticity of
over 20%, which was unattainable for the individual metallic components [122] (Figure 14e).
Future research endeavors should address both scientific and technological challenges,
including the trade-off between strength and ductility [125], as well as the trade-off between
speed and resolution [43].

In addition to pursuing high strength-to-density ratios and pushing the boundaries of
material properties, emerging materials with innovative designs, such as chiral mechanical
metamaterials and materials featuring tunable mechanical properties and programmable
stimulus responses, are beginning to gain attention. To use this new category of materials
in multifunctional engineering applications, it is essential to develop physical models or
theories capable of capturing the architectural complexity and propagating the exceptional
properties from the nano/microscale to the macroscale.

4.2. Polymer—Ceramic Composites
4.2.1. Three-Dimensional Printing of Polymer—Ceramic Composite Feedstocks

The primary constituents used in the 3D printing of polymer—-ceramic composites
include ceramics, resins, or a blend of both [126]. These materials are divided into two cate-
gories based on their form: liquid or semi-liquid inks and pastes and fine ceramic particles.
Inks and pastes are a mixture of liquid or paste resin with finely dispersed ceramic particles.
Their usage in 3D printing is determined by their viscosity and can include methods such
as photopolymerization, inkjet printing, and extrusion [127]. Fine ceramic particles, on
the other hand, are fused together either with a powder fusion and melting process, often
using a heat source like a laser, or by using viscous liquid binders like non-hydroxyl resin
and liquid paraffin. This kind of feedstock is suitable for 3D printing techniques such as
binder jetting (BJ), selective laser sintering (SLS), or selective laser melting (SLM) [127].

4.2.2. Multi-Material Printing of Polymer-Ceramic Composite Structures

High strength and toughness are fundamental requirements for a wide range of
engineering materials, but they often exhibit a mutually exclusive relationship [128]. For
example, enhancing the strength of steel using cold machining typically results in a loss of
toughness. Similarly, engineering ceramics surpass metals in hardness and strength but
are limited by their relatively low toughness values [129]. Recent research has highlighted
the remarkable combinations of strength and toughness found in natural bio-ceramics like
bones or shells [130,131]. Inspired by these natural ceramics, various fabrication techniques
have emerged to replicate bio-ceramics, including ice templating, layer-by-layer deposition,
self-assembly, and rapid prototyping [132-134]. These studies illustrate how the trade-off
between toughness and strength can be addressed by creating architected composites with
well-organized microstructures.

Recently, the field of 3D printing has opened up new possibilities for fabricating
microstructures with hierarchical or arbitrary geometries, utilizing a bottom-up approach
similar to processes found in nature. This has led to a significant advancement in the
study of bio-ceramics [125,135-137]. For example, by using multi-material 3D printers,
researchers have been able to create staggered microstructures that closely resemble the
architecture of bones [136]. This innovative approach resulted in a remarkable increase in
fracture energy, exceeding the previous levels by tenfold. Moreover, 3D printing techniques
have been used to replicate the intricate structures found in natural materials such as nacre,
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bone osteons, dactyl clubs, and conch shells [138-141], as illustrated in Figure 15. These
endeavors aim to unravel the precise designs found in bio-ceramics. In specific cases, struc-
tures resembling dactyl clubs have been produced, exhibiting a J-shaped R-curve (crack
growth resistance curve), while others have displayed I'-shaped R-curves. A J-shaped
R-curve is associated with a significantly larger critical energy release rate, making it advan-
tageous for halting crack propagation. In contrast, a I-shaped R-curve is characterized by a
higher critical failure stress, which effectively hinders crack initiation [142]. Additionally,
researchers have explored the manipulation of magnetic fields to guide the orientation of
magnetic platelets, forming intricate patterns such as concentric and layered designs [142].
As a result, 3D printing methodologies offer a versatile platform for creating complex
designs to investigate the geometric influences on mechanical performance, particularly
toughness, within the realm of bio-ceramics.
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Figure 15. Emulating the structures of nacre [141], bone osteon [138], dactyl club [140], and conch
shell, from left to right. The top-row representations of these structures incorporate rigid ceramic
skeletons (depicted in white) and flexible polymer phases (depicted in yellow). The bottom row
showcases the skeletal framework corresponding to the left. Figures reproduced with permission.

A highly promising technique in 3D printing involves the utilization of polymer-
derived ceramifiable monomers, notably silicon oxycarbide. These specialized monomers
are used in the 3D printing process, initially taking shape through layering and then
undergoing polymerization using UV light. Following this stage, they are subjected to high-
temperature sintering, a critical step that transforms them into intricate and high-quality
ceramic lattices [143]. This entire process is depicted in Figure 16, which provides a visual
overview of the 3D-printed polymer-derived ceramic production journey.
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Figure 16. The process of 3D-printed polymer-derived ceramics. The depiction of the novel process
where polymer-derived ceramifiable monomers, like silicon oxycarbide, are 3D printed and polymerized
with UV light, followed by high-temperature sintering. Figure reproduced with permission from [143].
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One notable advantage of polymer-derived ceramics is that they eliminate the need for
extensive post-processing to remove the organic binder, which is often required when using
ceramic fillers. This streamlined production process results in reduced manufacturing times,
making it an efficient choice. The ceramic stereolithography (CSL) yields exceptionally
smooth surface finishes, enhancing the overall quality of the ceramic structures it produces.
However, it is essential to note that while CSL offers distinct advantages, it is considered
relatively expensive due to the specialized equipment and materials required. Additionally,
the selection of available materials for this technique is somewhat limited, which is viewed
as one of its main drawbacks [144].

4.3. Polymer—Metal-Ceramic Composites

The role of printing materials is increasingly pivotal in expanding the applications
of 3D printing technology. In recent years, there has been a growing trend to elevate the
proportion of composite materials used to meet the intricate demands of printed products
in various industries. Commonly used composite materials in 3D printing encompass
combinations of metals with ceramics, polymers with ceramics, and polymers with metals.
However, with the continuous evolution of “intelligent manufacturing” centered around
3D printing, the material composition of printed components often necessitates the fusion
of metals, ceramics, and polymers to fulfill diverse performance criteria [145]. Although re-
search into the domain of composite 3D printing involving metals, ceramics, and polymers
is still in its nascent stages, there are emerging reports regarding its application in biomedi-
cal, electronics, surface engineering, and other domains. There are primarily two methods
for printing composite materials: layered powder printing and mixed powder printing.

In layered printing, materials are progressively printed to create intricate structures.
For instance, in the domain of bone tissue repair that requires load-bearing capabilities,
porous scaffolds are commonly printed using metal materials, while a bio-ceramic—polymer
coating is applied to the surface of the structure (Figure 17a) [146]. Such bone tissue struc-
tures composed of metals, ceramics, and polymers offer advantages such as mechanical
compatibility with natural bone, corrosion resistance, and biocompatibility. In the electron-
ics field, products like printed circuit boards (PCBs) often demand a combination of metal,
ceramic, and polymer materials for their production. PCBs are initially printed with metal
materials, and subsequent components like capacitors are printed directly onto PCBs using
ceramics and polymer materials (Figure 17b).

In mixed powder printing, metal/ceramic/polymer powders are typically prepared
with mechanical mixing. During the selective laser sintering (SLS) process, a polymer ma-
terial is removed, leaving behind a porous structure (Figure 17c). Additionally, these initial
porous structures formed using SLS can be infiltrated with another material to enhance
their density and mechanical properties (Figure 17d). For the repair of non-load-bearing
bone tissue, printing often involves the use of calcium phosphate and hydroxyapatite
(HA) composite biocompatible polymers [147]. Furthermore, magnesium can be uniformly
integrated into artificial bone structures during the printing process, thereby enhancing
osteoinductive activity and osteoacusis performance [148].

In a multitude of industries, especially in the fields of electronics and medicine, cer-
tain critical components or products require a combination of properties associated with
metals, ceramics, and polymers. The traditional methods of preparing such components
are typically cumbersome and expensive. However, 3D printing technology enables the cre-
ation of complex components in a single step, eliminating the need for multiple processes.
This approach offers significant advantages due to its cost-efficiency and increased speed.
Nevertheless, it is important to acknowledge that the current state of 3D printing tech-
nology cannot fully support widespread applications in the production of multi-material
components, and there is a relative scarcity of printable materials in this domain. Therefore,
further research is required to advance this area of study.
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Figure 17. Potential applications and future advancements in polymer—metal-ceramic composites.
Figure reproduced with permission from [12].

5. Three-Dimensional/Four-Dimensional Printing and Biomedicine

In recent years, the intersection of engineering and biomedical sciences has led to significant
advancements in 3D and 4D printing technologies. These technologies have been increasingly
utilized in the development of medical devices and drug delivery systems [149-151]. Bioprinting,
an innovative and emerging technology of additive manufacturing, has revolutionized the
biomedical sector by printing 3D cell-laden constructs in a precise and controlled manner for
numerous clinical applications. This approach uses biomaterials and varying types of cells
to print constructs for tissue regeneration, e.g., cardiac, bone, corneal, cartilage, neural, and
skin. Furthermore, bioprinting technology helps to develop drug delivery and wound healing
systems, bio-actuators, bio-robotics, and bio-sensors [149-151].

More recently, the development of 4D bioprinting technology and stimuli-responsive
materials has transformed the biomedical sector with numerous innovations and revolu-
tions [149,152]. The term 4D printing was coined to indicate the combined use of additive
manufacturing, smart materials, and careful design of appropriate geometries. In this
review, we report the recent progress in the design and development of smart materials
that are actuated by different stimuli and their exploitation within additive manufacturing
to produce biomimetic structures with important repercussions in different but interrelated
biomedical areas [152]. The advent of 3D and 4D printing technologies has also led to the
creation of personalized drug delivery systems [150,153,154]. These systems can be tailored
to meet individual needs, addressing the challenges associated with the manufacture of
pharmaceutical systems [151,153]. This has resulted in many concepts of pharmaceutical
devices and formulations that can be printed and, possibly, tailored to an individual [150].
Thus, the bio-related applications of 3D and 4D printing are vast and rapidly expanding.
Future research in this area promises to bring about even more innovative solutions for
personalized medicine and healthcare [149-151].

In a comprehensive exploration of smart polymers, Huang et al. [155] delve into
thermally responsive soft materials that adapt to environmental changes. Their review
elucidates the design, characterization, and progress of these polymers, particularly in
medical devices, cell therapy, and 3D printing for precision medicine. Another contribution
comes from Pineda-Castillo et al. [156], who discuss state-of-the-art endovascular devices
and the potential of shape memory polymers (SMPs) in addressing limitations related

242



Molecules 2024, 29, 319

to complete occlusion, focusing on their application in Intracranial Aneurysm (ICA) em-
bolization. Uboldi et al. [157] present a lab-scale film-coating process for self-expanding
rod-shaped Polyvinyl Alcohol (PVA)-based devices fabricated with Hot Melt Extrusion
(HME) and fused filament fabrication (FFF), offering precise control over diffusion and
transport processes. In the realm of 4D bioprinting, Afzali Nanizetal [158] explores re-
cent developments in smart materials and their applications in developing biomimetic
structures with actuation capabilities, impacting pharmaceutics and biomedical research.
Lastly, Sirawit et al. [159] propose a novel approach to manipulating the swelling kinetics
of hydrogels with a diffusion-path architecture design, offering a unique perspective on
4D-printed hydrogel actuators.

6. Future Perspectives of Polymer AM and Challenges Ahead

In this section, we delve into the ongoing evolution of polymer 4D printing, examining
its future trajectory. We identify five key areas critical for its advancement, categorized
into smart materials and printing techniques. Within the smart material domain, we focus
on particle-polymer composites (PPCs), “living” polymers, and polymers endowed with
self-healing /welding capabilities. In the realm of printing techniques, our attention shifts
to multimaterial polymer 4D printing and microscale polymer 4D printing.

In summary, this comprehensive examination reveals the significant strides made
in 3D printing techniques and the pivotal role of functional polymers in reshaping the
manufacturing landscape. The persistent refinement of 3D printing, with resolutions
now approaching the nanoscale, paves the way for the production of high-performance
products characterized by meticulously optimized structures and functions, spanning
across diverse application fields [43,160]. Furthermore, by actively engineering the chemical
and physical properties of polymers, we can unleash shape-changing capabilities and
exercise precise control over the motion of printed products. While additive manufacturing
technologies have matured and unlocked novel possibilities in a multitude of domains,
they are accompanied by several challenges that merit attention in forthcoming research.
These challenges serve as indispensable guiding principles for further studies, offering
the potential for pioneering advancements in polymer development and applications.
Despite these challenges, the future of polymer AM holds great promise. The continual
development of materials, the improvement in material properties, and advancements in
printer technology are expected to drive the evolution of polymer AM. This technology is
on a trajectory to revolutionize manufacturing processes, expand applications, and enable
the creation of innovative, high-performance components that cater to a wide range of
industrial needs.

6.1. Material Diversity

The array of printable materials remains somewhat constrained due to the specific
requirements of 3D printing, encompassing aspects like rheology and melting points. For
example, widely used materials with low melting points and suitable viscosities, as seen
in fused filament fabrication (FFF), often result in less-than-ideal mechanical and chem-
ical properties of the final products. To meet the stringent requirements of aerospace,
automotive, and structural applications, it is imperative to delve into the development of
engineering-grade polymers. It is equally important to extend our perspective by consider-
ing a vast spectrum of functionalities in polymers and polymer composites for 3D printing.
This expansion can take inspiration from the ingenuity of biological systems and biomateri-
als, spurring materials development, functional innovation, and novel structural designs.

6.2. Multi-Material and Multi-Scale AM for Various Applications

The critical drive toward multi-material and multi-scale manufacturing techniques
is essential to simultaneously control material composition, ratio, functions, and internal
architecture at micro- and nanoscales. Applications spanning biology, electronics, and
robotics necessitate the use of multiple materials across different scales to enable complex
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movements or specific reactions. The evolution of multi-material and multi-scale AM
represents a transformative force, reducing material waste and streamlining assembly steps
across various industries. However, some 3D printing techniques encounter challenges
in terms of printing with multiple materials. Innovative approaches, including the intro-
duction of rotating vat carousels and the incorporation of microfluidic systems, have been
developed to tackle these challenges [161]. Despite significant strides in composite print-
ing, limitations persist, such as height restrictions and the difficulties encountered when
fabricating products with a high loading of reinforcements, primarily due to the existing
printing constraints. Looking ahead, the emergence of hybrid AM appears promising in
addressing a multitude of unique customization needs, with the tantalizing prospect of 3D
printing robots capable of walking off the printing plate.

6.3. Improving AM Processes for High-Quality Prints

Additive manufacturing processes, though revolutionary, introduce certain defects
within printed products, impacting their mechanical properties and causing discrepancies
between a digital model and a physical object. Notably, void formation remains a significant
challenge in techniques such as powder bed fusion (PBF) and binder jetting (BJ). These voids
materialize due to insufficient bonding between melted materials and binders. Additionally,
addressing weak interlayer bonding within manufactured parts is crucial to mitigate
anisotropic and subpar mechanical properties. These issues can also lead to delamination
between layers. Ongoing research is dedicated to overcoming these hurdles, using tactics
like introducing fillers and harnessing laser or infrared heating between printed layers.
Emerging techniques, including volumetric manufacturing, hold substantial promise in
surmounting these limitations [162]. Moreover, it is essential to integrate in situ monitoring
and post-inspection processes to bolster quality control.

6.4. High-Throughput and Scalable Manufacturing

The speed of various 3D printing technologies during the actual printing phase re-
mains a point of concern. The subsequent post-processing steps further diminish through-
put and scalability. The industry’s response involves deploying robot arms in fused filament
fabrication (FFF) to circumvent the limitations posed by traditional printing plates, allow-
ing for the production of large-scale products. Meanwhile, the application of chemical or
water-soluble support materials in FFF simplifies post-processing by reducing the time
spent on support cleaning. However, certain 3D printing methods are inherently limited
when it comes to building size, and rapid printing of large parts can generate excess
heat, leading to distortion in the final products. Recent research endeavors seek to bolster
productivity by managing heat generation using mobile oil [163]. Innovative printing
concepts, exemplified by volumetric AM, have begun to emerge as an enticing trend [162].
Furthermore, addressing inconsistencies in printing quality calls for the integration of
feedback systems powered by machine learning, ensuring superior repeatability in scalable
manufacturing [164].

6.5. Sustainability

The pursuit of a sustainable future necessitates a concerted effort to reduce waste
within the realm of 3D printing. The journey toward environmental friendliness is multi-
faceted. It involves improving biodegradable polymers while transitioning from oil-based
feedstocks to bio-based compostable plastics [23]. Additionally, managing failed prints
and end-of-life products with recycling holds the promise of reducing material costs and
minimizing the demand for frequent parts resupply in supply chains. The recyclabil-
ity of thermoplastics stands as a notable advantage over thermosets due to the limited
degradation of polymer chains. Thermoplastics are more easily recyclable compared with
thermosets because they experience little to no degradation of the polymer chain when
melted down. In thermoplastics, weaker interactions between polymer chains are broken,
while in thermosets, the bonds between monomers deteriorate with each reuse, making
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it challenging to recycle thermoset polymers. An example of thermoplastic recycling is
the processing of polyethylene terephthalate bottles into filaments for 3D printing [165].
These recycled filaments demonstrate comparable tensile strength and elongation, making
them capable of replacing commercial filaments. Additionally, research is ongoing in other
3D printing methods, such as powder bed fusion (PBF) and Vat Polymerization (VP), to
explore the reuse of unused materials, such as powder and resin, respectively.

6.6. Safety Concerns

The growing interest in and adoption of 3D printing have inevitably brought to the
fore various safety concerns. Polymer-based AM processes have the potential to generate
particulate matter (PM) [166,167] and emit volatile organic compounds (VOCs), including
toluene, aldehydes, and ethylbenzene [167,168]. Even widely used thermoplastics like
ABS and PLA have been found to release VOCs [169]. Ensuring safe printing requires the
careful management of chemical reactions and the corresponding emissions throughout
the manufacturing process. In-depth studies aimed at unraveling the mechanisms of
PM and VOC formation across different printing methods will guide the development of
more environmentally friendly 3D printers, sophisticated control strategies, and enhanced
personal protection measures.
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Abstract: Silica aerogels are considered as the distinguished materials of the future due to their
extremely low thermal conductivity, low density, and high surface area. They are widely used in
construction engineering, aeronautical domains, environmental protection, heat storage, etc. How-
ever, their fragile mechanical properties are the bottleneck restricting the engineering application of
silica aerogels. This review briefly introduces the synthesis of silica aerogels, including the processes
of sol-gel chemistry, aging, and drying. The effects of different silicon sources on the mechanical
properties of silica aerogels are summarized. Moreover, the reaction mechanism of the three stages
is also described. Then, five types of polymers that are commonly used to enhance the mechanical
properties of silica aerogels are listed, and the current research progress is introduced. Finally, the
outlook and prospects of the silica aerogels are proposed, and this paper further summarizes the
methods of different polymers to enhance silica aerogels.

Keywords: silica aerogels; polymer; mechanical properties; crosslinking

1. Introduction

Aerogels are the lightest solid materials in the world due to their high porosity and
low density [1-4]. The liquid constituent of these materials are substituted with air and
form intact interconnected solid structures. Relying on their unique mesoporous structure,
aerogels demonstrate excellent properties and have been favored by researchers [5-8].
There are many kinds of aerogels, such as silica aerogels [9], carbon aerogels [10,11],
polymer aerogels [12-15], metal oxide aerogels [16-18], metal aerogels [18], and bio-based
aerogels [19,20]. These aerogels are considered as the “wonder materials” and have broad
prospects of application in various fields [21-25].

Silica aerogels with excellent properties of low bulk density (0.003~0.200 g/cm3),
high porosity (80~99.8%), large specific surface area (500~1500 m?/g), and low thermal
conductivity (0.015~0.030 W/m-K) are the typical representatives of aerogels [26-29]. It has
been more than 90 years since silica aerogel was first invented by the American scientist
Kistler in 1931 [30,31]. Although silica aerogels have a long history of development,
their commercial production history only dates back to about 20 years. In 2001, Aspen
realized the commercial production of silica aerogels for the first time in the United States.
As Figure 1 shows, silica aerogels are widely used in construction engineering [32,33],
aeronautical domains [34-36], environmental protection [37,38], flexible electronics [39],
and chemical engineering [40—42]. Especially in the aerospace field, silica aerogels have
made remarkable contributions to the safety of personnel and equipment [43].
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® Air cleaning
® Gas adsorption

® Wastewater treatment
® Wearable devices

® Biological sensors
® Flexible displays

® Catalysts
® Adsorbents

Environment

Flexible

electronics

Applications
of
silica aerogels

Aerospace

® Space suits ® Energy-saving glass
@ Insulating layers ® Aerogel mortar
® Thermal insulation ® Aerogel coatings

Figure 1. The applications of silica aerogels in various fields.

However, the application of silica aerogels on a large scale is still limited due to the
poor mechanical properties of silica aerogels [44]. The main reason for the poor mechanical
properties of silica aerogels is their pearl-necklace-like three-dimensional network structure.
This network structure is connected by the interparticle necks, and the connection strength
is very fragile. However, other properties of silica aerogels are excellent in the engineering
field. Thus, the problem of the poor mechanical properties of silica aerogels urgently needs
to be solved [45,46].

The secondary particles of silica aerogels are connected via point contact with a
small contact area and weak bond force between the particles [47]. Once the aerogels
have suffered from external stress, the neck region between the secondary particles break,
resulting in the connection being disconnected and the gel skeleton collapsing [48]. In
order to solve the above problems, scholars around the world have conducted extensive
research. Focusing on the problem of the poor mechanical properties of silica aerogels,
reinforcing phases have been introduced to improve the mechanical properties of silica
aerogels. As shown in Figure 2, the reinforcing phases mainly include carbon, biomaterial,
fiber, and polymer. The mechanical properties of silica aerogels have been enhanced to
varying degrees through the experiment.
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Figure 2. Materials for enhancing mechanical properties of silica aerogel. Reprinted with permission
from Refs. [49-52]: Copyright 2019, Elsevier; Copyright 2022, Elsevier; Copyright 2011, American
Chemical Society; Copyright 2022, American Chemical Society.
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In this paper, the composites of silica aerogels with polymers are summarized, and
the properties are discussed in detail.

2. Synthesis of Silica Aerogel

As shown in Figure 3, the preparation of the silica aerogels comprises (a) synthesis,
(b) aging, and (c) drying [53]. The synthesis of silica aerogels mainly depends on the
method of sol-gel [54]. During the sol-gel process, a three-dimensional network structure
is built [55,56]. And the properties of silica aerogels are influenced by the precursors,
catalysts, temperature, surface treatments, mass concentration, pH, and drying [57-60].
Then, the aging process enhances the network structure of the silica sol. Finally, the solvents
are removed from the solid via the drying technology.

Figure 3. The preparation of aerogel using sol-gel process. Reprinted with permission from Ref. [54]:
Copyright 2014, Elsevier.

2.1. Sol-Gel Chemistry

Gels are colloids that are composed of colloidal particles suspended in a solvent. The
sol-gel method is a common technique used for the synthesis of wet gels, and then the silica
aerogels are produced via the drying process [61,62]. During the sol-gel process, ethanol or
methanol is used as a solvent. Using the solvent, the precursors form a soluble gel through
hydrolysis and polycondensation reactions [63,64]. The results of the reactions are greatly
influenced by the pH of the solution, the concentration of silicon precursor, the reaction
time, and other factors. Moreover, the solid network of silica is formed in this process, and
the particles are more closely connected [65-68]. However, the repetitive washing and the
tedious water-to-alcohol solvent exchange still need more time [69]. As shown in Figure 4,
the primary particles form secondary particles in the solution and then the secondary
particles form a continuous solid network connected by the neck regions [70]. With the
development of sol-gel chemistry, silica alkoxides are the precursors of silica aerogels, such
as tetraethylorthosilicate (TEOS), tetramethylorthosilicate (TMOS), and so on [71-73]. These
precursors have a great influence on the morphology and properties of silica aerogels [74].
Moreover, various precursors can also be used together to realize the self-reinforcement
of silica aerogel skeletons [75,76]. Bhagat et al. [77] applied nine different co-precursors
to prepare TEOS-based silica aerogels and investigated their physical properties. The
pre-polymerization of silicon precursors is also a method of silica self-reinforcement that
is currently being explored. Zu et al. [78] reported a new method of pre-polymerized
silica-based precursors and enhanced the flexibility of aerogels. Table 1 lists some common
precursors that are used for the synthesis of silica aerogels.
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Figure 4. Primary and secondary silica particles of the silica aerogel. Reprinted with permission from
Ref. [54]: Copyright 2014, Elsevier.

2.2. Aging

Aging is an important step in strengthening the mechanical properties of silica
aerogels [94]. The aging reaction principle is ascribed to accelerating the movement of
sol particles and increases the probability of collision, adding the number of siloxane con-
nections. In the aging process, the number of siloxane linkages between particles can be
increased using two different mechanisms simultaneously; thus, the mechanical properties
of silica aerogels will be strengthened [95]. These two different mechanisms mainly include
dissolution and re-precipitation [96]. Moreover, new monomers are transported to the neck
region between the particles and form the network [97]. As an important chemical bond
connecting the particles together, the O-Si bonds have a great relationship with the time
and temperature of the reaction. The number of the bonds affects the mechanical properties
of the silica aerogels. He et al. [98] reported that a controlled temperature and pressure can
enhance the mechanical properties during the process of dissolution and reprecipitation.

However, this process requires a lot of time, and the parameters of the aging process
are difficult to control. During the aging process, the silica aerogels occur different degrees
of shrinkage, leading to an increase in density.

2.3. Drying

Drying is the procedure that transports the wet silica gel to silica aerogel [99]. In this
process, gas replaces the liquid in silica wet gel, and ultimately, the solid consisting of
the silica network forms the aerogel. Due to differential shrinkage, warping and cracking
often occur. However, previous studies have shown that the phenomena can be prevented
by controlling the drying process. At present, there are three common drying methods
as follows: ambient pressure drying [100,101], freeze drying [102,103], and supercritical
drying [104].

Compared with the other two drying methods, the ambient pressure drying method
is widely used mainly due to its lower energy consumption and because it does not require
high pressure conditions [105-107]. However, there are still drawbacks to ambient pressure
drying. The most significant disadvantage is that ambient pressure drying may be affected
by capillary force, and thus, still result in collapsing or cracking [108]. Freeze drying is
the technology that freezes the liquid in the wet gel into a solid and then converts the
solid into a gas. In order to reduce the possibility of breakage caused by ambient pressure
drying, freeze drying is used to manufacture various types of aerogels. Compared with
the above methods, supercritical drying is considered as the most appropriate method
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to prepare aerogels. It minimizes the aerogel cracking caused by shrinkage. The liquid
in the pores is transformed into supercritical fluid via supercritical drying. In this state,
the surface tension of the liquid disappears completely and there is no capillary force.
Finally, the supercritical fluid can be separated from the solid at a temperature above the
critical temperature of the liquid [109]. At present, the more mature supercritical drying
technology is low temperature drying using carbon dioxide. However, this method has
high requirements for synthesis equipment and the operating environment [110].

3. Polymer-Modified Silica Aerogel Composites

Based on existing reports, the polymer matrix is composed of thermoplastics and
thermosetting resins [111]. Polymers demonstrate excellent mechanical properties, gen-
erally with high elastic deformation and viscoelasticity [112]. In addition to preparing
polymer aerogels, polymers can also be combined with silica aerogels to prepare hybrid
aerogels [113]. The process of polymerization increases the chemical bonds of O-Si to
enhance their mechanical properties [114].

In the past two decades, researchers believed that combining polymer and silica is
an effective way to enhance the mechanical properties of aerogels [115-118]. Meanwhile,
the results indicate that the interfaces between silica gel particles and polymers also have
a great influence on aerogel properties [119]. In 1994, Novak et al. [120] prepared hybrid
aerogels via the method of pre-synthesized polymers or in situ polymerizing species,
achieving an enhanced flexibility and compressive strength through the adsorption of
energy with silica aerogels compounding the polymers [121,122]. As reported in the
previous research, polymer-crosslinked aerogels were studied via the following three
technical approaches: (a) modifying the surface of nanoparticles to enhance the aerogel
skeleton; (b) applying different types of crosslinking agents; (c) creating the network
morphology of the aerogels [123,124].

Using the method of chemical crosslinking, the polymer conformally coats the skeletal
framework of the aerogels and maintains the original shape of the mesopores to reinforce
their mechanical properties. As shown in Figure 5, with the addition of the polymer, the
density of the aerogel will show an increasing trend. Through the growth mechanism, the
number of connecting points between the secondary particles will increase, and finally
resulting in the polymer-reinforcement.

Figure 5. Technical approaches to improve the mechanical properties of aerogels. Reprinted with
permission from Ref. [125]: Copyright 2011, American Chemical Society.

Although the mechanical properties of aerogels have been improved, their density
and thermal conductivity have been increased as well, and the addition of the polymers
even reduce their resistance to high temperatures [126]. Using well-controlled polymeriza-
tion techniques, atom transfer radical polymerization can effectively enhance the perfor-
mance of aerogels without significantly increasing their density. Moreover, the aggregation
and poor interfacial interaction can be solved via the combination of silica aerogels and
polymer [127]. The reported polymer-reinforced aerogels are listed in Table 2, and the
contents are introduced in further detail.
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Table 2. Overview of reported mechanical properties of polymer-reinforced aerogels.

F(I)’rr ;Clﬁl:t?g n Polymer Matrix Enhanced Properties Ref
GPTMS/VTMS Epoxide > Elastic deformation: 3~5% [128]
/ Epoxide > Elastic modulus: 35%, tensile strength: 62%, toughness: 126% [129]
y Evoxide > (Hydrophobic aerogel) contact angles: 107°, fracture toughness: improved by up [130]
P to ~70%, impact strength: improved by up to ~120%
> Elastic modulus: 3770 £ 71 MPa, stress at yield point: 43.2 + 1.8 MPa, strain at
/ Epoxide yield point: 1.24 4 0.03 MPa, ultimate tensile strength: 51.0 & 2.1 MPa, strain at [131]
break point: 3.3 4 0.3%, toughness: 1.29 + 0.08 J/m3
TEOS/APTES Epoxide > Strain: 80% (18 N) [132]
. > Tensile strength: 45.05+ 4.56 MPa, modulus of elasticity: 4363.884 209.57 MPa,
TEOS/APTES Epoxide break strain: 1.19 + 0.17% [133]
. > Density: 0.419 g/ cm?, porosity: 89%, compressive strength: 0.438 MPa, thermal
TEOS Epoxide conductivity: 0.0273 W/m-K [134]
/ Epoxide > (Warp direction) strength: 464.3 MPa, modulus: 1.76 GPa, (weft direction) [135]
p strength: 410.2 MPa, modulus: 1.68 GPa
> Shrinkage: 14.6 & 0.7%, bulk density: 0.594 & 0.026 g/cm?, skeletal density:
TMOS Pol § 136
oytirea 1.290 + 0.003 g/cm?, porosity: 54% [13€]
TEOS/APTES Polyurea > Bulk density: 0.046 g/cm?, flexural modulus: 0.14 MPa [137]
TEOS/APTES Polyurea 1>4 I§i7n1\e/ﬁ£ shrinkage: 15.73%, bulk density: 0.392 g/m3, average elastic modulus: [138]
. a
ity 3 i . / .
TEOS /MTEOS Polyurethane 5>0 zeg%lgtyM%;% =+ 0.006 g/m?”, yield strength: 2.15 £ 0.04 MPa, Young’s modulus: [139]
/ Polyurethane > Heat resistance index: 193.6%, char yield: 31.6%, bulk density: 0.580 g/mL [140]
TEOS/APTES Polyurethane > BET surface area: 242.9 m? /g, BJH desorption average pore diameter: 10.8 nm [141]
> Density: 117.68 kg/m?, porosity: 92.3%, linear shrinkage: —8.38%, thermal
TEOS Polyurethane conductivity: 0.014 == 0.00033 W/m K [142]
MTMS Polyimide > Compressive strain: 50%, thermal conductivity: 0.0212 W/m-K [143]
/ Polyimide > Surface area: 609 m2/ g, thermal conductivity: 0.017.5 W/m-K [144]
TEOS/APTES Polyimide > Compressive strength: 3.82 MPa, Young’s modulus: 44.16 MPa [145]
TEOS/APTES Polyimide > Density: 0.145 g/cm?, strain: 9%, strength: 0.29 MPa, Young’s modulus: 3.22 MPa [146]
TEOS Polyimide > Compressive modulus:1.96 MPa, thermal conductivity: 0.0311~0.0585 W/m-K [147]
> Density: 0.41~0.77 g/ cm?, surface area: 213~393 m?2/ g, thermal conductivity:
TMOS/APTES Polystyrene 0.041 W/m-K, contact angles: 120° [148]
> Density: 0.13~0.17 g/cm?, surface area: 350~780 m?/g, thermal conductivity:
TMOS Polystyrene 0.03~0.04 W /m-K [149]
> Bulk density: 163.1 + 11.7 kg/cm?, porosity: 88%, surface area: 227 m?/g,
MTMS/VTMS/TMOS Polystyrene thermal conductivity: 0.072 & 0.001 W/m-K, Young’s modulus: 91 kPa, compression [87]
strength: 68 kPa
TMOS Polystyrene > Modulus: 3 MPa [150]
3.1. Epoxide

The mechanical properties of silica aerogels can be enhanced via epoxide. The func-
tional groups of the epoxide can react with the amino groups on the surface of the gel
skeleton. Thus, the addition of epoxide in the matrix of the silica aerogel can change its
fragile properties and enhance its mechanical properties [151]. Thus, researchers have
focused on applying epoxide to improve the mechanical properties of silica aerogels.

Rezaei et al. [128] have shown a new method to prepare the hybrid silica aerogel with
the insulative and flexible properties. As shown in Figure 6, the researchers applied an
epoxide ring containing the silica precursor and inserted flexible ether groups into the main
chain using the method of ring-opening polymerization. The brittleness properties of the
silica aerogels were enhanced due to the non-particulate structure. The results demonstrate
that the elastic deformation of the aerogel was increased to 15%, and the mechanical
properties were proportional to the density. Moreover, the aerogels have superinsulation
properties with a thermal conductivity of only 0.0159 W/m K.
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Figure 6. Polymerization reaction of GPTMS and molecular structure of PGPTMS. Reprinted with
permission from Ref. [128]: Copyright 2020, Elsevier.

Salimian et al. [129] prepared the silica aerogel-epoxy nanocomposites and investi-
gated the fracture and toughening mechanisms. By analyzing the mechanical and thermal
properties, the results suggest that the viscosity of the nanocomposite suspension was
increased from 1% to 6% with the silica aerogel addition. In addition, the storage modulus,
Tg, Young’'s modulus, tensile strength, and toughness were increased by 11%, 5 °C, 35%,
62%, and 126%, respectively. As Figure 7 shows, the epoxy polymers are infiltrated into the
mesopores of the silica aerogel. The fracture and toughening mechanisms are explained by
the (a) crack pinning and deflection and the (b) plastic deformation.

-
- S

(0]
Si (~10 nm)
N Epoxy polymer chain

Interface

Figure 7. The structural model of the “interpenetrating organic-inorganic network”. Reprinted with
permission from Ref. [129]: Copyright 2018, Elsevier.

Salimian et al. [130] prepared the epoxy nanocomposites using two different types
(hydrophobic and hydrophilic) of silica aerogels. As shown in Figure 8, the =5i—O—-C=
bonds are formed between the silica surface and the epoxy polymer network. Using this
method, the storage modulus, viscosity, Tg, fracture toughness, and impact strength were
enhanced. Moreover, the fracture toughness (Kj.) and impact strength increased with the
increase in the hydrophobic aerogel content.

Albooyeh et al. [131] studied the influences of silica aerogel on the mechanical, vibra-
tional, and morphological properties of epoxy. The tensile, bending, compressive, dynamic
mechanical thermal analyses, and a series of tests were conducted to verify the Euler—
Bernoulli beam theory. The results indicate that silica aerogels can effectively reduce the
density of materials. Meanwhile, the tensile, flexural, compressive modulus and hardness
of the materials significantly increased when the addition of silica aerogel was 4%.
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Figure 8. Schematic illustration of the silica aerogel particle network structure and possible covalent
interactions between the epoxy and silica surface. Reprinted with permission from Ref. [130]:
Copyright 2018, American Chemical Society.

According to the experimental data, the researchers found that the flexibility and
robustness of the pore structure can be enhanced via the combination with polymers.
Domenech et al. [132] synthesized a porous organic-inorganic hybrid material composed
of silica and epoxy resin via a one-pot sol-gel process and subsequent supercritical drying.
These results prove that controlling the bridged alkoxide proportions to enhance the
mechanical properties of the silica aerogel is feasible and that the strain at 18 N can
achieve 80%.

Selay et al. [133] applied silica aerogel powders with ionic liquid as a nanofiller to
prepare the nanocomposite. The silica aerogels with ionic liquid possessed a lower density
(0.16 g/cm?), higher porosity (93%), and higher thermal stability (400 °C). Moreover,
the composites (silica aerogel with 1wt% ionic liquid) demonstrated better mechanical
properties, such as modulus of elasticity (4156.27 MPa) and tensile strength (51.96 MPa).

Epoxide is also a common gelation initiator. He et al. [134] applied epoxides as gelation
accelerators to prepare the ZrO,-SiO; aerogels via aging and supercritical drying. The
results demonstrate that the epoxides can accelerate the gelation of sol. Considering that
the decomposition of the polymer leads to a decrease in the high temperature resistance of
aerogels, mullite fibers were introduced as the skeletons for the aerogels. The compressive
strength of the M/ZrO,-S5iO; aerogel reached 0.438 MPa and the thermal conductivity was
only 0.027 W/m-K. Selver et al. [135] investigated the influences of epoxy on the mechanical,
nondestructive, and thermal properties of silica aerogel composites. The results show that
the epoxy composites with a 1% addition of silica aerogel exhibited better flexural strength,
impact, and energy absorption. However, the thermal conductivity of the 1% silica aerogel
composites increased due to the void inside of the epoxy resin being filled up.
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3.2. Polyurea

Polyurea consists of aromatic isocyanate segments and soft polyamine chains, which
are synthesized via the reaction of the amino compound with the isocyanate compo-
nent. This material has excellent anti-corrosion, waterproof, and mechanical properties.
Polyurea-crosslinked silica-based aerogels have the characteristics of being nano-porous
and mesoporous, so they can exhibit unique thermal management behavior.

Fu et al. [152] used the material point method (MPM) to study the mechanical behav-
ior of the silica aerogels whose skeletal framework was coated by the polyurea at high
strain rates. The researchers found that the MPM can model the compression of complex
mesoporous structures and that the conformal polymer coating has a reinforcing function.
The histograms of the distribution of material points versus the stress level at 19% strains
is shown in Figure 9; the data show that the model with a 50% porosity has a wider range
and exhibits more material points when under stress.

Churu et al. [136] also investigated the mechanical properties of the polymer-crosslinked
templated silica aerogel (CTSA). The results show that the 1,3,5-trimethylbenzene (TMB)
and triblock copolymer both have influences on the morphology of the aerogels, resulting
in a change in the mechanical properties. The researchers further revealed the intrinsic
relationship between the morphology and mechanical properties.
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Figure 9. Histograms of the distribution of material points with different stress levels at 19% com-
pressive strain deformation. Reprinted with permission from Ref. [152]: Copyright 2011, Elsevier.

Capadona et al. [137] reinforced the silica skeleton via the polymerization of the
di-isocyanate using the amine-modified surface of a sol-gel-derived mesoporous silica
network. Through the reaction with amines and urea linkages, the polymer was coated to
the surface of the aerogel skeleton, which is shown in Figure 10. The results reveal that the
highest density crosslinked aerogel had the highest stress at failure, exhibiting the highest
modulus and crosslink.

As Figure 11 shows, Yang et al. [138] prepared the modified silica gels using the method
of copolymerizing tetraethylorthosilicate with 3-aminopropyltriethoxy-silane. During the
ambient pressure, the researchers successfully controlled the shrinkage of the silica aerogels.
The experimental data demonstrate that the elastic modulus of the silica aerogel skeleton
increases because of the incorporated polymers.
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Figure 10. Synthetic route for amine-modified aerogel crosslinked with diisocyanates. Reprinted
with permission from Ref. [137]: Copyright 2006, Elsevier.
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Figure 11. Reaction—modification of amine-modified aerogel using toluene diisocyanate. Reprinted
with permission from Ref. [138]: Copyright 2011, Elsevier.

3.3. Polyurethane

Polyurethane (PU) is a typical foaming material, and its high thermal conductivity
is an important issue that restricts sustainable development [153]. Based on the previous
reports, the polyurethane-based hybrids prepared using the sol-gel approach showed
excellent thermal insulating effectiveness and mechanical properties due to the inorganic
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and organic co-networks [154]. In general, there are a certain amount of hydroxyl groups
remaining on the surface of the solid skeleton of the silica wet gel. Therefore, polyurea can
form covalent bonds with silica wet gel and enhance the adhesion on the surface of the
solid skeleton.

Cho et al. [140] prepared fabricated foldable silica aerogel/polyurethane compos-
ites (APCs), and the properties of the composites were theoretically verified via the pro-
posed model. Figure 12 summarizes the morphological analysis of the PU1000 series, the
schematic of the PU synthesis, and the fabrication process of the APCs. In Figure 12, the
isocyanate-terminated prepolymers were synthesized by reacting with poly(tetramethylene
ether glycol) (PTMG) and 2,4-diphenylmethane diisocyanate (MDI). Then, the prepared
isocyanate-terminated PTMGs were chain-extended using 1-4 butanediol (BD). The re-
sults show that with an aerogel addition of 30%, the thermal conductivity of the APCs
decreased by 72%, and the PU with a longer soft segment length demonstrated no breakage
after bending.

Verdolotti et al. [139] synthesized organic-inorganic polyurethane-based hybrids,
leading to an enhancement of the mechanical properties and thermal insulation via the
isocyanate functional groups of IPTS reacted with OH of polyol under urethane bonds, as
shown in Figure 13a. The researchers investigated the influences of mechanical behaviors
on the aerogel-like siloxane domains. Figure 13b demonstrates the stress—strain curves of
the foams (HPUR,; and HPUR,,) compared to the pristine PUR. The Young’s modulus of
the foams (HPUR,; and HPUR,») achieved 30.17 MPa and 50 MPa. Moreover, the yield
strength of these materials achieved 0.093 MPa and 2.15 MPa, respectively.
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Figure 12. The photographs of (a) APC; (b) mechanical properties test; (c) m-CT image; (d) SEM and
EDS image; (e) schematic of PU synthesis and fabrication process of APC. Reprinted with permission
from Ref. [140]: Copyright 2019, Elsevier.
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Figure 13. (a) Functionalization reaction between polyol-polyether and IPTS; (b) stress—strain curves
of the foams. Reprinted with permission from Ref. [139]: Copyright 2021, Elsevier.

The researchers found that the flexibility of the hybrid aerogels are enhanced by the
long-chain polymer molecules. Based on this theory, Duan et al. [141] prepared the me-
chanically reinforced hybrid silica aerogels using silane-end-capped urethane prepolymer
and chain-extended polyurethane. The synthesis of prepolymer I, II, and polymer I, I are
shown in Figures 14 and 15, respectively. The figures mainly explain the silane end groups
participating in the silica network formation and the method that controls the amounts
of polyurethane added to the aerogel network. The results show that the mechanical
properties were enhanced via chain-extended polyurethane and the aerogels can suffer a
70% compressive strain with the addition of polymers.

The PU foams not only have lightness properties, but also demonstrate a continuous
solid network, which can be used as reinforcements. Merillas et al. [142] reinforced the
silica aerogel composites using reticulated polyurethane (PU) foams via ambient pressure
drying and supercritical drying. Hexamethyldisilazane (HMDZ) was used to modify the
surface of silica aerogels and the continuous network hybrid aerogel was formed using
polyurethane. The results show that the elastic modulus increased from 130 to 450 kPa and
the thermal conductivity was as low as 0.014 W/m-K.
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Figure 14. Synthesis of urethane prepolymer (prepolymer I) and APTES-end-capped prepolymer (pre-
polymer II). Reprinted with permission from Ref. [141]: Copyright 2013, American Chemical Society.
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Figure 15. Synthesis of MDI-end-capped polyurethane (polymer I) and APTES-end-capped chain-
extended polyurethane (polymer II). Reprinted with permission from Ref. [141]: Copyright 2013,
American Chemical Society.

3.4. Polyimide

Compared with other organic constituents, the imide ring demonstrates a higher
initial decomposition temperature [155]. Moreover, the chain structure constructed by
the imide rings also create a polyimide (PI) with superior mechanical properties and a
favorable chemical resistance [156]. Therefore, it is feasible to use polyimide to enhance the
mechanical properties of silica aerogels.

Tian et al. [143] designed polyimide/silica composite aerogels using an integrated
binary network via the in-situ synthesis. As shown in Figure 16a, the polyimide nanofiber
aerogel (PINA) is used for the growth of the polymethylsilsesquioxane (PMSQ) network to
synthesize the polyimide/silica (PSi) composite aerogel. The composite aerogels demon-
strate excellent compressibility and flexibility, recovering from large compression (¢ = 60%)
and showing no collapsing. Meanwhile, the stress—strain curves (Figure 16b) demonstrate
excellent compression recovery properties from 15%, 30%, 45% and 60% strain, respec-
tively. In addition, the thermal conductivity of the polyimide/silica aerogel is as low as
0.0212 W/m-K and shows excellent resistance under 1200 °C.

Kantor et al. [144] synthesized heterogeneous polyimide-silica aerogels with low
shrinkage by adding silica aerogel particles into a polyimide sol. The polyimide-silica
aerogels exhibited heterogeneous structures and have properties of a high surface area
over 609 m?/g and a low thermal conductivity of 0.0175 W/m-K. Compared with gen-
eral polyimide materials, the composite aerogels demonstrated potential commercial
value. As shown in Figure 17, the BTC solution and silica aerogel powders occurred
gelation in the polypropylene container, and the samples were obtained through aging and
supercritical drying.
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Figure 16. Preparation and composition of PSi aerogels: (a) schematic illustration of the preparation
of PSi aerogels; (b) compressive stress—strain curves of PSi aerogel during loading-unloading cycles
in the radial direction; (c) images of folded PSi-6 aerogel. Reprinted with permission from Ref. [143]:
Copyright 2022, Elsevier.
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Fei et al. [145] prepared the polyimide-crosslinked silica aerogels using different
weight percentages of polyimide via the condensation reaction. The thermal conductivity
of the aerogel is as low as 0.0306~0.0347 W/m-K, and the relatively high compressive
strength can achieve a 1.03~3.82 MPa. Besides using polyimide to crosslink with silica
aerogels to enhance their mechanical properties, using polyimide as a reinforcing phase
is an efficient technical approach to improve the mechanical properties of silica aerogels.
Fei et al. [146] used glass fiber and polyimide (PI) to reinforce the silica aerogel.

Zhang et al. [147] applied the “co-gel” strategy to fabricate the novel silica/polyimide
(510, /PI) nanocomposites. The SiO, /Pl nanocomposite aerogels exhibited excellent me-
chanical properties due to the hierarchically porous structure, such as a compressive
modulus (1.96 MPa) and specific modulus (52.7 m?/s?). Moreover, the materials exhibited
excellent flame resistance and low thermal conductivities between 25 °C and 300 °C.

3.5. Polystyrene

Polystyrene (PS) is a non-polar material that can improve the hydrophobic properties
of silica aerogels. The silica precursors modified via amine, vinyl, and AIBN were also used
to crosslink with PS to prepare the PS-reinforced silica aerogels.

Ilhan et al. [148] designed a new three-dimensional core—shell structure in which the
PS was applied as the shell via the method of the free-radical polymerization process. Com-
pared to the composite material prepared via polyurea and epoxy, the PS-crosslinked silica
aerogels demonstrate a better hydrophobicity. Moreover, the silica aerogels showed excel-
lent mechanical properties and maintained their integrity, while the thermal conductivity
was as low as 0.041 W/m-K.

Maleki et al. [149] applied the growth of grafted polymers from the surface of sil-
ica gel to prepare the mechanically reinforced polymer-silica aerogels. The method of
surface-initiated reversible addition-fragmentation chain transfer polymerization can sig-
nificantly improve the compression strength of silica aerogels. Matias et al. [87] used
polybutylacrylate (PBA) and polystyrene (PS) to prepare crosslinked flexible, monolithic,
and superhydrophobic silica aerogels. Compared with the non-reinforced aerogel, the
PBA-reinforced aerogel, MTMS-derived aerogel, and PS-reinforced aerogel demonstrated
excellent Young’s modulus values and compression strength, which can reach 91 kPa and
68 kPa, respectively. DeFriend et al. [150] used polystyrene beads to prepare mesoporous
silica aerogel to investigate the influences of the surface area and pore volume on mechani-
cal compression. These results demonstrate that the templating agents had a great effect on
the compressive strength of the aerogels and that the concentrations were a great factor.

4. Conclusions

In this review, the synthesis chemistry and three main stages were introduced. Then,
the process of sol-gel chemistry and the role of aging were also described in detail. The
advantages and disadvantages of the three drying methods listed were also carefully
analyzed and compared.

The five common polymers used to enhance the mechanical properties of silica aerogels
were summarized. In the process of modification, the crosslinking agent has an important
function. More importantly, the improvement in the mechanical properties is significantly
influenced by process parameters such as time, temperature, and ratio. The linear density
and shrinkage of the material increases significantly when the process parameters are
not well controlled. This inevitably makes the aerogel lose the original advantages and
causes a reduction in the mechanical properties. The silica aerogels’ crosslinked polymers
demonstrated good mechanical properties. In particular, polystyrene demonstrated a better
performance of hydrophobicity due to its characteristics.

5. Outlook and Prospects

Compared with physical strengthening, the bonding tightness of silica aerogel particles
strengthened via polymer crosslinking has the advantages of firmness and reliability. How-
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ever, some problems still need to be further studied in the field of polymer reinforcement.
Researchers should not only focus on the influence of polymers on the thermo-mechanical
properties of aerogels during the research process, but should also carefully consider the
effects of crosslinked polymers on other aspects of silica aerogels, such as the increase in
density due to the addition of polymers, the poor flame retardancy of some polymers,
and the difficult aging resistance of hybrid aerogels. The technology of eliminating the
negative effects of polymers should be carefully studied. The functional role of silica in
various fields should also be given more attention. Polymer crosslinked silica aerogels
fully demonstrate the lightweight porous properties of aerogels and the related proper-
ties of polymers. Thus, this work will lay a solid and reliable foundation for the future
development of multifunctional hybrid aerogels.
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